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ABSTRACT

Most experimental studies which investigate aluminium alloys and TiB; additions focus
on varying the quantities of material added to the alloy. This thesis attempts to address
the lack of information regarding to what effect the particle size distribution of the TiB»
additions has on an A205 alloy. To do this the TiB» particles were removed from the
A205 alloy by dissolution in hydrochloric acid. The resulting particles were then
subjected to a particle size analysis procedure carried out on a Malvern Mastersizer

particle size analysis machine.

Comparison of TiB: particle size distributions collected from; as-cast A205, solution
heat-treated A205, solution heat-treated and precipitation hardened A205, and Al-5Ti-1B
grain refiner rod, revealed a variation between results attributed to copper contamination.
In effort to purify the experimentally collected material an electrochemical refinement
procedure was trialled with partial success in reducing the measured TiB: particle size
distribution collected from fully heat-treated A205. All resulting particle size
distributions were combined with the measured grain size and grain to grain boundary

volume fraction values, and incorporated into a predictive yield strength model.

Following the measurement of Al-5Ti-1B grain refiner’s TiB: particle size distribution, a
series of TP1 grain refinement tests were conducted to investigate the effects of different
TiB: particle sizes found at both extremes of the measured grain refiner’s TiB: particle
size range. Through a series of Al-5Ti-1B settling experiments, samples containing
different sizes of TiB, were created, compositionally analysed using ICP, and used for
the TP1 tests. The results of which confirmed the resulting grain sizes to be statistically

different from one another.
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1 INTRODUCTION

1.1 Background

Traditionally cast materials have been viewed as low quality objects that often contain
integrity flaws and hence were only used for non-critical components. Today aluminium
alloys are becoming the go-to material in light-weight performance products and are fast
becoming the new staple in the aeronautical and performance car industries. Such a
change has been brought about by the sustained effort to further understand the metallurgy
of cast components allowing for the creation of higher performance alloys for use in

tomorrow’s applications.

Aluminium copper alloy A205 has been developed by Aeromet International PLC as the
new benchmark material for higher performance applications. Developed for use in the
aeronautical industry, A205 markets itself as having excellent mechanical and fluidity

properties brought about, in part, by its high TiB> weight percentage.

Although the effects of having such a large TiB, weight percentage are broadly known; a
thamnitic microstructure and improved feeding, there is still a lack of fundamental
understanding on how the TiB: particle size distribution effects the properties of the A205

alloy.

1.2 Aims and objectives
The broad aim of the research project was to explore and document the relationship
between TiB: particle size and the mechanical properties of A205. To fulfil this ambition

the most significant processes were:



e The development of a technique to remove in situ TiB: particles contained within
the A205 alloy

e The subsequent measurement of the collected particle size distribution

e The measurement of various material characteristics including grain size, and
grain to grain boundary volume fraction calculations

e The inclusion of the results into a predictive yield strength model and the

subsequent comparison to experimentally measured yield strength results

To support this research an additional line of investigation in which the grain refining
properties of qualitatively different sized TiB; particles was explored. To examine this
effect a series of castings were held for various settling times and the resulting solidified
material statistically compared using the TP-1 standard test procedure for aluminium

alloy grain refiners.



2 LITERATURE REVIEW

2.1 A205

A205 is an aluminium copper alloy developed by Aeromet International PLC, and is
considered to be the world’s strongest commercially available cast AI-Cu alloy. A205’s
standing within the world’s market place is due to its high 0.2% proof and UTS values
which outperform more traditional aerospace alloys such as A356. Its composition
includes: 4.5 wt% Cu, 0.6 wt% Ag, 0.3 wt% Mg and 0.25 wt% Ti and a 4.5 wt% TiB»

micron-sized reinforcement phase.

Previous work directed towards the development of A205 investigates the effects of Ti
and TiB; additions on the alloy. Simon Butler (2000)!, the initial developer of the alloy,
discovered that increasing the levels of TiB within the alloy altered the solidification
mechanisms such that the solidified grains were thamnitic in nature as opposed to
dendritic. The resulting thamnitic, or globular nature of the alloy promoted better feeding
during solidification and hence eliminated inter-dendritic shrinkage and porosity issues -
known to reduce mechanical properties. During A205’s development Butler also realised
TiB>’s influence on the incipient melting of an Al-Cu-Mg-Ag phase found within the as-
cast grain boundaries, and its subsequent prevention at TiB» levels of >2.9 wt%, therefore

allowing for higher temperature heat treatment procedures.

The addition of TiB> to aluminium alloys is a common occurrence due to its well
established grain refining properties. However, at such a high levels the effect of TiB»
goes beyond exclusively grain refinement and also begins to act as a reinforcement phase

within the grain boundary material. Hence A205’s classification as a metal matrix



composite (MMC) material. As a reinforcing particulate, TiB> is an inert ceramic with a
high heat conductivity and a high Vickers hardness value®. It is for this reason that this

work will investigate the effects of TiB» particle size on aluminium alloy properties.

2.2 Solidification

A change from a liquid to a solid is a complex process when considered on a microscopic
level. When a pure metal solidifies each individual crystal begins to grow from a centre
of crystallisation. Pure aluminium solidifies at 660°C. The nucleus for aluminium is a
unit of face-centred cubic (FCC) lattice, from which the crystal will grow. As the
aluminium crystal grows additional atoms will have to conform to the FCC lattice
parameters. During the crystals development, areas of the lattice will grow at a faster rate
than other areas forming arms, known as dendrites, into the surrounding liquid, see Figure

2-1.

Figure 2-1 Pictorial representation of a dendritic crystal®



2.3 Columnar & Equiaxed Crystals

In general metals which have been cast have three distinct grain structure zones. A chill
zone of small crystals resulting from rapid cooling at the very edge of the cast. A zone
of long thin crystals which have grown in the direction of heat flow and an area of

equiaxed, roughly symmetrical crystals at the casting’s centre, see Figure 2-2.
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Figure 2-2 Crystal structure in a cast component (not to scale)?

The visible macrostructure of a casting is influenced by a range of factors. Variables
which affect the macrostructure include the casting’s size, the alloys’ composition, super
heat, fluid flow, mechanical processes, inoculations, and grain refiners. The size of the
mould affects the macrostructure of the casting due to its relation with superheat.
Increasing the superheat increases the extent of columnar growth*!!. It has been
observed that increasing the cross section of a mould design, increases equiaxed grain
productions®>!2. Increasing the alloying content (Co) reduces the columnar region® 113~

16 Increased mechanical vibrations can increase the equiaxed zone due to grain refining

effects!”!®,  The use of grain refiners can reduce the columnar region of



8,9,15,19-21 4-6,8,22—

solidification . Increasing the fluid flow can decrease the columnar region
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An important region of a cast component is the equiaxed zone. This zone is the largest
by volume and contains small homogeneously shaped particles which play a significant
role in the overall mechanical strength of the material. The formation of the equiaxed
zone requires small seeding particles in the bulk during solidification. There are three
mechanisms believed to be responsible for the production of these seed particles;
constitutional supercooling driven heterogeneous nucleation, dendrite detachment

mechanism and the big bag mechanism.

2.4 Constitutional supercooling driven mechanism

All liquids have a freezing point, the temperature at which the constituent elements no
longer have enough energy to move around randomly but are more energetically suited
to grouping with one another until the entire volume of liquid has fallen into a lower-
energy solid state. However, lowering the temperature of a liquid to below its freezing
point does not guarantee nucleation. As the temperature and hence energy of the system
falls the movement of the liquid particles decreases®®. This energy change is such that
liquid particles can now join together in crystalline arrangements. For the small particles
to survive as a solid, their free energy, AG, must be negative. Taking the theoretical
scenario of a small cube of dimensions d of a newly formed solid just below its freezing
point, its net energy will decrease in proportion to its volume d* and its associated free
energy AGy. Simultaneously the creation of a new surface area of 6d? provides extra
energy to this theoretical scenario due to the interfacial energy y per unit area. Therefore,

the final energy of this system is*:



AG = 6d?%y — d3AG, -Equation 1.

Figure 2-3 shows a graphical representation of the relationship between surface energy
(red line), volume energy (blue line) and the total energy (green line) of a small nucleating
solid at its freezing temperature?’. The figure shows that if the nucleating particle doesn’t
reach a critical size (d*) during its initial creation its free energy value will be positive
resulting in the solid breaking apart. It is only when the temperature of the liquid is
sufficiently low, allowing a greater number of coincident interactions to occur at the same
time will the particle size pass the threshold size d*. When this condition is met
subsequent particle additions to the nucleating solid will further reduce its free energy
resulting in runaway growth?®. The temperature at which this process occurs is known as
the homogeneous nucleation temperature which for some metals, such as nickel, may be
far lower than their equilibrium freezing point by several hundred degrees. In a casting
scenario the areas which provide sufficient cooling for these freezing events to initiate is

at the mould’s walls?®.
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Figure 2-3 Surface and volume energies of nucleating particle?®

For a liquid to continue to solidify the excess heat of the system must be extracted, this is
only possible by conduction through the newly formed solid. This in turn reduces the
thermal energy ensuring that the progression of the solidification continues. The speed
of the advancing front R is linked to the temperature gradient between the solid and liquid

fronts, and hence heat extraction?®.

For an alloyed melt, the solidifying of the primary
phase increases the concentration of alloying agents at the solidifying front. As the
composition of the liquid at the solidifying front changes, the increase in alloying

elements acts so as to locally lower the melting point of the liquid to below that of the

actual temperature. This phenomenon is referred to as constitutional supercooling?®.

Figure 2-4 highlights the relationship of the constitutional supercooling theory. When
the composition Co first freezes the first solid of composition koCo is formed. The final

liquid to solidify Co/ko leaves behind a solid of composition Co. The “partition’ coefficient



or the ‘equilibrium distribution’ coefficient is equal to the relative amount of the
composition of the solid formed (Cs) to the composition of liquid frozen (Cr) to make that
solid. It is common for the partition coefficient to have a fractional value. For values
close to 1, the spacing between the solidus and liquidus lines is narrow therefore allowing
a minimal chance of segregation in the melt. When k is small there is a large spacing

between the solidus and liquidus lines indicating large partitioning®’.

koCo Co Co/ke

Figure 2-4 Phase diagram showing constitutional supercooling theory?®

The equation which governs the constitutional undercooling, the ratio of the rate of the
advancing solid interface R to the temperature gradient G is Equation 2. The right hand
side is the constitutional supercooling parameter. High values of the constitutional
supercooling produce equiaxed structures where as lower constitutional values promoted

the formation of larger grained columnar structures'>.



% < Lo (1_k°) -Equation 2.

Were m is the gradient of the liquidus line, Co is the original melts composition, D is the
diffusion coefficient of the solute and ko is the partition coefficient. The ratio of the
temperature gradient G and R, the rate of advance of the solid interface, has a large
influence on the type of crystal structure formed in the solidifying melt. The driving force
for solidification increases with time which alters the behaviour of the solidifying front.
When a solidification event nucleates from a mould wall its growth is planar®®. As the
solidification rate increase the solidifying front develops regularly spaced intrusions
which do not advance at the same rate as the solidifying front. These perturbations lead
to the change from planar to columnar grain growth. Finally, with a further increase in
the solidifying front’s advancements, columnar grains become unstable resulting in the

formation of dendritic grain growth?®.

2.5 Dendrite detachment mechanism

An alternate mechanism for explaining the formation of equiaxed crystals in the melt is
the dendrite detachment mechanism. This explanation was developed due to the results
collected from an experiment which noted that stirring or convective mixing of a similar
material during solidification resulted in a larger number of nuclei forming in the cast?°.
From these results it was hypothesized that the increase of equiaxed crystals is due to
fluctuations in the growth rate. This caused dendrite arms to melt and separate from their
parent bodies which then become relocated into the centre of the melt. Other causes of
dendrite arm detachment have been suggested to be caused from re-melting —as
theoretically there may be sufficient solute present to locally alter the melting point

around the dendrite, as well as mechanical agitation. Convection currents could cause
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dendrite arms to become detached from their parents due to the yield point of the material

being negligible when temperatures are so close to its melting point?!.

The dendrite detachment mechanism is consistent with the experimental results
considering the coriolis force?? and convection currents induced by a magnetic field**>¥,
However, the dendrite mechanism is unable to explain experimental results where, in the
absence of pouring turbulence and also the absence of a convection promoting alternating
magnetic field (removed after the melt had reached its freezing plateau), the solidifying

28 This result implies that the dendrite

melt did not show signs of equiaxed structure
detachment mechanism was not present. This mechanism, however, is able to explain the
equiaxed zone formation when the mould is heated so as to prohibit the chilling effect on
the mould walls, and also when heterogeneous nuclei were absent from the melt —

something that the constitutional undercooling and big bang mechanisms are unable to

do.

2.6 Big bang mechanism

In the big bang mechanism equiaxed grains are formed in the initial pouring of the melt
into the mould. As the liquid first comes into contact with the mould walls it solidifies
and forms grains which are then carried into the body of the mould by fluid flow. Here
the solidified crystal particles survive through melting until the superheat has been
removed*?, at which point they will grow into equiaxed grains. The big bang mechanism
has been tested using saturated NH4Cl solution with promising results***>. An advantage
of the big bang nucleation mechanism theory is that it can explain the effects of
convection and superheat in the initial stages of casting. Raising the pouring temperature

reduces the dimensions of the equiaxed zone and raises the grain size. Reducing
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convection in the melt can eliminate the equiaxed zone entirely. The big bang mechanism
is able to provide an explanation for these effects. Reducing convection lowers the
amount of nuclei produced at the edges of a casting which are able to reach the centre.
Raising the superheat lowers the chilling of the melt as it is poured and raises the time
required for the bulk superheat to dissipate. This leads to a lower number of nuclei being
produced by pouring, and of these fewer will survive to grow into equiaxed grains as they

are more likely to be re-dissolved by the melt as it cools.

2.7 Nucleation

Nucleation is the grouping together of clusters of atoms which characterize the
development of a new phase. Nucleating particles grow until the liquid phase has been
entirely converted into a lower energy solid form. Nucleation events can be either

homogeneous or heterogeneous?’.

2.8 Homogeneous nucleation

Homogeneous nucleation is based upon the Gibbs free energy theory. The Gibbs free
energy (Q) is the energy between different phases and how this energy value is changed

by the introduction of new surfaces i.e. the change from liquid to solid.

For the growth of a solid sphere of radius r and ¢ as the surface free energy per until area,

the total change of the Gibbs free energy value AG is*’;
AG = %nr3 AG, + 4nric -Equation 3.

When a liquid changes to a solid the surface free energy o is negative. At temperatures

below the melting temperature of the material the total Gibbs free energy is*%;
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% = 4ntr? AG, + 8mro =0 -Equation 4.

For small values of r, the value of AG initially increases until reaching a threshold value
of r* before decreasing. This initial raise in the free energy at temperatures below the
melting temperature of the material is due to the energy linked to the surface area of the
growing phase. It is only after r* that the Gibbs free energy value, which is linked to
volume, that the total free energy of the system starts to decrease. For this reason r* is

referred to the critical radius for nucleation which is given by the equation?’;

. 20

r’'=—— -Equation 5.
AGy

Taking the critical radius of nucleation into consideration a value of the Gibbs free energy

at this radius can be calculated to be?’;

16103
3AGE

AG" = — -Equation 6.

The value for AG* is a threshold value for the formation of homogeneous nucleation.
This value is linked to the solidification temperature of the material which for some
materials may require several hundred degrees of undercooling before nucleation is
permitted. It is for this reason that heterogeneous nucleation will be the preferential
mechanism for the formation of solids as the homogeneous nucleation mechanism

requires a far larger free temperature difference to occur?®.

2.9 Heterogeneous nucleation

It is rare for a melt to be pure, it is often the case that an alloy is being used for casting or

that contamination particles have found their way into the liquid material. Regardless of
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where these particles have come from they have the potential to act as nucleating sites for

the solidification of the melt. Other nucleating sites include the mould walls.

Mechanisms which may be responsible for heterogeneous nucleation include the growth
of additional phases which would act as nucleation sites for the growth of the phase in
interest, or dissolution processes which would distribute nucleating particles within the

melt*’36,

Catalyst

Figure 2-5 Heterogeneous nucleation3®

Heterogeneous nucleation is dependent upon the ability of a crystal to adhere to the
surface of a catalysing particle. This is given by the angle 6 which is related to the
materials wettability, see Figure 2-5. By measuring the contact angle 0 it is possible to
calculate the critical nucleation radius r*. Provided that the angle 0 is between 0 and 90
degrees the solid-liquid area, the catalyst-solid area and the nucleus volume can be

calculated®’7;
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solid — liquid area = 2mr?(1 — cos@) -Equation 7.

catalyst — solid area = nr?(1 — cos?0) -Equation 8.

2mr3

nucleus volume = {1 — %cos@ + %cos30} -Equation 9.

Combining these values together, with the appropriate interfacial energies, allows a net

work (W) value for heterogeneous nucleation to be determined?’;

2
Wy = 2mr2(1 — cos8)ys, + mr2(1 — cos?0)ycs — mr2 (1 — cos?0)ye, — = {1 -

%cos@ + %cos39} |AH| @ -Equation 10.

m

Where [+] mr2(1 — cos?8)ycs is the energy required to create a new interface between
the solid and the catalyst and [-] mr?(1 — cos?8)y(,is the energy released because of the

reduction in area of the catalyst-liquid interface -as a result from the nucleation®’.

Taking into consideration the interfacial energies ysi, ycs and ycL, present at the edge of
the forming solid, a mechanical equilibrium value can be determined hence allowing a
simplification and reduction of the interfacial energy for heterogeneous nucleation to

37.
be’’;

2 —
W = {1 — %cos@ + %cos39} {27Tr2y5L - |AH| @} -Equation 11.

3 m

Which gives a critical radius of;
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2 T,
r %= YsLim

= m —Equatlon 12.

It should be noted that the value of the critical radius for both the homogeneous nucleation

37, Tt is the contribution provided by the

and the heterogeneous nucleation are the same
volumetric component which allows heterogeneous nucleation to take place at

temperatures closer to that of the melting temperature of the melt*.

% _ 4 % 3 .
|4 homogeneous — 5 7T (T‘ homogeneous) 'Equatlon 13.

V™ hetrogeneous = 3 (r hetrogeneous) {1 - ECOSQ + 5 €0S 0 -Equation 14.

Which when equated gives;

T*h .
" hetrogeneous = g -Equation 15.

1f1-3cos0+1cos30 /s
2 2 2

This equation indicates that because a heterogeneous nucleation event is not spherical,
due to its catalysation from an already present solid, its surface area is far larger than the
spherical nucleation events present in homogeneous nucleation®®. The result of this is
that the effective critical radius is larger, allowing for nucleation events to occur at
temperatures which are significantly closer to the melting temperature of the material, see

Figure 2-6.
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Figure 2-6 Graphical representation of the temperature comparison between homogeneous

and heterogeneous nucleation?3®

2.10 Grain refinement

When casting metals it is often an advantage to have an equiaxed grain structure. Such
compositions promote strength in a product and therefore are of great importance to many
industries. It has been over half a century since it was discovered that additions of
titanium to aluminium reduces grain size*”. It was around the same time that scientists
concluded that boron additions lead to further grain refinement*. It was found that
elements which were peritectic in nature with aluminium were good grain refiniers*! due
to a nucleation energy barrier effect*?, although this did not explain why small additions
of titanium added at less than the peritectic composition had such good grain refining

4345 More recently there has been

properties, especially when introduced with boron
research into whether TiB, particles are good nucleation sites for alpha aluminium or

whether they are just providing substrates for AI3Ti which in turn provide the

nucleation** 8, It wasn’t until the late 20" century that the importance of alloy
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d*>%-51 As new ideas develop in

composition with regards to grain size was recognise
the casting world there is often debate on how aluminium undergoes grain refinement.

The two main schools of thought are; the nucleation and the solute theory’s.

To quantitatively determine the effectiveness of a grain refining addition a factor was

introduced called the growth restriction factor (GRF>!2 or Q);

Q=Ximicy; (ki —1) -Equation 16.

For each element 1, co is the composition, k is the binary part coefficient and m is the
liquidus gradient. The growth restriction factor is inversely proportional to steady-state

dendritic growth (which is related to the rate of evolution of latent heat).

Classical nucleation theory suggests that a small grain size is the result of a large number
of heterogeneous nucleation substrates present in the melt to act as effective nucleation
sites>. For many years the focus of research was only on the addition of nucleation
particels®, which lead to researchers into experimenting with the grain refining
properties of compounds on pure aluminium>®. It is only recently that researchers have

realised that the addition of solute is of significant importance for grain refiners®-’.

The addition of solute promotes constitutional undercooling during solidification®. Due
to the constitutional undercooling present at the leading edge of the growing grains further
nucleation can occur more efficiently if the level of undercooling needed for nucleation
around the available sites is reached®. If the level of undercooling is reached quickly
then there will be less grain growth which will ensure a smaller final grain size®. The

53,60

rate at which constitutional undercooling (Q) develops at the start of solidification’>*" can

be described as;
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_ dAT,

¢ afs

| s—0 -Equation 17.

Where fs is the fractional solid and AT. is the development rate of constitutional

undercooling.

Equally important in the refinement of grain particles is the particle on to which the
material solidifies on, the nucleant particles. Where the density of the nucleating particles
and their potency, defined as the inverse of the undercooling required for nucleation, are

important.

If the solidified grain size is proportional to the growth which occurs to create the amount
ofundercooling needed for nucleation to occur. The rate of development of constitutional

undercooling is equal to the rate of development of nucleation;

d x % -Equation 18.

To achieve a fine equiaxed grain both solute and nucleant elements are required to be
successful. There have been studies which show that TiB> (and other borides) are very
capable of nucleating a-aluminium at significantly low undercoolings (within 0.7°C of
liquidus temperature). It has been noted that Al;Ti is capable of forming within its
nucleating particle, however this does not affect its potency. Despite TiB> being a capable
nucleant, solute elements are required in the grain refining procedure. The reason for
taking a solute element into consideration is because of their growth restricting features.
Solute elements provide constitutional undercooling within the melt at the solidifying
interface. It is within these constitutionally undercooled zones that further nucleation
events can occur on the particles present within these regions. Ultimately the new grain

refined structure of the melt is dependent upon a solute mechanism i.e. the degree of
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constitutional undercooling determined by the composition and the properties of the
liquid growing in front of the solidification, and a nucleant mechanism 1i.e. the potency

and distribution of the particles on which the melt is nucleating®’.

2.10.1 Nucleation Poisoning

Different alloying agents have various affects on different melts. Not all solutes promote
nucleation, some solutes even make it more difficult for solidification to occur. Two
alloying agents which minimise the nucleating abilities of TiB, are silicone and
zirconium. The addition of these alloying agents are required as they alter the properties
of an aluminium melt by reducing the probability of hot tearing and also increasing the
fluidity of the melt. Silicone reduces nucleation by increasing the dendritic growth rates
which in turn decreases the formation of globular microstructures. The increased
numbers of fast growing dendrites restrict the growth of new crystals and hence reduce
the slower nucleation properties of TiB2. A second reason for the poisoning effects of
silicone is that it can promote the formation of small (100nm) layers of TiS, which can
form on the surface of the TiB» particles -this reduces their nucleating efficiency.
Zirconoium acts as a nucleation poison as it reacts with the TiB> in a substitution reaction
to form ZrB,. This change from titanium to zirconium boride alters the forming crystals
lattice parameter to become dissimilar with that of the alpha aluminium, hence reducing

the nucleation efficiency of the TiB, addition.

2.10.2 Particle Pushing

The solid-liquid interface and the behaviour on insoluble particles has been an area of
research since the 1960°s®’.  When an insoluble particle is met by an advancing

solidification front it can either be pushed by the front or become engulfed by the front.
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Engulfment is the growth of the solidifying front over the unmoving particle which then
becomes trapped within the solidified melt. An alternative scenario to this mechanism is
that the solidifying front evolves into cells, dendrites and equiaxed grains which then
makes it possible for 2 solidification fronts to converge on the insoluble particle. The
outcome of this scenario, provided that the particle is not engulfed by one of the
solidifying fronts, is that the particle will be pushed by the solidifying front, which will
eventually freeze trapping the particle®?. Due to this mechanism the particles final
location will be either within the grain boundary (or interdendritic regions) or, if engulfed
by the front, within the primary grains. These interactions alter the solidifying fronts
morphology as well as the distribution of the particles. This phenomenon is an important

consideration for many solidification processes.

Factors, suggested by Stefanescu et al®®, which are important to consider when
calculating the pushing or engulfing behaviours of particles met by an advancing
solidification front include; the temperature gradient of the liquid material in front of the
solidification front, the viscosity of the melt, the interface shape between the liquid and
the solid (planar, columnar, dendritic ...), the insoluble particles size and shape, the
volume fraction of the insoluble particles at the solidification front, the interfacial
energies between the insoluble particle, the liquid melt and the solidification front, the

densities of the melt and the particles, the convection levels within the melt and the

tendency of the particles to agglomerate together®*.

2.10.3 Planar interface

Broadly there are two theoretical approaches to the consideration of particle pushing or

engulfment, thermodynamic and kinetic.
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2.10.3.1 Thermodynamic

Taking into consideration the scenario of a single particle becoming engulfed by an
advancing solidification front, the net change in free energy can be calculated, neglecting
buoyancy®’. For the purpose of this calculation the reference frame which will be used

will be that of the advancing solidifying melt®.
AF23 = %(O-PS - O-PL) - %O-SL -Equation 19.

Considering Figure 2-7 it can be estimated that as the particle (seemingly) moves from
the liquid to advance half way into the solidifying front its change in free energy per unit

area is determined by the Thermodynamic engulfment change in free energy®’;

Liquid

Solid

GISICI SIS

Figure 2-7 Thermodynamic particle pushing/engulfment®®

Again considering Figure 2-7 it can be estimated that as the particle progresses from its
position half way into the solidifying front to become completely engulfed by the

solidifying front, the free energy per unit area is®’;
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AF3, = %(Ups —0py) — %GSL -Equation 20.

Where ops is the interfacial energy between the particle and the solid, opr is the interfacial
energy between the particle and the liquid, and o5t is the interfacial energy between the
solid and the liquid®*’. Which when combined gives the total net change in free energy

for the engulfment of the solid particle to be®’;
AFnet = AF23 + AF34 = Opg — Opy, -Equation 21.

From this equation it is possible to predict whether the particle in question can be engulfed
or pushed. If the net force is less than zero then the particle will be engulfed. If the net

force is greater than zero the particle will be pushed.

2.10.3.2 Kinetic

The kinetic theory for particle pushing is founded on the principal that if there is a liquid,
of finite thickness, present between the solidifying front and the particle then the particle
can be pushed along by the advancing solidifying front rather than becoming engulfed?’.
This mechanism is based upon the liquid between the particle and the solid being able to
transport mass. If the liquid is capable of pushing the solid there must be a repulsive force
present between it and the solid. This repulsive force may originate from the variation in

surface free energy where®®;
Ao = Opg — (O-PL + O-SL) -Equation 22.

Which varies with d, the particle solid distance, in such a manner®;
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Ao = Ao (—)" -Equation 23.

Where d is the particle solid distance, do is the minimum separation between the solid and

the particle and n =4 or 5.

Presuming that diffusion is the prevalent mass transport mechanism in the particle solid

region and that the only repulsive force is because of surface tension and that there is only

viscous drag for large particles, then R the critical growth rate can be derived to be®!67~

69.

9

1
__dshLagdy 6nrn(n+1)V0D) /2 _ } .
r = “eqrrin l(l L 1] Equation 24.
For large particles and®;
_ l LagVyD _ .
Ry =5(n+1) pr Equation 25.

For small particles, where n = liquid viscosity, T = temperature, h = contact distance, Vo
= atomic volume, k = Boltzmann’s constant, d; = (100nm) minimum separation, ds =
contact distance, L = latent heat per unit volume, rv = particle irregularity radius (for

completely spherical particles r, =r), D = liquid diffusivity, ap = molecular diameter.

Other methods of calculating the particle pushing mechanism, ie mass transport, take into
consideration the integration of the particle with the fluid flow and its associated diffusion
properties. For this interpretation calculations have been made which assume that the
particle is not wetted by the melt and that the particle has an identical thermal conductivity

to the melt’’.
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For large smooth particles this is®”7%;

4 _ 20kTogy,

Ier TGAp

-Equation 26.
and for smooth small particles whose radius is smaller than the radius of its bumps, this

is’%;

41!;;“) kTog, aq -Equation 27.

I]2R2T3 =N

Where a is a shape factor of the particle where o=1 for the interface being the same as
that of a curved particle and 0=0 for a flat interface. wya is a function of o requiring
calculation. N is the number of contact points between the interface and particle (N=1
flat surface, N=2 boundary region between grains, Ap is the difference in density between

the particle and the liquid.

The shape of the solidifying front has a great effect on whether an insoluble particle will
be pushed along by a melt or engulfed. As Figure 2-8 indicates, if the solidifying interface
is planar, engulfment of the particles results in distributed particles within the melt
whereas if the particles are being pushed by the solidifying front then the melt will be

clear from particles®”.
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Figure 2-8 Planar faced solidification front showing particle engulfment®

If the solidifying front is forming a cellular structure then the particles will be pushed to
the boundary regions between the cells, here they will eventually become trapped in the

solidifying melt forming an aligned particle composite as visualised in Figure 2-91:6271,
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Figure 2-9 Image showing particles becoming entrapped in grain boundaries between

columnar crystals®?
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When the solidifying front evolves into dendritic structures a more intricate scenario
occurs. Small particles become engulfed by the advancing solidification front or trapped
within the interdendritic spaces, large particles are pushed by the dendritic tips as shown

in Figure 2-1061-6271,
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Figure 2-10 Image showing particle engulfment of small particles in the solidifying front and

larger particles being pushed by dendritic structures from®

2.10.4 Particles

A particle must remain solid to undergo interactions with the solidifying front. Over the
years particles which have been thoroughly investigated include Al>Os, TiBa2, ZrBa,
graphite, B4C and glass, of which all apart from B4C are pushed by aluminium dendrites

in an Al-3Mg-0,004Be matrix alloy’> .

2.11 Properties and Behaviour of Composites

Composites are considered to be 2 or more separate materials which have distinguishable
interfaces between them. Composites contain a continuous matrix element which binds

the material together giving the material form and allowing for a stronger, stiffer
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reinforcement. This allows the resulting composite material to have structural properties
greater than either of its components. The improved structural properties are the effect
of a load-sharing mechanism, although composites have been created for other functional
properties such as greater electrical or thermal conductances®’. It is typical of a composite
to have a particle or fibre phase which is stronger and stiffer than the surrounding metal
matrix. To distinguish between different composites their categorization is based on 2
levels. The first division provides a description regarding the metal matrix’s composition,
for example; Metal-Matrix Composites (MMC’s) and Metal-Matrix Nano Composites

(MMNC’s)

The second division refers to the size and shape of the reinforcement. Types of
reinforcement include; woven composites, continuous fibre laminated composites,
whisker composites and particle reinforcements. Whisker particle reinforcements have
an aspect ratio of between 20 and 100 and are regularly considered as particle
reinforcements for metal-matrix composites. A reinforcement is described as a particle
if its dimensions are approximately equal, examples of which include (but are not limited
to); rods, spheres and platelets®®. Together these methods of reinforcing a material are
described as ‘discontinuous’ as the reinforcement materials length is similar to its cross-
sectional area. Discontinuous or short fibre composites have properties which alter with
the length of the reinforcement fibre. When a fibre-reinforced composite is described as
‘continuous’, its reinforcement material has a cross-section far smaller than its length -to
such an extent that the length of the reinforcement fibre no longer has an effect on the
materials mechanical properties. In some instances particles, usually polymers, may be
added to a material for the purpose of cost reduction rather than to increase a materials

properties, this is referred to as a filled system®’.
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2.11.1 Metal-Matrix Composites (MMC’s) / Aluminium metal composite (AMC’s)

Through research and development the properties of Metal-Matrix Composites have
progressed significantly over the last decade. Properties of a metal-matrix composite
which have been improved upon and hence are superior to an unreinforced metal include;
strength, modulus and fatigue, wear and thermal resistances. The benefits brought about
by MMC’s are based upon the principal of preserving the best characteristics from 2
materials, for example the strength of a ceramic reinforcement and the ductility of a

metallic matrix3°

. These characteristics are then present after combining the materials
together as a composite. There are 2 methods of adding the reinforcing particles to the

metal-matrix; physically with the dimensional properties required, or chemically by the

use of salts which form the reinforcement phase internally.

It is possible for Metal-Matrix Composites to be produced with either discontinuous or
continuous reinforcements —or a mixture of the two. A manufacturing advantage of
discontinuous reinforcements is that they can be fabricated cost-effectively as the
processing stages required are similar to those required for the processing techniques used
for the production of unreinforced metal-matrix materials. Discontinuous composite
reinforcements also have preferentially isotropic properties which is a beneficial trait in
most products. The final properties of the metal-matrix composite ultimately are linked
to the reinforcement type, the metal-matrix and the interface between the two. Research
has been made in the advancement MMC’s exploring their development by using a
variety of matrix materials, however most emphasis has been directed towards the
development of lighter MMC’s using titanium and aluminium -especially for use in the

transport industry where power-to-weight ratio is of significant importance®’.
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The significance of the metal matrix and its mechanical properties is of more importance
to discontinuously reinforced composites than continuously reinforced composites. This
is the result of a difference in strengthening mechanisms with respect to the composites
types. For discontinuously reinforced composites, the metal matrix has a significant role
in the overall strength of the composite. The strength not only originates from the load
transfer between the matrix and the reinforcements but also the strengthening
mechanisms present within the metal matrix itself®. This is dissimilar to the
strengthening mechanisms of a continuously reinforced composite which is
predominantly dictated by the ability of the material to transfer load between the
composite fibre and the metal matrix. For this reason the mechanical properties of the
reinforcing fibre and the fibre-matrix interface is of more importance than the matrix

materials properties.

An important consideration in the design and manufacturing of a metal matrix is the
compatibility between the reinforcement material and the metal-matrix material®®. If a
chemical reaction between the two materials occurred unwanted products, for example
intermetallic compounds, may be formed at the materials interface which would have
negative effects on the transference of load between the matrix and reinforcement

particles. Such compounds may also act as sites for future crack nucleation.

2.12 Strengthening mechanisms

When considering the strength of a crystalline material there is a relation between the
mechanical properties and the motion of dislocations within that material. The more

restricted the dislocation movements are the greater the materials mechanical strength
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will be. Any process which obstructs the movement of these dislocations therefore

increases the strength of the material®!-%,

2.12.1 Hall-Petch strengthening mechanism

When a liquid metal starts to solidify, randomly orientated crystals form within the melt.
The overall size of the crystal is determined by its growth rate and number density. It can
be generalised that under a shallow temperature gradient crystal growth is large, whilst
under a steep temperature gradient crystal size is small. Large grain sizes are linked to

low hardness and strength values, whereas small grain sizes are linked to the opposite?®.

The strengthening mechanism which relates grain size to the strength of a polycrystalline
material is the Hall-Petch mechanism. The strength contribution from this relationship is
linked to the resistance provided by the grain boundaries opposing stress line propagation,
hence increasing overall strength 3!%3%4 " If there are few grain boundaries to impede its
movement the strength of a material will be low, conversely, if there are many small
grains with many grain boundaries strength will be high. One process responsible for
limiting the motion of dislocations is due to the traverse of a dislocation across a grain

boundary, which acts as a barrier. There are 2 reasons for this behaviour »°;

e If the grain of the first crystal has a different orientation to the second crystal, the
dislocation will have to alter its direction which requires a greater energy and
therefore increases the overall strength of the material. As the energy required is
dependent upon the second crystals orientation, more energy is needed for larger
angles of crystallographic disorientation (angle 0) see Figure 2-11.

e For the dislocation to reach the second grain it must first cross the grain boundary

between the two grains. This is a region of atomic disorder which creates a
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discontinuity in the traversing slip planes, again increasing the strength of the

material.

This grain boundary strengthening affect is referred to as the Hall-Petch strengthening
mechanism. This mechanism implies that the yield strength of a polycrystalline material
will increase with a decreasing grain size, due to the increased number of grain boundaries

available to impede dislocation motions within the material >,

Grain boundary
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Figure 2-11 Hall-Petch strengthening mechanism?®. The slip plane is travelling from grain A to

grain B across a grain boundary. The second grain is at an angle of 0 to the first.

The Hall-Petch Strengthening mechanism is an applicable strengthening mechanism for
the crystal structure of the A20X material exclusively and is not applicable to the grain
boundary material. This is through the definition of the mechanism as it is the grain

boundary material which is required to halt the motion of the traversing slip plane.

The equation which describes the Hall-Petch strengthening mechanisms is®”-%;
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— (1/2) .
AGHau-petch = Odistocation T K dm -Equation 28.
where the strength is related to the inverse square of the grain size, where;

®  Gdislocation = The friction stress of an un-deformed crystal orientated for
multiple slip (Pa).

e K = Hall-Petch coefficient (Pa m'’?),

o dn = Matrix grain diameter (m).

2.12.2 Orowan strengthening mechanism

The size of grain within a material is not the only feature contributing to the overall
strength of the metal. The main alloying addition to A205 is Cu (at approximately
4.5wt.%), which is at a similar weight percentage to other 2xxx series aluminium alloys.
Aluminium-copper alloys get a significant proportion of their strength through
precipitation-hardening®®. If an aluminium copper system, with sub 5wt.% copper, is
increased in temperature to between 515-550°C the CuAlz within the alloy will go into
solution. If the metal is then quenched, a super saturated solution will form. Reheating
the metal to approximately 150°C, in a precipitation hardening process, will cause the
copper to precipitate out of solution to form € and 6 phase 10-150nm copper aluminide

particles®.

These particles allow an Orowan strengthening mechanism to come into effect. The
Orowan strengthening mechanism occurs due to the interaction between the dislocation

line and precipitates within the crystal*®

. Each precipitate within the crystal can be viewed
as a row of obstacles impeding the progression of the dislocation line. For a dislocation

slip to progress through the material it must either pass through the particles or
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alternatively around the particles. The dislocation line will travel the path which takes

the least amount of energy to complete. If the dislocation line does not have enough

energy to complete either of these two options, its progression through the crystal will be

halted by the particles. If the energy conditions are such that the dislocation line passes

between the particles, the line becomes distorted and wraps itself around the particle in

such a manner so as to form a closed loop, trapping a proportion of the dislocation

1ine®?®8_ In this scenario the affect of the dislocation line is reduced and therefore the

strength of the material is increased. If the obstructing particles are weak and closely

spaced, then the energetically favourable mechanism for the dislocation line to progress

through the crystal, is by shearing these particles (see Load bearing stress).

{
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Figure 2-12 Orowan strengthening, progression from bottom to top?®

As the effectiveness of this strengthening mechanism is dependent upon the size of the

strengthening particles being in the low micron to nanometre range 52. The Orowan
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strengthening mechanism is applicable to the grain material of the A205 exclusively and

is not applicable to the grain boundary material.
The Matrix Orowan looping strengthening mechanism;

Where the interaction between the non-shearable particles and the dislocations increase
the strength of the material by trapping the dislocation lines around the particles *®. There
are several interpretations on how to calculate the Orowan strengthening mechanism.

82.87.88 work on strengthening mechanisms

Despite Zhang’s, Huskin’s and Habibnejad’s
it was decided that the method of calculating the Orowan strengthening mechanisms to
be used in this project was to be based upon Hou Yan-hui’s work -Equation 29 *°. This
was chosen as the equations used in Hou’s work®® were based specifically around the
omega phase precipitates, rather than the more general equations as used by Habibnejad®®
and Zhang®?>. Hou’s formula also compared the predicted and measured values in the

development of this equation, which is of particular interest as the precipitation hardening

temperatures and times are comparable to those of A205.

The formula which describes this Orowan strengthening relationship is;

_ b (g2 )’ m\? G/, [e158T -
Atgse =012 MG —= .{qb +070(%) + 0.12(3) ¢®/2{m| - |-Equation 29.

where;

e M = Magnitude of Taylor factor (Anisotropic contributions of 6 and Q CuAl,
precipitates) (Pa).
e G = Magnitude of Shear modulus (Pa).

e b = Burgers vector (nm).

35



e r = Radius of precipitate (nm).
e h =Thickness of precipitate (where h <<r) (nm).
e ¢ = Volume fraction.

e 19 = Precipitate lower cut off radius (nm).

These strengthening equations can be applied to the two distinct areas of A205; the grain

material (crystal) and the grain boundary material.

2.12.3 Load bearing strengthening mechanism

The load transfer between the matrix and a particle is caused by the load bearing effect.
This is the result of transference of a shearing force from the matrix to the particles”'*? .
Since the particles do not shear at the same value as the matrix, the final value of the shear

stress is calculated using the rule of mixtures %58

The Load bearing strengthening mechanism is due to the interaction between particles
within the material and progressing dislocation lines. As a dislocation line approaches a
particle, its progression is dependent upon the lowest energy mechanism available. If the
particles have a high strength then Orowan strengthening will be the most energetically
favourable mechanism. If the energy required to shear the particles is low then the
dislocation will shear through the opposing particle as it progresses through the material.
The energy required to shear through the particle is proportional to the increase in the

strength of the material®®%?,
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Figure 2-13 Load bearing strengthening mechanism?®. The particle opposing the progression of

the dislocation line is sheared.

The Load bearing strengthening mechanism is a viable strengthening mechanism for both
the crystal structure and the grain boundary material as both areas have shearable particles
present. The strength associated with this mechanism is linked to the volume fraction®>%3
in the Load bearing strengthening equation;

AG10aqa = 0.5V, oy -Equation 30.
where;

e V, = Volume fraction.

® Goym = Matrix yield stress (Pa).

2.12.4 Coefficient of thermal expansion strengthening mechanism

An additional method of increasing the strength of a material is to introduce particles into
the metal which have a different Coefficient of Thermal Expansion (CTE) to the matrix
%3, The difference in CTE between the metal matrix and the strengthening particles leads
to an increase in dislocation density which results in an increase in the overall strength of

the material®> >,
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The CTE strengthening mechanism is due to the interaction between the strengthening
particle and the crystal structure. As the melt is cast, features form during solidification.
If there are two features which solidify at different temperatures, it is only at the
temperature at which the second feature solidifies that there will be a near zero stress
value between the components. If the 2 materials then expand or contract at the same rate
with respect to an applied temperature then the forces between the materials remains zero.
However if there is a difference between the coefficients of thermal expansion then a
stress will be created which is dependent on the respective temperature differences
between the solidification temperatures and testing temperatures of the materials. There
are several variations on how this stress will arise. The two most prevalent net affects are
either; the particle trapped inside of the surround material will contract away from the
sides, or the particle will expand into the surrounding crystal -for both scenarios residual

stresses are formed 382097,

Particle contracting away from Particle pushing into surrounding
surrounding metal metal
=
(\\J ) L |>
| b

Particle and crystal expanding and contracting equally

Figure 2-14 Pictorial representation of the coefficient of thermal expansion strengthening
mechanism?. Left; particle contracting away from wall. Central; particle and crystal expand

and contract equally. Right; particle expands and pushes into crystal.

The Coefficient of thermal expansion strengthening mechanism is a viable mechanism

for both the crystal structure and the grain boundary material. This is because both areas
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of the material have constituents with significantly different coefficients of thermal

expansion, resulting in the formation of induced stresses and hence increased strength.

Where the CTE mismatch values, between the grain and reinforcing particles (TiB>),
generates thermally induced residual stresses. These thermal stresses, found at the
matrix-particle interface, make plastic deformation more difficult®®. The formula which

describes this strengthening relationship is%;

[12 Vp, A AT .
Aocrg = V3B Gy b dm -Equation 31.

where;

e = Strengthening coefficient (unit-less),

¢ Gm = Sheer modulus of the matrix (MPa),

e b = Burgers vector, a translation vector of a crystal lattice representing the
displacement of the material to create a dislocation (nm),

e V, = Volume fraction, of reinforcing particles to the matrix (unit-less),

e Aa = Difference between matrix (am) and particle (ap) CTEs (Kelvin™),

e AT = Difference between processing (Tprocessing) and test (Tiest) temperatures
(Kelvin),

e dp = Average diameter of the strengthening particle (usually in the nm range),

Equation 30 and Equation 31 can be linked together to give a total grain boundary material

strengthening contribution by;

A0Grain Boundary = A0Loaa + Aocr -Equation 32.
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Equations 28, 29, 30 and 31can all be linked together to give a strengthening contribution

for the metal matrix material by 82889899,

AO-mal:rix = AO-Load + AO-Hall—Petch + \/(AO'CTE)Z + (AT.Q)Z 'Equation 33.
where;

® OLoad = The strengthening contribution from Load (Pa),

®  GHall-Perch = The strengthening contribution from Hall-Petch (Pa),

e octe = The strengthening contribution from the Coefficient of Thermal
Expansion mismatch (Pa),

* 10 = The strengthening contribution from Orowan looping (Pa).

The strengthening mechanisms for the grain boundary material (Equation 32) and the

grain material (Equation 33) are combined together based on their volume fractions.

It should be noted that Orowan strengthening has not been included in the grain boundary
material’s strengthening mechanism contributions as the TiB; particle sizes expected
within the A205 are vastly disproportionate to previous research, as carried out by Zhang

et al %2

in which an improvement factor for Orowan strengthening vs. particle size shows
a sub 20% improvement for particle sizes above S0nm -as can be seen in Figure 2-15. It
also should be noted that Zhang et al ® also reported an increased improvement factor
with increased volume fraction, however this is again slight for sub-micron particle sizes

- Figure 2-16. Similarly the Hall-Petch strengthening mechanism has not been included

for the grain boundary material as crystals do not form in this region.
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Figure 2-15 Extract from Zhang et al®? showing improvement factor vs. particle size for Orowan

strengthening -calculated for a volume fraction of 0.01
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Figure 2-16 Extract from Zhang et al®? showing improvement factor vs. particle volume fraction

for Orowan strengthening -calculated for a particle size of 10nm

2.13 Particle size

Particle size is an important property of a material; it can be used to describe aspects such
as viscosity, agglomeration, dissolution rate, gas absorption, combustion rate etc. The
particle size of the Titanium Diboride (TiB2) grain refining material within A205 is
responsible, both directly and indirectly, for some of the strength characteristics of the

alloy as described in strength section of this thesis.

Previous examples of particle size analysis are based upon SEM image analysis. Due to
the sampling size of SEM images, this method of analysis gives a poor representation of

the size distribution of the TiB: particles as a whole. By removing the TiB: particles from
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the matrix (in a process described in the experimental procedure section of this thesis) it

is possible to analyse the TiB: size distribution in its entirety.

2.13.1 Different sizes of the sample particle (equivalent spheres)

Particles are inherently three dimensional (3D) objects. The simplest 3D object to
describe is a sphere as it requires only one dimension to fully explain its shape, the
diameter. It is often the case that particles requiring size analysis are not spherical and
need many length, width and depth measurements to accurately describe their shape!®.
For this reason many particle size analysis techniques report values based upon the
diameter of an equivalent sphere. In most cases this is a sufficiently accurate method of
describing a particles size providing that the individual particles do not have a

significantly large aspect ratio.

There are several ways of reporting the equivalent spherical radius of a non-uniform
particle. The diameter of an equivalent sphere could be based on the non-uniform
particles; maximum length (dmax), its surface area (ds), its minimum length (dmin), its
volume (dvol), its ability to pass through a sieve (dsieve), its sedimentation rate (dseq) or its

weight (dy) (see Figure 2-17)'%,
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Figure 2-17 Various equivalent spheres?®

2.13.2 Particle size measurement techniques

There are several methods of analysing the size characteristics of a distribution of
particles. Methods have been developed either to explore the different techniques of
analysing particle size or as a requirement for the analysis of different sample forms i.e.
whether the particle is suspended in a liquid or is in the form of a dry powder etc. As

each technique determines the size of the particle using a different property or the particle,
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the reported particle size between the various techniques is slightly different. A brief

overview of the main particle size measurement techniques is shown below:

Electroformed Mesh / Sieves

Centrifugal Sedimentation

Acoustic Spectroscopy

Optical Microscoez/ Imaﬁe Analzsis

Electrical Conductivity

Light Obscuration / Electrical Sensing Zone

Dznamic LiEht Scatterinﬁ

Laser Diffraction

10nm 100nm 1um 10um 100um Imm

Figure 2-18 An approximation of which analysis techniques can be used for an expected

particle size range from®

2.13.2.1 Sieving

Sieving is a physical method of determining the particle size of a sample. By offering a
distribution of particles to a mesh of known aperture size, larger particles will be retained
and smaller particles will be allowed to pass through. It requires zero computing power
but is affected by particle shape —especially when considering rod like particles.
Currently the smallest sieve grades are in the order of 20microns, although finer sieves

are being developed'?!.
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2.13.2.2 Sedimentation (settling rate)

Sedimentation is based upon the settling rates of different sized particles. The settling
rate of different sized particles can be described using Stokes’s law. Provided information
is known about the particles density, the density and dynamic viscosity of the liquid the

100 Stokes’ law

particle is settling through, an estimate of particle size can be made
assumes that the particles are spherical, homogeneous, have smooth particles and do not

interact with each other. Laminar flow is also assumed for Stokes law calculations

2.13.2.3 Acoustic spectroscopy (equivalent spherical diameter)

Acoustic spectroscopy relies on the change in a bulk liquid’s material properties from the
addition of a known weight percentage of particles. By propagating ultrasonic waves at
a selection of know frequencies through a particulate suspension and measuring the
attenuated signal at a known displacement, particle size information about the suspension

can be ascertained'%.

2.13.2.4 Direct observation

Direct observation is perhaps the most obvious method of determining a particles size. A
representative sample of the material is digitally imaged and subsequently analysed using
an image analysis software package (such as ImagelJ). Particle properties which can be
quantified include; area, maximum and minimum width, circularity etc. The most
significant advantage of this particle sizing technique is that particles can be analysed on
an individual basis. The major disadvantage of this technique is linked to the time
required to take and analyse the necessary amount of images for a representative sample.
Due to the (relatively) low numbers of particles which can be realistically processed using

this technique it is most suited to small sample batches.
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2.13.2.5 Coulter counter (electrozone sensing)

The Coulter principal is based on the change in conductivity of a small aperture due to
the crossing of a particle. As the X-axis and Y-axis conductivity across the aperture can
be measured separately, by taking into consideration time dependence, a high resolution

image of individual particles can be determined'®.

2.13.2.6 Light based
2.13.2.6.1 Light obscuration

Light obscuration particle size analysis is the process by which a single particle is allowed
to fall through a light beam. The particles shadow is detected and analysed on a charged

coupled device (CCD) detector.

2.13.2.6.2 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is also known as photon correlation spectroscopy and
quasi-elastic light scattering (hydrodynamic radius). Analysing particle size using DLS
exploits Brownian motion. DLS a method founded on the Stokes-Einstein equation. The
velocity of the motion is based on a property known as translation diffusion, whereby
smaller particles are disturbed to a greater affect than larger particles. As the particles are
required to be measured within a liquid medium the size calculated is referred to as the
hydrodynamic diameter. This measurement is indicative of a sphere which has an
equivalent transitional diffusion coefficient to that of the particle being measured. This
measurement is not only determined by the particle but also by the surface structure. The
surface structure may increase the apparent particle size due to the formation of an
extended double-layer of ions around the particles surface —which would decrease the

apparent movement velocity of the particle and hence indicate a larger particle!.
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2.13.2.6.3 laser diffraction (aka photon correlation spectroscopy or equivalent spherical
diameter)

The diffraction of light can also be used to indicate the size of a particle. Laser light is
used as it has a precise known frequency. As the light is diffracted around the particle a
characteristic, ring-shaped pattern or intensity distribution is created. By measuring the
spacing of the intensity rings produced the size of the particle can be determined. Small
particles produce an intensity pattern with widely spaced rings, as opposed to larger
particles which produce tightly spaced diffraction rings. There are two main theory’s
which described this behaviour; the Fraunhoffer theory and the Mie theory. These
theories can be used to translate an intensity distribution to a volume equivalent sphere

model/distribution'%2.

Fraunhoffer theory describes the amount of light deflection which is a direct result of
diffraction. The Fraunhoffer theory requires the light incident upon the particles to be
parallel and the diffracted light to be in the forwards direction (i.e. the scattering angle is
less than 90°). The Fraunhoffer theory requires the particle size to be relatively large at
a minimum of ten times the laser wavelength. A significant advantage of the Fraunhoffer
theory is that the optical properties of the sample material are not required for the

calculation steps'®,

Mie theory is a more precise method of using the diffraction of light to measure particle
size. Mie theory is the complete solution to the Maxwell equations for electromagnetic
radiation (i.e. light) scattering around spherical particles. Unlike the Fraunhoffer theory,
it can be applied to the characteristic diffraction patters created by very small particles —

which can be similar in size to the wavelength of light used. Mie theory also takes into
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consideration light scattering at angles greater than 90° (backward scattering). A
disadvantage of this theory is that it requires information on the refractive and absorptive

indexes of the sample material'*,

Mie theory assumes that; the only source of scattering is from the particles present, there
is no error in the collected intensity distribution, the optical properties of the particles in
question are completely described by their real and complex refractive indexes, the
particles are spherical and homogeneous, all scattering is elastic (therefore the frequency
of the scattered light is equal to that of the incident light), scattering event occur on an
individual basis, for collections of particles the numbers are large and particle separations
are random (hence the scattered light can have no systematic phase relationship) and that

the medium in which the particles are suspended is homogenous and isotropic!®.

The method chosen for analysing the TiB: particles was laser diffraction. Laser
diffraction was chosen as liquid samples can be accommodated for, the entire sample is
measured, the method is non-destructive and non-intrusive, a volume distribution is
generated and a high resolution can be achieved. The equipment used to carry out this
analysis procedure was a Malvern 2000MU particle size analysis machine -set up for
liquid based samples. The machine circulates a liquid sample (which minimises error in
the readings) by using a stirring mechanism, through a series of pipes into the diffraction
chamber. After introducing the sample to the system it is possible to subject the material
to ultrasonic agitation, in a pre-size-analysis stage, to break apart any agglomerated or

aggregated particles which may have developed during transportation'®.

To assess whether ultrasonic agitation would damage the TiB, sample and hence affect

any subsequent measurements or calculations, a sample of pure TiB» -with a known size

49



distribution <10um, provided by the supplier (Sigma Aldrich), was analysed by the
machine following various exposures to ultrasonic agitation.
2.13.3 Interpreting size distribution calculations

As previously described there are many different ways of measuring the size
characteristics of a distribution of particles, hence as each characterisation technique
determines the distribution using a different aspect of the particles size, the mean size
calculated will be technique dependent. These mean particle size calculations are

described as follows:

2.13.3.1 Particle number dependent calculations

The following 3 formulas are different techniques used to find the mean particle size of a
distribution of particles. For these equations the number of particles must be known -
because of this it is possible for a large number of small particles to significantly skew

the results even though they may only constitute a small fraction of the entire sample.

2.13.3.1.1 D[1,0] the number mean

D[1,0] = Zn—d -Equation 34.

If a visual examination of a number of particles is made then their mean length is

calculated using the D[1,0] equation'?,

2.13.3.1.2 D[2,0] the number-surface mean

D[2,0

2
| = Z: -Equation 35.
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If a comparison is to be made between particles with different surface areas the D[2,0]

formula is chosen.

2.13.3.1.3 D[3,0] the number-volume mean

3
D[3,0] = ZTd -Equation 36.

If the consideration of a particles weight is required then the D[3,0] calculation allows for

the comparison of (spherical) particles based on their weight!?2,

2.13.3.2 Particle number independent calculations

It is often impossible to accurately calculate the number of particles within a sample,
because of this D[1,0], D[2,0] and D[3,0] become unsuitable to calculate the mean particle
size of the distribution. A solution to this problem is to calculate the mean of a
distribution without knowing the number of particles present. This can be achieved by
dividing a property of a sphere with radius”(n) by that of a different property of a sphere
with radius”(n-1), for example the volume of a particle by its area (i.e. the Sauter mean

diameter).

2.13.3.2.1 D[3,2] — the surface area moment mean or Sauter Mean Diameter (SMD)

_za

D[3,2] =25

-Equation 37.

The Sauter mean diameter is the volume (numerator) divided by the surface area
(denominator). SMD is used in applications where the surface area (denominator) is an
important consideration —such as in catalytic studies. D[3,2] is sensitive to fine

particles'®.
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2.13.3.2.2 D[4,3] — volume or mass moment mean

4
D[4,3] = gjs _Equation 38.

The volume based median mean is equivalent to the mass moment mean and is also
known as the De Brouckere Mean Diameter (DBMD). It is the most common method of
calculating the mean particle size from laser diffraction measurements. The [4,3] value

emphasizes the detection of the larger particles within the sample!*.

2.13.4 Number vs. volume distributions

As there are many different ways of calculating the mean particle size of a distribution it
is possible to choose the method used to provide information on the different size
properties of the sample. The mean particle size result calculated by the Malvern
apparatus (using laser diffraction) is the volume or mass moment mean. The volume
based mean weights the relative percentage within each size class towards larger particles
due to the '3 term when calculating volume'®. For example using this method a one
10micron particle will give the same relative percentage value in its class as one thousand
Imicron particles. This is acceptable in some cases, where the volume or mass of the
particles is important. The direction of this research requires the number distribution of

the measured particles.

Most particle size distributions have a larger number of smaller particles than larger
particles, for this reason a widely used function for plotting the analysis data is a log-
normal distribution'?’. A significant benefit of using a log-normal distribution is that the
geometric standard deviation remains constant for the various distributions including;

surface, number and mass. As these distributions are parallel on a log-probability plot
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the distributions can be converted from one type to another. It is therefore possible to
convert a D[4,3] distribution to a number distribution using a Hatch-Choate

transformation'?? with the correct conversion parameter i.e. k=0.5.

Inxg, =1Inx,, + k(ln ag)z -Equation 39.

This calculation is made internally within the Malvern apparatus and allows for
transformations from volume to surface area, length and number —which will be

demonstrated in the following section.
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3 EXPERIMENTAL PROCEDURE

3.1 Supply of ingot
The material used for this research was aluminium copper alloy A205 created by Aeromet
International PLC. All experiments detailed within this project originate from a supply

of A205 ingot provided by the aforementioned company, the specification of which is

detailed in Table 3.1.1.

Table 3.1.1 Standard A205 specification as given by Aeromet International PLC

Ti Cu Mg Ag TiB; Excess Ti

Specification wt% 2.75-3.9 4.2-4.7 0.2-0.35 0.5-0.85 4-5 0.25 Aim

3.2 Alloy development

Within this research A205 alloy variations were created. The method used to produce
these alloys was to calculate the weight composition of each of the alloying additions
given in a specified weight of melt. Then, with the use of Microsoft Excels solver
function, calculate the required amounts of alloying additions for each melt composition

-including additions to keep the alloy within the defined specification.

For the TiB; dilution experiments the following alloys were created and compositionally

analysed using XRF (see Table 3.2.1):
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Table 3.2.1 TiB; Dilution 1 and TiB; Dilution 2 values measured using XRF

TiB, (wt%) Excess Ti (wt%)

Standard 4.26+0.04 0.26
TiB; Dilution 1 2.49+0.02 0.26
TiB; Dilution 2 1.16+0.01 0.26

For the Free Titanium experiments the following alloys were created and compositionally

analysed using XRF (see Table 3.2.2):

Table 3.2.2 Sample 1 and Sample 2 free Titanium values measured using XRF

% Ti added Excess Ti value (%)
Standard 0.00 0.26+0.01
Sample 1 0.17 0.43+0.02
Sample 2 0.22 0.48+0.02

3.2.1 Preparation of sand mould

All experiments described in this work, unless stated otherwise, used a standard test bar
mould design shown Figure 3-1, which consists of a central down sprue, 10 standard test
bars and 2 larger feeder bars. The mould was designed to incorporate two 20 (pores per

inch) ppi filters before the melt reached the test bars.
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Figure 3-1 Schematic diagram showing the test bar mould design

The sand moulds were created in two 15kg sections. A two-part epoxy resin was then
used to bind them together. After the 2 sections of the mould had been glued together a
standard 3kg pouring basin was glued on top of the assembled mould. The mould was

ready for casting after the glue had been allowed to set for a period of 2 hours.

3.2.2 Casting

The casting procedure used for all experiments begins with the melting of a pre-weighed
approximately 10kg quantity of A205 ingot in a salamander A25 crucible. After the ingot
had melted the temperature was stabilised at 800°C and the alloying additions were
introduced, if required, allowing half an hour for full dissolution. After the additions had
been made to the alloy, a 30minute lance degassing procedure was initiated where argon
was gently bubbled through the melt. Half way through the degassing procedure the melt
temperature was lowered to 780°C. Within a Sminute period after degassing the melt was

cast and allowed to cool in air.

3.2.3 Heat treatment

Post casting several the samples required either a partial or full heat treatment. Samples

which required a partial heat treatment underwent a solution heat treatment procedure.
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Samples which required a full heat treatment underwent a solution heat treatment, and a
precipitation hardening heat treatment. Samples which did not require a heat treatment

were left in the ‘as-cast’ state.

3.2.3.1 Solution heat treatment

Standard test bar samples -a product of the casting procedure detailed in the Casting
section, which required heat treatment, were processed in a Carbolite muffle furnace. In
each case the samples were placed on top of a refractory brick so as to raise the samples
to half the internal height of the furnace. A standard ‘k’ type thermocouple, supplied by
TC Direct, was placed centrally on top of the refractor brick to ensure the correct required
temperature offset between the machine and controller was used. The solutionising heat

treatment procedure used is shown in Table 3.2.3.
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Table 3.2.3 Standard solution heat treatment procedure for A205 (water quench)

Segment | Temp (°C) | Rate (°C/min) | Dwell (hrs)
1 495 50 /
2 / / 4
3 505 50 /
4 / / 6
5 525 50 /
6 / / 10
7 538 50 /
8 / / 24

Following solutionising the test bars were quenched in room temperature water.

3.2.3.2 Precipitation hardening heat treatment procedure

The ageing/precipitation hardening treatment consisted of 16hrs at 170°C, followed by

an air quench.

3.3 Microscopy

3.3.1 Sample preparation

Samples were sectioned from the centre of test bars and mounted in conductive Bakelite.

The samples were then polished using the following procedure:
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Plane grinding: with silicon carbide paper from 120 grit through 240, 400, 800 to 1200
grit with water as a lubrication, using an approximate force of 20N at a speed of 300rpm

for a time of Sminutes.

Fine grinding: with MD-Mol 3um diamond polishing compounds (provided by Struers)
at an approximate force of 20N and a speed of 150rpm for a time of 6mins. Followed by
an OP-Chem cloth using 0.05um colloidal silica (OP-S) at an approximate force of 20N

and a speed of 150rpm for a time of 6mins (again provided by Struers).

3.3.2 Optical microscopy

A Carl Zeiss microscope was used for the optical microstructural examination of the
samples. The digital images of each sample were first processed using PhotoShop so as
to accurately trace around each grain within the sample. This image was then saved as a
tiff file and reopened in image analysis software ImageJ where the threshold values were
modified and the image converted into binary, black and white image. From this point it
was then possible to use Imagel’s particle analysis function to calculate the area and
perimeter of each traced grain within the image. So as to ensure only complete grains
were analysed, any grain which touched the edge of the image was discounted from grain
size analysis measurements -however these grains were included for the volume fraction

measurements of the grain to grain boundary calculations.

3.3.3 Electron microscopy

For scanning electron microscopy (SEM) of the grain and grain boundary materials the
following analysis machines were used: Philips X1-30, Joel 6060 and Joel 7000. Each

SEM machine used an energy dispersive X-ray spectroscopy (EDX) detector and a back
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scatter electron (BSE) both of which were used for the quantitative elemental

measurements of samples.

3.4 Tensile machine

Each of the cast test bars were machined post heat treatment. The machining
requirements of this project were outsourced to Axis Precision (Mosley, Birmingham
UK), who machined the bars to a standard design shown in Figure 3-2!'°7. With a gauge
length of 30mm, a length of reduced section of 37mm, a gauge diameter of 6.75mm, and

a radius of fillet of 26mm. The end tabs had a radius of 10mm and a length of 20mm.

,. /
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Figure 3-2 Cylindrical tensile test bar with dimensions

Following machining the test bars were pulled on a Zwick Mechanical Test Machine.
The load used for the test was 100kN with an extension rate of 0.5mm/min. From the
resulting force extension graph the Young’s modulus, UTS and elongation were
calculated using Microsoft Excel. The Young’s modulus was calculated using the 0.2%

offset method.
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3.5 Composition analysis

3.5.1 XRF

For quantitative elemental analysis of samples greater than sodium in atomic weight a
Bruker S8 Tiger X-Ray Fluorescence (XRF) Spectrometer was used. For solid sample
analysis the samples were prepared so that the face requiring analysis was flat and ground
with silicon carbide paper from 120 grit through 240, 400 to 800 grit. The size of the face
requiring analysis had to be a minimum of 1cm? The total sample size had to fit within
a 5cm diameter, 3cm deep cylindrical volume. The samples were analysed under a

Helium atmosphere for a period of 18 minutes.

For powder samples requiring XRF analysis, the sample had to be finely ground using a
polished marble pestle and mortar. The minimum sample weight capable of being
analysed was 0.5g. The samples were placed in a XRF safe sample cup (Series 2100
provided by Chemplex Industries INC), using a 2.5um SpectroMembrane Mylar thin film
(also supplied by Chemplex). The samples, similarly to the solid specimens, were

analysed under a Helium atmosphere for a period of 18 minutes.

For liquid sample analysis a small volume (approximately 10ml) of pH7 liquid was
transferred to the XRF sample cup. After the liquid had been transferred the sample was
allowed to sit for a period of 30 minutes on top of blotting paper to allow for the material
to settle to the analysis window of the cup, and also to ensure the sample was not leaking.

The sample was analysed under a He atmosphere for a period of 6 minutes as specified.
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3.5.2 XRD

For qualitative elemental analysis a Philips X pert X-ray diffractometer (XRD) was used.
For powder based samples approximately 0.1g of material was required. The powders
were collected from the dissolution experiments (section 3.6.1) via filtration. A small
aliquot of settled material was removed from the larger volume of dissolved, settled
material using a 10ml glass pipette. The material was passed through a 47mm 0.2um
membrane filter provided by Advantec and the solid material was allowed to dry. The
dried material was then removed from the filter paper and inserted into Scm lengths of
Imm internal diameter, thin walled, quartz capillary. The first Smm of the tubes were
sealed with superglue before filling, the last Smm of the tube was sealed after the tube
had been filled. The tubes were held in the XRD machine using a purpose built holder
which secured the samples into location using a grub screw. The holder rotated at
200rpm. As the sample width was smaller than the impinging X-ray beam a 5x10x0.3cm
(h.w.d) lead sheet was positioned 2mm above the rotating sample so as to remove any
stray X-rays passing straight though the specimen zone to the detector on the opposite

side.

The X-ray diffractometer used was a Philips X pert X-ray diffractometer with a Cu-Ka
radiation wavelength of A=1.540598 A created using a current of 25mA and an
accelerating voltage of 35 kV. The monochromatic X-ray beam incident on the surface
created a diffraction spectrum which was collected using a solid-state detector over the
angles of 0° to 110°. The resultant spectrum collected from the analysis of each sample
was analysed using the X’pert High Score Plus V.2 analytical software using the

PDF2004 peak database.
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3.6 TiB; particle size analysis

3.6.1 Sample preparation

3.6.1.1 AZ205 alloy dissolution

To characterise the TiB, content accurately it was necessary to remove the TiB> from the
A205 metal. This was achieved by dissolving the sample of A205 using 2M hydrochloric

acid (HCl) detailed in the reaction;

2Al+6HCl—> 2ALCl; + 3 H,

The cast bars were skimmed to remove any surface oxides and cleaned using ethanol
before weighing and subsequent dissolution. To ensure that the entire sample was
dissolved by the acid, a theoretical excess of 20% was added to the weight of the sample
before the volume of acid was calculated. This was then left for 140 hours to completely

dissolve at room temperature.

3.6.1.2 Serial dilution to pH7

For particle size analysis and XRF analysis the sample material was required to be pH7.
To raise the pH of the dissolved samples a series of serial dilution processes were
undertaken. Following the initial dissolution, 90% of the supernatant for each experiment
was removed via a pipette. This was then replaced with an identical quantity of deionised
water. The sample was then left for a period of 48hrs for the precipitate to re-settle on

the bottom of the beaker. This process was repeated 5 times for each sample.
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3.6.2 Particle size analysis

A Malvern particle size analysis machine was used to analyse the collected undissolved
materials following the alloys dissolution in HCI. The apparatus back calculates particle
size information by using Mie theory which describes the scattering of (laser) light around
particles -which are of a similar size to the wavelength of light used. The theory requires
both the dispersants and the particles refractive indexes to be know, as well as the particles
absorption coefficient. The refractive index of the dispersant i.e. water, was taken to be
1.33. The refractive index and the absorption coefficient of TiB> were taken to be 2.5 and

1.0 respectively'%®.

For the experimental series described the machine had all piping, seals, glass wear and
lenses replaced prior to a full calibration. The machine was flushed with 3 litres of
deionised water between experiments. Following the cleaning procedure, a 1 litre beaker,
filled with 500ml of deionised water was placed in the sample zone of the machine. The
pump system was lowered into the beaker and the pump system activated to 100rpm for
30seonds to flush the larger trapped air bubbles out of the internal piping and
measurement cell of the machine. The pump system was then disengaged for a period of
30seconds then reengaged to 150rpm during which time all lengths of piping where
checked for any remaining small trapped air pockets. The standard operation procedure
began with setting the machines stirring system to 2000rpm. Material to be analysed was
then added to the dispersant via pipette until the laser obscuration value increased to
between 5 and 10%. The ultrasonic agitator was then engaged for an experimentally
considered value of 10 for a time of 10minutes. The measurement procedure was then

initiated which consisted of:
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10 measurements taken per sample with each measurement comprising of a 30 seconds
background time and a 30 second measurement time -each consisting of 30,000 snaps.

The final result was an average of the 10 measurements.

3.7 Electrochemistry

The material sent for particle size analysis contained copper, efforts were made into
removing copper from the sample. The technique deemed most suitable for this task was
electrochemistry. Electrochemistry was chosen as elements could be removed from the

sample material and deposited into the electrolytic solution.

The process of electrochemistry is based on electron mechanics. Electrons on a metallic
material can be (partially) described by their Fermi-level. If this level has more energy
than the electron orbital levels of an atom incident upon the electrode, electrons will
transfer from the electrode to fill the available electron energy level. As the required
energy is compound specific, different elements can be target for oxidation or reduction

as required.

3.7.1 Sample preparation

To ensure that TiB, was electrochemically stable within the used voltage ranges a sample
was prepared for electrochemical analysis. For this experimental verification 0.500g of
TiB> was mixed with 1000ml of 2M HCI for a period of 100 hours. This was then
ultrasonically agitated for Sminutes before 10uL. was removed via pipette and ‘dropped’
onto the prepared surface of a Glassy Carbon (GC) electrode. The protocol followed for
the preparation of the GC electrodes (and the EPPG and BPPG electrodes) commenced
with 100 figure-of-eight traces on a Struers ‘Mol’ polishing pad with a coarse 45um

Struers diamond suspension paste. The electrode was then washed in deionised water
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before having this process repeated using Y9um, 3um, 1pm, 0.5pum and 0.05um polishing
compounds on separate ‘Mol’ polishing pads. The ‘dropped’ sample was cured onto the

respective electrode 20cm under a 100W lamp for a period of 40minutes.

The carrier electrolyte solution was 50ml of 0.1M KCI. The solution was degassed with
nitrogen for 60 minutes prior to the electrodes being introduced to the system. The
reference electrode used was a saturated leak-less Ag/AgCl reference electrode. The
counter electrode was platinum. The working electrode was glassy carbon (GC). During
analysis the surface of the carrier electrolyte was maintained under a nitrogen atmosphere.
The potentiostat used was an Ivium CompactStat.h. The analysis sweep performed for

this test was at a scan rate of 50mV/s in 2mV steps.

The samples required for the electrochemical experimental series follow on from the
casting section previously defined within this chapter. The cast test bar material chosen
for this experimental series was fully heat treated and precipitation hardened A205. These
test bars were then skimmed on a lathe to remove any surface oxides and cleaned with
ethanol. Following dissolution in 2M HCI for a period of 140 hours, 95% of the
supernatant material was removed via pipette with care taken so as not to disturb the
resultant settled material. This material was then transferred to a 100ml sealable reagent

bottle for transport and storage.

3.7.2 Indium Tin Oxide electrode

For the Indium Tin Oxide (ITO) electrode experiments the experimental method was as

follows:
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The transferred material was vigorously shaken for 30seconds. From this the required
volumes i.e. 5, 10, 15 and 20uL of sample were removed from the reagent bottle using a
variable 0-20uL pipette and ‘dropped’ onto a 2cm x 1cm section of an ITO coated glass
slide (provided by Sigma Aldrich). This was then placed 20cm below a 100W bulb for a
period of 40minutes. The carrier electrolyte (0.1M KCI) was degassed as previously
mentioned by bubbling nitrogen through the solution for a period of 60 minutes. For this
experimental series the scans were carried out between -0.4V and +0.4V -with respect to

the Ag/AgCl reference electrode and were cycled at a scan rate of 25mV/s in 2mV steps.

3.7.3 Glassy Carbon electrode

For the ph7 Glassy Carbon (GC) electrode experiments the experimental method was as

follows:

The samples required for this experimental series follow on from the casting, dissolution
and dilution sections of this chapter. The diluted ph7 material was chosen for
electrochemical processing as the electrochemically processed material would require
post-process analysis on machines incapable of handling acidic solutions. The ph7
material was vigorously shaken for 30 seconds. From this the required volumes of sample
1.e. 5, 10 and 20uL were removed from the reagent bottle using a variable 0-20uL pipette
and ‘dropped’ onto the surface of the prepared GC electrode surface. This was then
placed 20cm below a 100W bulb for a period of 40minutes so the sample could dry to the
surface of the electrode. The prepared electrode was then submerged in the degassed
carrier electrolyte along with the Ag/AgCl reference electrode and the platinum counter

electrode. The scans were carried out between -0.3V and +0.7V at a scan rate of 100mV/s
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in 2mV step increments. The experiment was carried out underneath a nitrogen

atmosphere.

For the re-acidified Glassy Carbon (GC) electrode experiments the method was as flows:

The ph7 material to be analysed was again vigorously shaken for 30 seconds before
samples were removed via pipette and ‘dropped’ onto the prepared surface of a Glassy
Carbon electrode and dried under a 100W lamp for 40minutes. The carrier electrolyte
solution was altered from 50ml 0.1M KCI to 0.1H H2SO4 in effort to reduce to formation
of unwanted peaks during the electrochemical processing. The carrier electrolyte solution
was similarly degassed for a 40-minute period pre-analysis and maintained under a
nitrogen atmosphere for the duration of the experiment. For this experimental series the

scan was carried out between -0.3V and +0.3V at 100mV/s in 2mV steps.

3.7.4 CV scan analysis

defined Cu peak

1.5e-5

le-5

Current (A)

boundary

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

-0.5e-5
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-le-5

E(V) vs. Ag/AgCl

Figure 3-3 Graphic example of the ‘reviewed’ peak analysis profile used in excel

Figure 3-3 shows an example of how each electrochemical peak was analysed. For

Cyclic-Voltammetry (CV) peaks the scan sequence swept from -0.4V to +0.4V to -0.4V
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(for example). The second half of the CV peak, i.e. from +0.4V back to -0.4V was
removed from the analysis calculations. In the remaining first half of the cycle (an
example of which is shown in the figure) the copper peak was outlined between two
voltage values. Data points outside of these values were excluded from further
calculations. The area of the contained peak, shown in the image as blue, was then

calculated.

3.7.5 Chronoamperometry

For the chronoamperometry experiment the method was as flows:

The carrier electrolyte material was changed to 50ml of ph7 material as detailed
previously in the dilution section of this chapter, to this 0.1M of H2SO4 was added. This
material was then subjected to Sminutes of ultrasonic agitation in an ultrasonic bath. The
reference electrode was Ag/AgCl, the counter electrode was platinum. The working
electrode was a 2mm thick poco graphite sheet with 2 sides each having an area of
6.25cm? and 3 edges having an area of 1.5cm? (total area 7.75cm?). A small 10mm
magnetic flea was also introduced to the cell which was rotating throughout the
experiment at a rate of 60Hz. The solution was degassed with nitrogen for 1hr pre-
analysis and was maintained under a nitrogen atmosphere throughout the experiment.

The working electrode was held at +0.8V for three sequential 1hr periods.

3.7.6  Electro-bombardment

For the electro-bombardment experiment the method was as flows:

The carrier electrolyte material was 50ml of 0.1M KCI. The reference electrode was

Ag/AgCl, the counter electrode was platinum. The working electrode was a poco graphite
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sheet with total area 12.5cm?. A small 10mm magnetic flea was also introduced to the
cell which was rotating throughout the experiment at a rate of 60Hz. The solution was
degassed with nitrogen for lhr pre analysis and was maintained under a nitrogen
atmosphere throughout the experiment. The working electrode was held at -0.1V, 0.0V,

+0.1V, +0.2V and +0.4V for each experiment respectively.

3.8 TP1 grain refinement settling experiments

The material used for the TP1 grain refining settling experiments was Al-5Ti—1B grain
refining rods provided by London Scandinavian Metals (LSM). The rods were melted at
a temperature of 800°C in a conduction furnace and transferred to Salamander A3
crucibles (0.49L) -preheated to 780°C in a resistance oven. The filled crucibles were left
in the electric element oven at 780°C for the settling times required. Upon reaching the
individual settling times the crucibles were removed from the oven and allowed to cool

in air.

3.8.1 Initial XRF investigation

An arbitrary settling time of 10mins was initially selected for XRF analysis to determine
the most suitable material locations for use in the TP1 tests. The resulting solidified melt
was sectioned equally down its vertical axis. Four samples, with a surface finish of 800

grit, were sectioned for XRF analysis as shown in Figure 3-4.
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Figure 3-4 Locations of settled material selected for XRF analysis

3.8.2 TP1 sample preparation

The samples which had undergone specific settling times were removed from their
crucibles and halved vertically. 2 horizontal slice samples were taken from each casting,
one form the top just below the settling line, and one from approximately 1cm above the
bottom of the casting (see Figure 3-5). Following Inductively Coupled Plasma (ICP)
analysis carried out by Rotech LTD, calculations could be made to determine the correct
weight of sample required to add to a 10kg commercially pure aluminium melt for TP1

analysis.
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Figure 3-5 TP1 settling sample locations

The standard test procedure for aluminium alloy grain refiners is the TP1 test as described
by the Aluminium Association. For this test approximately 10kg of commercially pure
aluminium was melted and stabilised at 718+5°C. As the additions were added the melt
was stirred for 15 seconds with a Silon rod. The TP1 samples were taken from the melt
using a pre-heated standard TP1 ladle. A thermocouple ensured that each TP1 sample
removed from the crucible was at 718+5°C. The TP1 samples were immediately
quenched in the prescribed running water TP1 quench tank. The resulting TP1 samples
were then cut and dressed to a length of 38mm, followed by polishing and etching using

Poulton’s solution'.

! Poulton’s solution: 60% concentrated HCl, 30% concentrated HNO3, 5% HF and 5% H20
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3.8.3 Grain size analysis

After sample preparation, grain size observation was carried out using a digital
microscope. The grains were traced in Adobe Photoshop and analysed using the image
analysis software ImageJ. The outputted data was then exported to excel and subjected

to statistical analysis.
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4 RESULTS

4.1 Microstructure of A205 alloy

The microstructure of fully heat treated A205 is shown in Figure 4-1. Unlike other
aluminium-copper alloys, A205 solidifies with a globular (thamnitic) structure as
opposed to dendritic. The contrast between the grain interior and grain boundary regions,
shown in Figure 4-1, have been increased by etching the material using Keller’s solution

and imaging the sample using Back Scattered Electron (BSE) microscopy.

© AccV, SpotMagn Det-WD f——< 3 1004m
" %900 30 400x -BSE 100 R g e

Figure 4-1 BSE SEM image of fully heat treated A205 etched using Keller’s solution showing a

globular microstructure

Figure 4-2 (a) is an optical micrograph image of fully heat treated A205 and shows the
globular grain structure as well as the surrounding grain boundary material. Figure 4-2
(b) is a converted image taken from Figure 4-2 (a) and shows a black and white (binary)

image of A205 used for calculating the volume fraction analysis of grain to grain

74



boundary material within the alloy. The image was created by tracing the recorded optical
micrographs in Adobe Photoshop then modifying the image so that the grain boundaries
appeared black and the grain material appeared white. The traced images were then
analysed using ImageJ. The reported volume fraction of the grain boundary material was
27.3 £ 1.2% and was calculated from the average of 9 micrographs taken from 3 separate
sectioned test bar samples originating from 3 individual castings of A205. The calculated

error was the standard deviation of the measured results.

Figure 4-2 (a) optical a micrograph of fully heat treated A205 showing the globular

microstructure and the grain boundary material, (b) a converted binary image created using
Figure 4-3 (a) used for calculating the grain to grain boundary material volume fractions using

Imagel

Figure 4-4 (a) shows an SEM image of the heat treated alloy, the image shows the grain
material to be compositionally different from the darker surrounding grain boundary
material. Energy Dispersive X-ray (EDX) spectroscopy mapping for aluminium and
titanium shows; the grain material to be aluminium and the grain boundary material to be

comprised of titanium (i.e. TiBz), Figure 4-4 (b and c) respectively.
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Figure 4-4 (a) SEM image of fully heat treated A205, (b) EDX map showing location of Al within

the sample, (c) EDX map showing location of Ti within the sample

Figure 4-5 shows a close up of the grain boundary region. The lighter coloured features
are Titanium Diboride (TiB») particles as confirmed by EDX. The outer fringes of the
image show the surrounding grain material as labelled in the figure. The particles within
the grain boundary are randomly orientated and hence give the impression of being more
rod-like than plate-like within the SEM image -as highlighted in the circular region of
interest. When individually analysed the TiB; particles appear to be around a micron in

size.
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Figure 4-5 SEM image of heat treated A205 showing the TiB, containing grain boundary region.

The figure highlights an individual TiB, particle, measured to be approximately 1um in length.

To determine the strength contributions of the different mechanisms contained within the
alloy as a whole, the volume fraction of the TiB> particles in the grain boundary material
was determined. Figure 4-6 is an altered version of the SEM image shown in Figure 4-5,
the grain material has been removed from the image using Adobe Photoshop and a white
rectangular area of interest is highlighted to indicate the area selected for TiB, volume
fraction analysis. The image was taken from a centrally located section of grain boundary
material from within a standard test bar sample. In total 9 such measurements were made,
with images taken from 3 non-adjoining samples from each of the as-cast, solution heat-

treated, and solution heat-treated and precipitation hardened materials.
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Figure 4-6 An area of centrally located grain boundary material (from fully heat treated

material) selected for TiB, volume fraction analysis

Figure 4-7 shows an expanded view of the region of interest highlighted in Figure 4-6.
The figure shows the random orientation and distribution of the TiB; particles within the

grain boundary material.

Figure 4-7 Section of grain boundary material chosen for volume fraction analysis

Converting Figure 4-7 into a black and white binary image, using ImageJ, Figure 4-8 was
created. Using Figure 4-8 it was then possible to determine the volume fraction of TiB>
particles within the grain boundary region. The reported volume fraction TiB: particles
within the grain boundary region was 40 + 2.4% and was calculated from the average of

9 micrographs taken from 3 separate sectioned test bar samples originating from 3
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individual castings of A205. The calculated error was the standard deviation of the

measured results.

Figure 4-8 Converted black and white region of interest shown in Figure 4-7 used for volume

fraction analysis of TiB; particles within the grain boundary material

411 Heattreatment

The heat treatment of A205 consisted of a solution heat treatment procedure and a
precipitation hardening procedure. The solution heat treatment procedure was for 44hrs
and consisted of 4 stages: 4hrs at 495°C, 6hrs at 505°C, 10hrs at 525°C, and 24hrs at
538°C followed by a water quench. The precipitation hardening procedure consisted of

16hrs at 170°C, followed by an air quench.

4.1.2 Strengthening Mechanisms

Yield strength is caused by many different mechanisms; however, it is possible to
disassemble this value into its constituent parts. The strength of A205 can be broadly
considered as coming from the matrix (or grain) and the grain boundary material. In the
matrix material, 4 types of strengthening mechanisms would be active; Orowan, Hall-
Petch, Coefficient of Thermal Expansion (CTE) and the Load strengthening mechanisms.
Within the grain boundary material, the Load and the CTE strengthening mechanisms
would occur. The formulas describing these mechanisms were given in the strengthening

mechanisms section of the literature review.
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Regarding the matrix; the Orowan strengthening mechanisms and the load strengthening
mechanisms are active around the €Q and 0 precipitates, which were precipitated out
during heat treatment. The Hall-Petch strengthening mechanism is linked to the grain
size of the alloy. Regarding the grain boundary material; the CTE and load strengthening

mechanisms occur, and are linked to the TiB> particle size distribution.

The contributions to the yield strength were estimated by considering the grain and grain-
boundary areas of the material individually with contributions to the strength weighted
according to their respective volume fractions and measured TiB: particle size

distributions.

4.2 Effect of composition on globularity

A significant property of the A205 alloy is its thamnitic crystal structure, as globular
crystal structures have improved feeding properties when compared to their dendritic
counterparts. For this reason, a study was undertaken to explore the globularity of the
alloy when alterations were made to its composition. The composition of the base A205

alloy provided by Aeromet can be found in Table 4.2.1.

The alloying elements chosen for the study were; TiB:2 and the free Ti component of the

alloy’s composition.
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Table 4.2.1 A205's specification limits and specific composition of the base alloy sample
provided and measured by Aeromet International using Optical Emission Spectroscopy. The

TiB, wt% was calculated using the stoichiometric ratio of Ti to B, with the remainder as free Ti.

ey

o Ti B | Fe | si | cu |mg| ag | v | TiB, | BXCCSS
€ Ti
9

w

c

S 2.75- | 1.25- | 0.05 | 0.07 | 4.2- | 0.2- | 0.5- 0.25
S 0.05 | 45

£% | 39 | 155 | max | max | 47 | 035 | 0.85 Aim
a

[7,]

8% |337 | 145|002 | 006 |4.43 | 030 | 0.69 | 0.04 | 4.66 | 026
£ 3

4.2.1 TiBy wt% dilution

To determine the effect of the TiB> concentration on globularity a series of castings were
made with various amounts of TiB,. This was achieved by adding commercial purity

aluminium, copper, silver, magnesium and titanium to a melt of A205 alloy to halve the

TiB: concentration, see Table 4.2.2.

Following alloy modification, a series of test bars were cast, 3 of each modification series
were analysed using XRF -as a more accurate form of compositional analysis compared

to OES (Table 4.2.2). The mean composition of each series of 3 test bars were as follows:
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Table 4.2.2 TiB; dilution experiment specifications as measured by XRF

Element Ti Cu Mg Ag TiB; Excess Ti
Specification wt% | 2.75-3.9 | 4.2-4.7 | 0.2-0.35 | 0.5-0.85 4-5 0.25 Aim
Standard A205 3.19 3.95 0.19 0.65 4.2610.04 0.26
TiB; Dilution 1 1.98 4.33 0.19 0.75 2.49+0.02 0.26
TiB; Dilution 2 1.06 4.27 0.26 0.75 1.16+0.01 0.26

The TiB: content for the original alloy was calculated to be 4.26 wt% TiB>. Following
dilution (Dilution 1) the TiB>’s content decreased to 2.49 wt%. Following a second

dilution (Dilution 2) the TiB> weight percentage was reduced to 1.16%.

Figure 4-9 (a) shows an optical microscopy image of the initial A205 alloy, taken from
the centre of a test bar. The micrograph shows light globular crystals and darker grain
boundary material. Tracing these grains (see Figure 4-9 (b)) gave the size and shape of
each grain using image analysis. To remove edge effects from grain size measurements,

any grain which was touching the edge of the image was removed from the calculations.

Figure 4-9 (a) optical micrograph of standard A205, (b) traced grains for use in size calculations



Figure 4-10 (a) shows an optical microscopy image of diluted A205 which was measured
to contain 2.49wt% TiB., taken from the centre of a sectioned test bar. Tracing the grains,
(see Figure 4-10 (b)) produced an accurate determinate of the size and shape of each grain
using image analysis. To remove edge effects from grain size measurements, any grain

which was touching the edge of the image were removed from calculations.

Figure 4-10 (a) optical micrograph of TiB; Dilution 1, (b) traced grains for use in size

calculations

Figure 4-11 (a) shows an optical microscopy image of diluted A205 alloy which was

measured, using XRF, to contain 1.16wt% TiB,.
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(a)

Figure 4-11 (a) optical micrograph of TiB; Dilution 2, (b) traced grains for use in size

calculations

Image analysis of the micrographs produced a determination of each grains circularity
value with respect to its composition. For each composition, 3 non-adjoining sections
were traced and analysed, with each micrograph typically containing between 100-200
grains. (The circularity value is a value between 0 and 1 with 1 representing a perfect
circle, and was calculated by comparing the area of a shape against its perimeter using

the equation; circularity = 4 m Area / Perimeter?).
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Figure 4-12 Circularity range for a standard 'reference' sample of A205 (4.26wt%) and the

circularity values for the Dilution1 (2.49wt%) and Dilution2 (1.16wt%) experiments

Figure 4-12 shows a circularity box plot for the initial as cast A205 alloy, labelled ‘Ref’,
and the experimental alloys ‘Dilution 1’ and experimental series ‘Dilution 2°. With
regards to the initial A205 alloy, of which 335 grains were analysed, the mean circularity
value was calculated to be 0.72. For the Dilution 1 alloy, of which 379 grains were
analysed, the mean circularity value was calculated to be 0.73. The Dilution 2 sample, of
which 465 grains were analysed, gave a mean circularity value of 0.74. The analysis of

Figure 4-12 is tabulated in Table 4.2.3.
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Table 4.2.3 Statistical analysis of the dilution experiments circularity results

Reference (4.26wt%) Dilution 1 Dilution 2
(2.49wt%) (1.16wt%)
Number of grains 335 379 465
Mean 0.718 0.729 0.740
Max value 0.930 0.955 0.979
Q3+1.5(I1QR) Fixed at 1 0.966 0.971
Quartile 3 0.799 0.794 0.802
Quartile 2 0.735 0.736 0.748
Quartile 1 0.654 0.679 0.689
Q1-1.5(IQR) 0.438 0.506 0.520
Min value 0.345 0.340 0.395

Table 4.2.3 shows the statistical analysis of Figure 4-12. In relation to the initial alloy
75% of the data had a circularity measurement of greater than 0.65. For the Dilution 1
alloy 75% of the measured grains had a circularity value of greater than 0.68. For the
Dilution 2 alloy 75% of the grains had circularity values greater than 0.69. Due to the
high circularity values calculated for these samples it was deemed acceptable to assume

each grain to be circular for the purpose of grain size analysis.
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Figure 4-13 Diameter range for a standard 'reference' sample of A205 (4.26wt%) and the

diameter values for the Dilution1 (2.49wt%) and Dilution2 (1.16wt%) experiments

Figure 4-13 shows the statistical analysis of the grain size measurements for the initial
alloy and the Dilution 1 and Dilution 2 alloys. With regards to the standard alloy; the
width of the distribution, i.e. between Q3+1.5(IQR) and Q1-1.5(IQR), where IQR is the
inter quartile range calculated by Q3-Q1, was narrower than both the Dilution 1 and 2’s
results. The Dilution 1 experiment had a higher mean (25.6um) than both the standard

sample (20.9um) and the Dilution 2 sample (21.9um).
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Table 4.2.4 Statistical analysis of the dilution experiments’ diameter results

Reference Dilution 1 (2.49wt%) | Dilution 2 (1.16wt%)

(4.26wt%)
Number of grains 335 379 465
Mean (um) 20.90 25.57 21.86
Max value (um) 41.84 57.34 54.60
Q3+1.5(I1QR) (um) 51.46 54.25 53.61
Quartile 3 (um) 29.06 32.61 29.66
Quartile 2 (um) 20.53 26.38 22.14
Quartile 1 (um) 13.95 18.19 13.69
Q1-1.5(1QR) (um) Fixed at 0 Fixed at 0 Fixed at 0
Min value (um) 2.29 1.18 1.45

Table 4.2.4 shows the grain size of the TiB; dilution experiments. Comparison of the

mean grain size values reveals the initial alloy to have the smallest grain size at 20.9um,

next in increasing size was the mean grain size of 21.9um for Dilution 2, followed by

Dilution 1’s grain size of 25.6um.

Table 4.2.5 Volume fraction of grain to grain boundary material for the TiB; dilution

experiments

Grain (%) Grain boundary (%)
Standard A205 72.70£1.22 27.30+1.22
(4.26wWt%)
Dilution 1 (2.49wt%) 83.28+1.33 16.72+1.33
Dilution 2 (1.16wt%) 77.74 £0.71 22.26+0.71




Table 4.2.5 shows the volume fraction of grain to grain boundary material for the standard
sample of A205, and TiB: dilution experiments 1 and 2. The standard A205 sample had
the largest volume fraction of grain boundary material at 27% followed by Dilution 2
sample with 22%. Dilution 1 sample had the lowest volume fraction of grain boundary

material at 17%.

4.2.2 FreeTitanium

To investigate the effect of excess titanium levels, i.e., the titanium not bound to boron as
TiB2, 2 casting trials were carried out with increased ‘free’ titanium in the melt obtained

by the addition of AlTi10 rod.
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Figure 4-14 Al rich end of the binary Al - Ti phase diagram*®

To ensure the titanium present in the grain refining rod went into solution, the melt was
raised and kept at a temperature of 800°C for 1 hour, as illustrated by the binary Al-Ti
phase diagram (Figure 4-14). The alloy was kept within specification limits of the A205

alloy by adding pre-determined amounts of copper to each experimental trial.
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Table 4.2.6 Percentage of Ti added to each melt and therefore the excess Ti level of Sample 1

and Sample 2 determined by XRF

% Ti added Excess Ti value (%)

Standard A205 0.00 0.2610.01
Sample 1 0.17 0.43+0.02
Sample 2 0.22 0.48+0.02

Table 4.2.6 shows the amount of excess titanium present. XRF analysis showed the
standard A205 sample to contain 0.26 wt% of excess (‘free’) titanium. Following
addition of AlTi10 and copper, the excess Ti value was raised for ‘Sample 1’ to 0.43 wt%.
For the second series of free titanium experiments the Ti content was raised further to a

value of 0.48 wt%.

A i

- X

Figure 4-15 (a) optical micrograph of standard A205 (free Ti = 0.26%), (b) traced grains for use

in size calculations

Figure 4-15 (a) shows a micrograph of A205 alloy. Figure 4-15 (b) shows the tracing of

the grains from Figure 4-15 (a).
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(b)

Figure 4-16 (a) optical micrograph of Sample 1 (free Ti = 0.43%), (b) traced grains for use in size

calculations

Figure 4-16 (a) shows a micrograph of Sample 1. Figure 4-16 (b) shows the tracing of

the grains from Figure 4-16 (a).

(b)

Figure 4-17 (a) optical micrograph of Sample 2 (free Ti = 0.48%), the circled region of interest

highlights large aluminide features, (b) traced grains for use in size calculations

Figure 4-17 (a) shows a micrograph of Sample 2. In the highlighted region of interest
found in image (a) it is possible to see large needle-like titanium aluminide features which
are of a similar size to the grain structure. Figure 4-17 (b) shows the tracing of the grains

from Figure 4-17 (a).
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Figure 4-18 Circularity range for a standard sample of A205 (0.26wt%) and the circularity

values for the free Titanium experiments; Samples 1 (0.43wt%) and 2 (0.48wt%) respectively

Figure 4-18 shows the circularity range for alloy A205 and Samples 1 and 2 from the
excess Ti experiments, showing the reference sample to have a similar mean circularity

value to Samples 1 and 2.
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Table 4.2.7 Statistical analysis of the circularity values for the free titanium experiments

Reference Sample 1 (0.43wt%) | Sample 2 (0.48wt%)

(0.26wt%)
Number of grains 335 786 675
Mean 0.718 0.753 0.742
Max value 0.930 0.993 0.974
Q3+1.5(IQR) Fixed at 1 Fixed at 1 Fixed at 1
Quartile 3 0.799 0.841 0.825
Quartile 2 0.735 0.783 0.755
Quartile 1 0.654 0.694 0.681
Q1-1.5(IQR) 0.438 0.474 0.467
Min value 0.345 0.240 0.237

Table 4.2.7 shows the statistical analysis from Figure 4-18. The mean value calculated

from the data sets showed Sample 2 to have the highest mean circularity value (0.74)

followed by Sample 1 (0.75) then the A205 alloy (0.72). A similar pattern was observed

when comparing the quartile 1 result, as the reference sample had a value of 0.65 than

when compared to Samples 1 and 2 (0.69 and 0.68 respectively).
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Figure 4-19 Diameter range for a standard 'reference' sample of A205 (0.26wt%) and the
circularity values for the free Titanium experiments; Samples 1 (0.43wt%) and 2 (0.48wt%)

respectively

Figure 4-19 shows the range of diameters range of A205 alloy and its comparison to
Samples 1 and 2 from the excess titanium alloys. The A205 alloy has a larger particle
diameter distribution compared to the size distributions measured for Samples 1 and 2.
Of Samples 1 and 2, Sample 1 had the smaller grain size distribution with a mean particle

size value of 17um compared to 18um.
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Table 4.2.8 Statistical analysis of the diameter values for the free titanium experiments

Reference (0.26wt%) | Sample 1 (0.43wt%) | Sample 2 (0.48wt%)

Number of grains 335 786 675

Mean (um) 20.90 16.62 18.13

Max value (um) 41.84 51.16 53.43
Q3+1.5(I1QR) (um) 51.46 37.62 44.90
Quartile 3 (um) 29.06 21.60 23.34
Quartile 2 (um) 20.53 15.49 18.09
Quartile 1 (um) 13.95 10.92 10.63
Q1-1.5(I1QR) (um) Fixed at 0 Fixed at 0 Fixed at 0

Min value (um) 2.29 1.02 1.02

Table 4.2.8 shows the statistical analysis of the diameter values for the free titanium

experiments. The mean values show Sample 1 to have the smallest grains (16.6um), with

the next largest found in Sample 2 (18.1um) then the reference sample (20.9um). This

pattern is reflected in both the 3™ and 2™ quartile values. The first quartile values,

however, were calculated to be lowest in Sample 2 (18.1um), then Sample 1 (15.5um),

with the largest quartile value belonging to the standard A205 alloy (20.5um). The Q1-

1.5(IQR) values have been set to zero as the calculated values were negative.
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Table 4.2.9 shows the volume fraction of grain to grain boundary material for the free Ti

experiments

Grain (%) Grain boundary (%)
Reference 72.70+1.22 27.30+1.22
(0.26wWt%)
Sample 1 (0.43wt%) 72.19+2.10 27.81+2.10
Sample 2 (0.48wt%) 74.50 +2.13 25.50 +2.13

Table 4.2.9 shows the volume fraction of grain to grain boundary material for the standard
sample of A205, and the free titanium experiments 1 and 2. The table shows the
similarities between the standard A205 alloy which had a volume fraction of grain
boundary material of 27.3%, Sample 1 which had a 27.8% volume fraction of grain
boundary material, and Sample 2 had the lowest volume fraction of grain boundary

material at 25.5%.
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Figure 4-20 Bar chart showing the Yield Strength, Ultimate Tensile Strength and Strain for

standard heat treated A205 (0.26wt%)

Figure 4-20 shows a bar chart of the measured tensile results detailing the yield strength,
Ultimate Tensile Strength and strain for heat treated A205 alloy. The value for the yield
strength was 438MPa, the value for the UTS was 455MPa and the value for the strain was

2.14%.
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Figure 4-21 Bar chart showing the Yield Strength, Ultimate Tensile Strength and Strain for an

alloy of A205 with an increased free Ti concentration (0.43wt%)

Figure 4-21 shows a bar chart detailing the yield strength, Ultimate Tensile Strength and

strain for an alloy of A205 containing increased free titanium value of 0.43%. The value

for the yield strength was 419MPa, the value for the UTS was 461 MPa and the value for

the strain was 3.03%.
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Figure 4-22 Bar chart showing the Yield Strength, Ultimate Tensile Strength and Strain for an

alloy of A205 with an increased free Ti concentration (0.48wt%)

Figure 4-22 shows a bar chart detailing the yield strength, Ultimate Tensile Strength and

strain for an alloy of A205 containing an increased free titanium value of 0.48%. The

value for the yield strength was 414MPa, the value for the UTS was 454MPa and the

value for the strain was 3.00%.

Table 4.2.10 Summary of the tensile properties of the excess titanium series of experiments

YS + o (MPa) UTS + o (MPa) Elongation * ¢ (%)
Standard (0.26wt%) 426+1.1 455+11.2 2.14+0.94
Sample 1 (0.43wt%) 419+1.8 461 +12.0 3.03+1.15
Sample 2 (0.48wt%) 414 +0.8 454 +15.2 3.00+1.40

Table 4.2.10 shows a summary of the tensile properties of the excess titanium

experiments, which shows that the standard A205 alloy had a measured yield strength
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result of 426MPa, while Sample 1 and Sample 2 had 419MPa and 414MPa respectively.
Sample 1 had the highest measured value of UTS 461MPa while the standard A205
reference sample and Sample 2 both had similar UTS values of 455 and 454MPa
respectively. Sample 1 and 2 both had similar strain results of 3.03 and 3.00%. The

reference sample had a lower measured strain result of 2.14%.

4.3 Particle size analysis

The particle size of the Titanium Diboride (TiB2) in A205 alloy is responsible, both
directly and indirectly, for some of the strength characteristics of A205. TiB> is a ceramic,
plate-like, particle which is precipitated into the molten aluminium by a salt-salt reaction,
as such no complete direct size measurements of these particles has ever been previously

made.

Previous examples of particle size analysis were based upon SEM image analysis -which
might give a poor representation of the size distribution of the TiB: particles as a whole.
By removing the TiB: particles from the matrix by dissolution in hydrochloric acid, as
described in the experimental procedure section, it is possible to analyse the TiB: size

distribution in its entirety.

4.3.1 Purchased TiB; particle size

To assess the stability of the TiB; particles during analysis a series of test were conducted
on purchased TiB: to determine whether the particle size distribution was altered during
measurement. The purchased TiB: used for these tests was provided by Sigma Aldrich

and had a given size distribution of <10um.
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4.3.1.1 SEM expected results Vs. various size transformations

The apparatus chosen to determine the TiB» particle size distribution was a Malvern
Mastersizer. As described in the experimental section the material was circulated around
the machine during analysis and underwent an ultrasonic agitation stage pre-analysis to
minimise the chance of measuring agglomerated particles. It was unknown how the TiB,
and hence the measured particle size distribution, would behave under these conditions.
For this reason initial results collected from the Malvern Mastersizer apparatus were

compared to SEM images of the purchased TiB,.

4.3.1.1.1 SEM of purchased TiB»

As shown in Figure 4-23 the TiB; particles were up to approximately 10pm along their
longest axis. The measured sample mostly contained fragments of TiB: particles with

dimensions less than 1um.

Figure 4-23 SEM image of TiB; supplied by Sigma Aldrich with a given size distribution of
<10um
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4.3.1.1.2 Various transformations

As previously described in the experimental section; the used Malvern equipment
calculated the size distribution from the diffraction patterns created by laser light
diffracting around the sample particles. The standard output from this process was based
on modelling the particles causing the diffraction to be spherical and hence their diameter
calculable to form a ‘volume based’ particle size distribution. The suitability of this
particle size distribution calculation was under review as the model emphasised larger
particles. For this reason other size distribution transformations were tested to determine
their suitability on reporting smaller particles an example of which is shown in Figure

4-23.
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Figure 4-24 Standard output from Malvern particle size analysis based on the particle volume

of the purchased TiB; particles

Figure 4-24 shows the particle size distribution of the purchased TiB: particles when the
outputted data was based on their respective diffraction patterns being back-calculated
from spheres. The measured distribution is approximately Gaussian. The sub 1um
particles present within the distribution accounted for less than 2% of the cumulative
particle size distribution. The modal volume percentage value of the distribution was
6pum. Based on the cumulative distribution, 50% of the samples had a measured upper

size range of between 6 and 50 pm.
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4.3.1.1.2.2 Surface
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Figure 4-25 Converted volume based particle size distribution to show size distribution

calculated from the surface area transformation of purchased TiB; particles

Figure 4-25 shows the particle size distribution of purchased TiB: particles when the
outputted data was internally transformed to weight the distribution in terms of the
particles surface area ratio. The distribution comprised of 2 peaks, with the lower particle
size distribution peak located at approximately 20pum and containing <5% of the sample
volume. The second larger peak was located at 55pum -approximately the value at which

the cumulative volume = 50%.
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4.3.1.1.2.3 Length
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Figure 4-26 Converted volume based particle size distribution to show size distribution

calculated from the length transformation of purchased TiB, particles

Figure 4-26 shows a length transformation distribution of the purchased TiB: particles.
This distribution showed 2 peaks. Cumulatively, 50% of the particles occurred in a
narrow particle range of between 0.3 and 1.5um, with the other 50% of the particles

located over a broader particle size range of between 1.5 and 20pum.
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4.3.1.1.2.4 Number
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Figure 4-27 Converted volume based particle size distribution to show size distribution

calculated from the number transformation of purchased TiB; particles

Figure 4-27 shows a number transformation particle size distribution for the purchased
TiB> particles. The distribution consisted of one major peak and one minor peak. The
major peak has a size distribution of less than 1pum, with its highest volume percentage
situated at 10.5%. The minor peak, found with a size distribution of greater than 1um,
had a peak volume percentage of 0.9% located at a particle size of 2um. The cumulative
volume percentage showed that 50% of the sample lay between 0.25 and 0.4um, 80% of

the sample lay between 0.125 and 0.8um, and 90% of the sample lies between 0.25 and

2pum.
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4.3.1.1.3 Drift of particle size distribution during analysis

Due to the nature of the particle size analysis machine used, the sample was continuously
recirculated around the system during analysis. As each final particle size distribution
comprised the average of 10 individual particle size distribution data sets, where each
data set was formed using tens of thousands of measurements, it was necessary to

investigate how the material behaved during analysis.

4.3.1.1.3.1 Drift characteristics of TiB, without ultrasonic agitation

6 f P TR, 7 120

Volume (%)
Cumulative %

Size (microns)
Figure 4-28 Drift characteristics of 10 consecutive particle size distributions which average

together to give the final reported particle size distribution for purchased TiB, without

ultrasonic agitation pre-treatment

Figure 4-28 shows 10 individual particle size distributions which average together to give

the final reported particle size distribution for the measured sample -in this instance
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purchased TiB> without the ultrasonic pre-treatment stage. The graph shows how the
particle size distribution evolves with time whilst being analysed. As can be seen, the
first 6 measurements followed a close distribution to one another, with a peak volume
percentage of 4.5 to 5%, located between 5 and 6um. There was then a slight step change
between the 6" and 7 data set where the volume percentage for scans 7 to 10 dropped to
between 3.9 and 4.1% for particle sizes of 6 to 7um. The evolution of the particle size
distribution was most apparent on the right hand edge of the data peak where, upon close
examination, the reported particle size increased between each data set. A similar

relationship was also found at the rising edge of the peak.

4.3.1.1.3.2 Drift characteristics of TiB, after ultrasonic agitation

5[ s T eeseessecneesced. 100
—— Cumulative % 3

Volume (%)
Cumulative %

0.1 1 10 100

Size (microns)
Figure 4-29 Drift characteristics of 10 consecutive particle size distributions which average

together to give the final reported particle size distribution. Pre-analysis the sample was

subjected to 10mintues of ultrasonic agitation at displacement level 10
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Figure 4-29 shows 10 individual data sets which averaged together to give the final
reported particle size distribution. Before this measurement the material was subject to
10 minutes of ultrasonic agitation at a probe displacement of 10 (where the probe
displacement was simply a feature of the machine, ranging from 0 to 20, where 0 was
without the ultrasonic agitation feature active and 20 was the most powerful ultrasonic
agitation setting available). The recorded particle size distributions showed some
variation between each increase in data set, again with a slight shift towards larger particle
size distributions with each measurement. The peak volume percentage, of scan 1, was
at approximately 3.9% at 7um, compared to 4.3% at 9um for scan 10. The leading edge
of this particle size distribution showed a shallow step in volume % for smaller particle
sizes, until about 2um when a step change increase in volume percentage was observed
(as indicated by the arrow in Figure 4-29). This shallow section of the particle size
distribution was not present in non-ultrasonically agitated samples and represented a

greater number of smaller particles present within the sample.
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4.3.1.1.4 Particle size distribution descriptions

4.3.1.1.4.1 D(0.1) for non-ultrasonically agitated purchased TiB>
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Figure 4-30 Bar graph to show the evolution of d(0.1) with increasing measurement number

for both volume and number particle size distributions

Figure 4-30 shows the d(0.1) value, i.e. the value at which the sample’s cumulative
volume distribution has reached 10%, for non-ultrasonically agitated TiB: particles (see
Figure 4-28), for both volume and number particle size distributions. =~ The volume
distribution showed an observable variation between each measurement number where
for the first 6 scans there was an increase in the measured d(0.1) particle sizes from 2.3
to 2.9um. There was then a reduction in the measured particle size from scans 6 (2.9um)
to 7 (2.75um) followed by an increase to 2.9um. Regarding the number particle size
distribution; the initial 6 scans have little variation between their reported d(0.1) values

of 0.29um. There is then a step change between scan 6 and 7 to 0.33um -which was
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approximately maintained through to measurement number 10. The average of the
volume distributions of ten d(0.1) scans was 2.7um. The average of the number

distributions ten d(0.1) scans was 0.3 1um.

4.3.1.1.4.2 D(0.5)
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Figure 4-31 Bar graph to show the evolution of d(0.5), i.e. the mean value, with increasing

measurement number for both volume and number particle size distributions

Figure 4-31 shows the d(0.5) value, i.e. the median particle size, for non-ultrasonically
agitated material, and its variation with repeated measurement for both volume and
number distributions. The volume distribution d(0.5) particle size increased with each
measurement number from approximately 5.2um at measurement 1 to 7.2 at measurement
10. The number distribution d(0.5) particle size also increased with measurement number

from 3.8um at measurement 1, to 4.4pum at measurement 10.
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4.3.1.1.4.3 D(0.9)
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Figure 4-32 Bar graph to show the evolution of d(0.9), with increasing measurement number

for both volume and number particle size distributions

Figure 4-32 shows the d(0.9) number distribution, i.e. the particle size below which 90%
of the particle size distribution lies, and its variation with measurement number for both
volume and number particle size distributions. For the volume distribution the first
measurement recorded a d(0.9) of approximately 10.1um, the second measurement
records a similar value of 10.05um. The 3™ to 10" measurements increase from a d(0.9)
particle size of 10.1um, to 18um at scan number 10. The number transformed particle
size distribution d(0.9) value did not follow such a smooth profile. The first scan recorded
a d(0.9) value of 1.37um which then increased to 2.51um with measurement 6. The
number transformation profile then decreased and roughly maintained a d(0.9) value of

1.9um for scan number 7 to 10.
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4.3.1.1.4.4 D[4,3]
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Figure 4-33 Bar graph to show the evolution of D[4,3], with increasing measurement number

for both volume and number particle size distributions

Figure 4-33 shows the volume weighted mean (D[4,3]) of each measurement used to
calculate the final averaged particle size distribution, and its variation with measurement
number for both volume and number transformed particle size distributions. For the
volume particle size distribution the first measurement number recorded a D[4,3] value
of 6.2um, which then increased with each measurement number to a value of 9.1um at
scan number 10. For the number transformed particle size distribution the first scan

recorded gave a D[4,3] value of 5.7pum, which then increased to 8.3pum by data set 10.
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4.3.1.1.4.5 D[3,2]
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Figure 4-34 Bar graph to show the evolution of D[3,2], with increasing measurement number

for both volume and number particle size distributions

Figure 4-34 shows the surface area weighted mean (D[3,2]) particle size distribution, and
how it varied with measurement number for both volume and number transformed
particle size distributions. The volume particle size distribution D[3,2] value, for scan 1,
was 3.9um which then increased up to 5.1um at measurement number 6. This was then
followed by a slight decrease in the measured D[3,2] value between measurement number
6 and 7, from 5.1um to 4.9um. This value then increased to 5.4um at scan number 10.
With respect to the number-based particle size distribution, the D[3,2] value for
measurement number 1 was 3.8um, which increased to 5.0um for measurement number

6. Similarly to the volume based particle size distribution there was then a decrease in
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the measured D[3,2] particle size distribution down to 4.7um, which then increased to

5.21um by scan number 10.

4.3.1.1.4.6 Average comparison
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Figure 4-35 Bar graph comparing the average value for each of the 5 different calculated mean

types for both the volume and number calculated particle size distribution

Figure 4-35 shows a bar chart comparing the average value for each of the 5 mean particle
size calculations, for both the volume particle size distribution and also the number
particle size distribution. The values show which of the different particle size methods
would be most suitable for representing the dimensions of the purchased TiB:> particles.
Regarding the volume distribution; the D[4,3] mean gave a value of 7.5um, which when

compared to micrographs of the particles size (see Figure 4-5) was considered too high
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to be representative of the measured, experimentally collected, TiB» particles. The
volume distribution D[2,3] value of 4.7um was also to be considered too large to be
representative of the measured sample sizes. Only the volume distribution d(0.1) value,
which had the lowest particle size measurement of 2.7um, did the volume distribution
calculated mean become low enough to be considered representative of the observed
particles. The volume distributions d(0.5) value averaged at 6.1um, which lay between
the D[4,3] and the D[3,2] values. The average d(0.9) value for the volume distribution
was 14um, and it was this value which indicated that a few larger particles within the
sample were present and therefore able to obscure the particle size contribution from the
more numerous smaller particles. In contrast to these measurements, the number
distribution calculated means were lower than their volume distribution counterparts. The
number distribution D[4,3] value was measured to be 6.9um, which was similar to the
volume distribution 7.5um. The number distribution D[3,2] value was also similar to the
volume distribution d[3,2] value at 4.6um and 4.7um, respectively. The number
distributions d(0.1), d(0.5) and d(0.9) results at 0.3, 0.41 and 2um gave the most

representative values when compared to the SEM sample (see Figure 4-23).
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4.3.1.1.4.7 Span
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Figure 4-36 Bar graph to show the evolution of span value, with increasing measurement

number for both volume and number particle size distributions

Figure 4-36 shows how the span value, defined as; ( d(0.9) — d(0.1) ) / d(0.5), varied in
accordance with scan number for the volume and number particle size distributions. As
can be seen the span value for scan 1 of the volume particle size distribution was 1.62,
which then decreased to 1.5 in measurement number 2 before continuing to rise to 2.07
for measurement number 10. For the number particle size distribution, measurement
number 1 had a span value of 2.84, which was the lowest scan value for the number
distribution series, and yet was higher than any of the volume distribution particle size
scans. The number distribution span value then increased up to 5.35 by scan 6. From

measurement number 7 the span value decreased to 3.6 where it plateaued.
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4.3.1.1.5 Effect of various ultrasonic agitation times
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Figure 4-37 d(0.5) comparison for volume and number transformation distributions for varying

ultrasonic probe displacement levels (1min holding time)

Figure 4-37 compares the d(0.5) mean particle size for both volume and number particle
size distributions, following different probe displacement values. (Probe displacement
values give a non-quantitative measure of the ultrasonic power level used during sample
treatment before measurement, with a value of 0 for not used). For the volume particle
size distribution not using the ultrasonic agitation device pre-treatment, a d(0.5) value of
6.12pum was obtained. The d(0.5) value increased when using the ultrasonic probe. Ata
displacement level of 5 the d(0.5) value increased to 7.26um, and roses to 9.37um at a
probe displacement value of 15. Increasing the probe displacement value from 15 to 20
decreased the d(0.5) value to 7.77um. For the number transformation particle size
distribution not using the ultrasonic probe gave a d(0.5) value of 0.41pym. When the

ultrasonic probe was used at a displacement level of 5 the d(0.5) particle size was
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increased to 0.46pum. The maximum d(0.5) value, 0.53um, was recorded at a probe
displacement level of 10. The d(0.5) mean particle size then decreased for probe

displacement values of 15 and 20, giving 0.52 and 0.47um, respectively.

4.3.1.1.6 Effect of various ultrasonic levels
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Figure 4-38 d(0.5) mean particle size variation with sample ultrasonic agitation time (pre-
analysis) for both the volume and number transformation size distributions (at a fixed

ultrasonic probe displacement level of 10)

Figure 4-38 shows how, at a fixed level of ultrasonic displacement of 10, the d(0.5) mean
particle size varied with time of operation of the ultrasonic agitation probe. For the
volume particle size distribution, a Iminute period of ultrasonic agitation raised the d(0.5)
value from 6.12 to 8.27um. Doubling the ultrasonic agitation to 2minutes reduced the
d(0.5) value to 6.48um. Increasing the time further to Sminutes then increased the mean
value to 7.46um. A 10 minute ultrasonic agitation period raised the d(0.5) value to

8.29um. For the number transformed particle size distribution there was also an increase
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in d(0.5) size between ultrasonically agitating the sample for Iminute before analysis
(0.41um) and not agitating the sample, (0.53um). The d(0.5) value then decreases to
0.44um following 2 minutes agitation, then increased to 0.49um and 0.56um for 5

minutes and 10 minutes ultrasonic agitation, respectively.

4.3.2 Particle size analysis of TiBAI grain refiners

The analysis of TiBAl aluminium grain refiners is of importance to this research as the
process of incorporating the TiB; into the refiner, i.e. by salt-salt reactions, is identical to
the process by which TiB: is added to A205. For this reason, a series of non-adjoining
sections of 3:1 and 5:1 TiBAI grain refiners (rod type) followed the same dissolution
procedure in HCl as the A205 alloy, as described in the experimental section of this thesis,
and subsequently underwent particle size analysis. Although TiBAl grain refiners are
known to contain 10-30um sized TiAls particles, it should be noted that there is evidence

that hydrochloric acid will dissolve these particles!'!*!!2

. However, if any large TiAls
particles were to make it though to size analysis, the transformation from volume to
number distribution will significantly reduce their contribution to the final measured
particle size distribution profile. Hence the analysis of TiBAl grain refiners, which do

not contain copper in their elemental composition, will allow for the comparison between

materials which do and do not contain Cu in their compositions.
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4.3.2.1 TiBAI(3:1)

4.3.2.1.1 Particle Size Analysis
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Figure 4-39 Volume based particle size distribution for TiBAIl 3-1 following dissolution in HCI

Figure 4-39 shows the volume based particle size distribution for TiBAI 3-1 following
dissolution in HCI. The distribution showed that 90% of the sample was <10um, 50% of
the sample was approximately <4pm and 10% of the sample was <2pm. The cumulative
percentage showed that the highest 10% of the distribution was linked to 2 separate peaks
located at 80um and 500um respectively -as these peaks represented particles with a
diameter larger than the observed grain size it was assumed that these particle size

measurements were agglomerates.
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Table 4.3.1 d(0.1), d(0.5) and d(0.9) values for the volume based particle size distribution for
TiBAI 3:1

Sample | d(0.1) | d(0.5) | d(0.9)
D1 (Vol) 1.83 4.61 11.98
D2 (Vol) 1.59 3.99 10.22
D3 (Vol) 1.84 4.77 12.81
Avg (Vol) | 1.74 | 4.44 | 11.66

Table 4.3.1 shows the d(0.1), d(0.5) and d(0.9) values for the number transformed particle
size distribution of TiBAI 3:1 grain refiner material. The results show the average d(0.1),

d(0.5) and d(0.9) values to be 1.74, 4.44 and 11.66um respectively.
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Figure 4-40 Number based particle size distribution for TiBAIl 3-1 following dissolution in HCI

Figure 4-40 shows the number transformed particle size distribution from TiBAI 3-1. The
distribution showed that 90% of the sample had particles which were < than about 1.5um,

50% of the measured particles were <0.3um and 10% were between 0.2 and 0.25um. The
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distribution showed the beginning of a second peak on the tail end of the main

distribution, this peak (from about 0.7 to 10um) accounted for about 20% of the

distribution.

Table 4.3.2 d(0.1), d(0.5) and d(0.9) values for the number transformed particle size

distribution for TiBAI 3:1

Sample d (0.1) d (0.5) d (0.9)
D1 (NumT) 0.25 0.35 1.24
D2 (NumT) 0.25 0.34 1.35
D3 (NumT) 0.26 0.35 1.24
Avg (NumT) | 0.25 0.35 1.29

Table 4.3.2 shows the d(0.1), d(0.5) and d(0.9) values for the number transformed particle

size distribution of TiBAI 3:1 grain refiner material. The results show the average d(0.1),

d(0.5) and d(0.9) values to be 0.25, 0.35 and 1.29um respectively.

4.3.2.1.2 Tensile test
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Figure 4-41 Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain for TiBAI 3-1
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Figure 4-41 shows the yield strength, UTS and strain for TiBAI 3-1. The tensile results

showed the yield strength to be 123MPa, the UTS to be 135MPa and the strain to be 17%.

4.3.2.2 TiBAI(5:1)

4.3.2.2.1 Particle Size Analysis
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Figure 4-42 Volume based particle size distribution for TiBAIl 5-1 following dissolution in HCI

Figure 4-42 shows the volume based particle size distribution for material from TiBAl 5-
1 alloy following dissolution in HCI. The distribution showed 90% of the distribution to
be <13pum, 50% of the sample to be <5pm and 10% of the sample to be <2um. Analysis
of the sample showed some agglomeration events at particle sizes >60um, however this

accounted for about 2% of the cumulative volume percentage of the sample.
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Table 4.3.3 d(0.1), d(0.5) and d(0.9) values for the volume based particle size distribution for
TiBAI 5:1

Sample d (0.1) d (0.5) d (0.9)
E1 (Vol) 1.77 4.78 13.84

E2 (Vol) 1.75 4.79 13.95
E3 (Vol) 1.67 4.60 12.28
Avg (Vol) | 1.73 4.72 13.31

Table 4.3.3 d(0.1), d(0.5) and d(0.9) values for the number transformed particle size
distribution of TiBAIl 5:1 grain refiner material. The results show the average d(0.1),

d(0.5) and d(0.9) values to be 1.73, 4.72 and 13.31um respectively.
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Figure 4-43 Number based particle size distribution for TiBAI 5-1 following dissolution in HCI

Figure 4-43 shows the number transformed particle size distribution for TiBAIl 5-1
following dissolution in HCI. The distribution shows 90% of the sample was <1.5pum in

diameter and 50% of the sample <0.4um. There was some discrepancy between the 3
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separate samples measured for this particle size distribution, highlighted by the mismatch

between the volume distribution plots and the cumulative distribution plots.

discrepancy was most pronounced between 0.2 and 1um.

Table 4.3.4 d(0.1), d(0.5) and d(0.9) values for the number transformed particle size
distribution for TiBAI 5:1

Sample d (0.1) d (0.5) d (0.9)
E1 (NumT) 0.25 0.35 1.53
E2 (NumT) 0.29 0.41 1.51
E3 (NumT) 0.29 0.43 1.55
Avg (NumT) | 0.27 0.40 1.53

The

Table 4.3.4 shows the d(0.1), d(0.5) and d(0.9) values for the number transformed particle

size distribution of TiBAI 5:1 grain refiner material. The results show the average d(0.1),

d(0.5) and d(0.9) values to be 0.27, 0.40 and 1.53um respectively.

4.3.2.2.2 Tensile test
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Figure 4-44 Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain for TiBAI 5-1
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Figure 4-44 shows the yield strength, UTS and strain for TiBAIl 5-1. The tensile results

showed the yield strength to be 119MPa, the UTS to be 133MPa and the strain to be

19.7%.

4.3.2.3 TiBAI 3:1 and TiBAI 5:1 comparison
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Figure 4-45 Volume based particle size distribution for TiBAl 5-1 and TiBAl 3-1 following
dissolution in HCI. The right hand y-axis shows the cumulative percentage of the measured

distributions.

Figure 4-45 shows the volume based particle size distribution for the 5:1 and 3:1 TiBAl
grain refining materials following dissolution in HCl. The peak of each distribution was
located at approximately 4um. The 5:1 grain refiner had a slightly broader distribution,
which can be seen on the right hand side of its peak and was also identifiable on the

appropriate cumulative distribution plot when comparing particle sizes of >4um.
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Figure 4-46 Number based particle size distribution for TiBAl 5-1 and TiBAI 3-1 following
dissolution in HCI. The right hand y-axis shows the cumulative percentage of the measured

distributions.

Figure 4-46 shows the number based particle size distribution of 5:1 and 3:1 TiBAl grain
refining rod. The peaks of the size distribution lie at 0.25 and 0.3um for 3:1 and 5:1
respectively. When comparing the cumulative distribution plots for the grain refiners, the
3:1 grain refiner did have a smaller particle size distribution when compared to the 5:1

grain refiner.

Table 4.3.5 3 particle size traits of the TiBAI 3:1 and 5:1 grain refiners

Sample d(0.1) um | d(0.5) pm | d(0.9) um
TiBAI 3:1 (D123) Vol 1.74 4.44 11.66
TiBAI 5:1 (E123) Vol 1.73 4.72 13.31
TiBAI 3:1 (D123) NumT 0.25 0.35 1.29
TiBAI 5:1 E123) NumT 0.27 0.40 1.53
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Table 4.3.5 shows the d(0.1), d(0.5) and d(0.9) particle size values for the TiBAI 3:1 and
5:1 grain refiners respectively. Regarding the volume based particle size distributions;
the d(0.1) values were similar, the d(0.5) values for the 5:1 grain refiner are 0.3um higher
than the 3:1 grain refiner, the d(0.9) value for the 5:1 grain refiner were approximately
1.6um higher than the 3:1 grain refiner. Regarding the number based particle size
distributions; both the d(0.1) and d(0.5) values for the two grain refiners were similar, the

d(0.9) value for the TiBAI 5:1 grain refiner was 0.2pum larger than its 3:1 counterpart.

4.3.3 Particle size analysis of A205

4.3.3.1 Ascast

The grain boundary material was extracted from the A205 as-cast alloy as described in
the experimental section. Since the experimentally removed grain boundary material was
contained as a suspension within a liquid, a small sample was removed for powder X-ray
diffraction, -leaving the remainder of the sample liquid for particle size analysis. 3
samples were analysed using powder X-ray diffraction from each of the 3 individual A205

dissolution experiments.
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4.3.3.1.1 XRD
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Figure 4-47 P-XRD diffraction spectrum, between 0° and 112°, for an as cast sample of A205

after dissolution in HCI

Figure 4-47 shows the PXRD spectrum between 0° and 112° degrees for the first 3 as-
cast samples of A205 following dissolution in HCl. The spectrum shows the counts
collected over the total range of angles observed. Despite being a 2-hour scan, only a low
count rate was recorded due to the small amount of sample being analysed. The high
count rate measured over the lower angles was due the beam width being larger than the
sample width. In effort to reduce this effect a sheet of lead was positioned above the
rotating sample to reduce stray X-rays from reaching the detector. Due to the design of

the sample holder the sample rotated slightly off axis during analysis which can attributed
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to a slight shift in peak location across the spectrum. The results showed shows strong
matching peaks for TiB2, Ag, Cu and Cu,0O/CuO, indicating that these compounds were

present within the collected sample.
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Figure 4-48 P-XRD diffraction spectrum, between 32° and 112°, for as cast A205 after

dissolution in HCI

Figure 4-48 shows a PXRD spectrum from 32° to 112° for the second of 3 as-cast samples
of A205 following dissolution in HCI. The spectrum shows a narrower range of angles
compared to the previous figure. This subsection shows strong matching peaks for TiB»,

Ag, Cu and Cu,O/CuO.
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Figure 4-49 P-XRD diffraction spectrum, between 32° and 52°, for as cast A205 after dissolution

in HCI

Figure 4-49 shows a PXRD spectrum from between 32° to 52° degrees for the third of
the 3 as-cast samples of A205 following dissolution in HCI. The spectrum shows a small

section of the total range of angles over which data was collected, and also shows strong

matching peaks for TiB», Ag, Cu and CuO/CuO.
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Figure 4-50 P-XRD diffraction spectrum, between 32° and 52°, for all 3 as cast A205 samples

after dissolution in HCI. 26 lines at 34.41° and 44.45° shown for TiB; peak locations.

Figure 4-50 shows a PXRD spectrum from between 32° and 52° degrees for all 3 as-cast
A205 samples following dissolution in HCI. This figure highlights that the 3 samples of
dissolved material were compositionally the same. Each ofthe 3 samples showed 7 peaks
between the angles of 32° and 52° degrees. The first (34.14°) and sixth (44.45°) peak
present within the scan were representative of the presence of TiB, within the samples
within this range. The third and sixth peaks are representative of the presence of Ag. The
remaining peaks within this range were indicative of the various phases of copper found

within the sample.
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4.3.3.1.2 Particle Size Analysis
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Figure 4-51 Volume particle size distribution collected for the as-cast material

Figure 4-51 shows the volume calculated particle size distribution of the as-cast material
following dissolution in HCl. The cumulative percentage plot showed that 10% of the
distribution was less than 3um, and 50% of the distribution was less than approximately
10um. Inspection of the volume analysis peak revealed a shallow increase in measured
particle size indicating the presence of a large number of smaller particles. The tail end
of the volume particle size distribution showed the presence of some larger particles,
however this was only found within one of the three samples analysed and was probably
due to an agglomeration event, (as the size of the measured particles was greater than the

size of a grain of A205 at approximately 20pum).
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Figure 4-52 Number particle size distribution collected for the as-cast material

Figure 4-52 shows the number transformed particle size distribution for 3 samples of as-
cast A205. The cumulative distribution reveals that 10% of the sample was sub 0.40pm,
50% of the sample was approximately 0.5um and about 95% of the sample was <2um.
The particle size distribution reveals that most of the particles were small in size with the
lowest measured particle being 0.3pum in diameter. Flowing the initial spike of small

particles, the measured volume percentage dropped with increasing size.

4.3.3.1.3 Strength prediction

The Yield strength prediction for as-cast A205 will be dominated by the Hall-Petch
strengthening mechanism for the grain material and the CTE mechanism for the grain
boundary material. The Orowan strengthening mechanisms will not be acting within the

crystal, or at least not to any significant degree, as there are not yet any precipitates
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formed. However, taking into consideration the measured grain size distribution as
shown in Table 4.2.4, the calculated volume fraction of both the grain and grain boundary
material (Table 4.2.5), and the TiB> in the grain boundary material (Figure 4-8), the

strength has been calculated using:

e The Hall-Petch strengthening mechanism (Equation 28):

— (-1/2)
AO-Hall—Petch = Odislocation + K dm

Where; Gdisiocation 18 the friction stress of an un-deformed single crystal orientated
for multiple slip (41.6MPa), K is the Hall-Petch coefficient (125MPa.m'?) and dm
is the measured grain particle size!!*!!'* 15 The Hall-Petch strength contribution
for this sample was calculated from the sum of 1/n of each grain size (dm)

measured.

e The Coefficient of Thermal Expansion strengthening mechanism (Equation 31):

1
12VpAaAT> 2

soers =38 000 (5T
p p

Where; B is a strengthening coefficient (1.25), Gm 1s the shear modulus of the
matrix material (23GPa), b is the Burgers vector of the matrix (28.6nm), V, is the
volume fraction of particles within the matrix (measured), Aa is the difference
between the coefficients of thermal expansion of the matrix material (2.29¢-5) and

the particles (7.40e-8), AT is the difference between the processing temperature
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(538°C) and the testing temperature (23°C), and d, is the particle size (measured)

2, 88, 116

e The Load bearing strengthening mechanism (Equation 30):

AaLoad =0.5 Vp Oym

Where; V), is the volume fraction of particles within the matrix (measured) and

Oym 1s the matrix yield strength (35MPa

88).

Hence, the total theoretical yield strength (Equations 32 and 33) calculated using both the

volume and number based TiB; particle size distributions gave predictive results of:

*

% 53 MPa using the ‘volume’ particle size distribution for TiB; particles

4.3.3.1.4 Tensile test
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Figure 4-53 Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain for as-cast A205
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Figure 4-53 shows the yield strength, Ultimate Tensile Strength and strain for as-cast
A205 alloy. The tensile results showed the yield strength to be 123MPa, the UTS to be

249MPa and the strain to be 6.7%.

4.3.3.2 The Solution Heat Treated Alloy

The grain boundary material was extracted from the solutionised A205 alloy as described
in the experimental procedure section of this thesis. This material was expected to contain
TiB; particles previously contained within the grain boundaries. The experimentally
removed grain boundary material was contained as a suspension within a liquid, from
which a small sample was removed for powder X-ray diffraction analysis. Again 3
samples were analysed from each of 3 individual A205 dissolution experiments using the

powder x-ray diffraction analysis technique.
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4.3.3.2.1 XRD
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Figure 4-54 P-XRD spectrum, from 0° to 112°, of solution heat treated A205 following

dissolution in HCI

Figure 4-54 shows the XRD spectrum of solution heat-treated A205 alloy following
dissolution in HCI (sample 1 of 3). The relatively low count rate was partially due to the
small quantity of material analysed. The high count rate measured over the low scattering
angles 0-30° of the scan were due to the width of the impinging X-ray beam being wider
than the sample volume. In effort to reduce the high count rate a lead sheet was placed
over the sample to minimise the effect of the stray X-rays. Due to the slight asymmetrical

rotation of the sample a slight shift in peak location was noted in the higher angle data.
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Figure 4-55 Reduced angle (32°-112°) P-XRD spectrum for solution heat treated A205 following

dissolution in HCI

Figure 4-55 shows the P-XRD spectrum of solution heat-treated A205 alloy following
dissolution in HCI for sample 2 of 3. The spectrum has been narrowed to show angles
between 32-112°. The graph shows that all but one peak, located at 95°, was matched to

an appropriate XRD pattern.
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Figure 4-56 P-XRD diffraction spectrum, between 32° and 52°, for solution heat treated A205

after dissolution in HCI

Figure 4-38 shows the P-XRD spectrum for solution heat-treated A205 following
dissolution in HCI for sample 3 of 3. The spectrum was reduced to between 32° to 52°
to show the lower angle peaks present within the spectrum. The spectrum showed strong

matching peaks for TiB; and Ag.
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Figure 4-57 P-XRD diffraction spectrum, between 32° and 52°, for all 3 solution heat treated
A205 samples after dissolution in HCI. 20 lines at 34.41° and 44.45° shown for TiB, peak

locations.

Figure 4-57 shows the P-XRD spectrum between 32 and 52° for all 3 heat treated A205
samples following dissolution in HCI. The two lines drawn at 34.14° and 44.45° indicate
the TiB: peak locations within this range. The figure reveals slight differences between
each of the 3 samples. Sample B1 had 7 discernible peaks within this 26 range, located
at approximately 34, 36.5, 38, 42.5, 43.5, 44.5 and 50.5°. In comparison sample B2 did
not show peaks 1, 2, 3 or 4 with such resolution. Sample B3 showed evidence of all 7

peaks within this 260 range.
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4.3.3.2.2 Particle Size Analysis
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Figure 4-58 Volume particle size distribution for solution heat treated A205

Figure 4-58 shows the volume particle size distribution for solution heat-treated A205
alloy following dissolution in HCI. The distribution comprised 3 individual size analysis
profiles from 3 separate samples. Each of the 3 sample profiles lay on top of one another
for approximately 90% of the sample, however for the much larger particles there was a
slight discrepancy within the profiles most likely resulting from agglomeration. The size
distribution profile also revealed that 10% of the sample was sub 2um in size and that the
lowest particle size detected was between 0.2 and 0.3um. 50% of the measured sample

was sub 5.5um.
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Figure 4-59 Number based particle size distribution for solution heat treated A205

Figure 4-59 shows the number transformed particle size distribution for solution heat-
treated A205 alloy. The distribution revealed that 50% of the sample was <0.3um and
90% of the sample was <0.9um. The particle size distribution revealed that most of the

measured sample contained a large number of small particles.
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4.3.3.2.3 Tensile test
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Figure 4-60 Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain for solution heat

treated A205

Figure 4-60 shows the Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain
for solution heat-treated A205 alloy. The tensile results showed the yield strength to be

224MPa, the UTS to be 396MPa and the strain to be 13.7%.
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4.3.3.3 Solution Heat-Treated and Precipitation Hardened A205
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Figure 4-61 P-XRD diffraction spectrum, between 0° and 112° degrees, for a solution heat

treated and precipitation hardened sample of A205 after dissolution in HCI

Figure 4-61 shows a P-XRD spectrum for solution heat-treated and precipitation-
hardened samples of A205 alloy following dissolution in HCI. The spectrum shows the

counts collected over the total range of angles observed, i.e. from 0-112°.
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Figure 4-62 P-XRD diffraction spectrum, between 32° and 112°, for solution heat treated and

precipitation hardened A205 after dissolution in HCI

Figure 4-62 shows the P-XRD spectrum for solution heat-treated and precipitation-
hardened A205 following dissolution in HCl. The lower angles of the scan have been

removed for this figure to highlight the total range of peaks matched for this sample.
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Figure 4-63 P-XRD diffraction spectrum, between 32° and 52°, for solution heat treated and

precipitation hardened A205 after dissolution in HCI

Figure 4-63shows the PXRD diffraction spectrum between 32 and 52° for solution heat-
treated and precipitation-hardened A205 alloy following dissolution in HCI. The

spectrum showed peaks for TiB>, Cu and Ag.
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Figure 4-64 P-XRD diffraction spectrum, between 32° and 52°, for all 3 solution heat treated
and precipitation hardened samples of A205 after dissolution in HCI. 20 lines at 34.41° and

44.45° shown for TiB, peak locations.

Figure 4-64 shows the P-XRD diffraction spectrums, between 32 and 52°, for all 3
solution heat-treated and precipitation hardened samples of A205 alloy following
dissolution in HCI. The two lines drawn at 34.14° and 44.45° indicate the TiB> peak
locations within this range. The figure shows how each of the 3 individual samples had

approximately the same peak profiles between 40 and 52°.
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4.3.3.3.2 Particle Size Analysis
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Figure 4-65 Volume calculated particle size distribution for the 3 solution heat treated and

precipitation hardened samples following dissolution in HCI

Figure 4-65 shows the volume based particle size distribution for the solution heat-treated
and precipitation-hardened A205 alloy following dissolution in HCI. The distribution
shows that 10% of the sample material was <2um, 50% of the sample was <7um and
90% of the sample was <20um. The rising edge of the distribution showed the presence
of small sub-micron sized particles. The 2 small peaks present at approximately 100 and

500pm were likely due to agglomeration events.
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Figure 4-66 Number based particle size distribution for solution heat treated and precipitation

hardened A205 alloy following dissolution in HCI

Figure 4-66 shows the number based particle size distribution for solution heat-treated
and precipitation-hardened A205 alloy following dissolution in HCI. The distribution
showed that 50% of the particles were below 0.35um and 90% of the particles were below

Ipm.

4.3.3.3.3 Strength prediction

The Yield strength prediction for solution heat-treated and precipitation hardened A205
included; the Orowan strengthening mechanism, the Hall-Petch strengthening

mechanism, the CTE mechanism and the Load strengthening mechanisms where;
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The active strength mechanisms within the grain include:

e The Hall-Petch strengthening mechanism (Equation 28);

_ (-1/2)
AO-Hall—Pel:ch = Odgislocations + K dm

Where; Gdislocation 1S the friction stress of an un-deformed single crystal orientated
for multiple slip (41.6MPa), K is the Hall-Petch coefficient (125MPa.m"?) and dm
is the measured grain particle size!!*!'* 15 The Hall-Petch strength contribution
for this sample was calculated from the sum of 1/n of each grain size (dm)
measured.

e The Orowan strengthening mechanism for Q and 6 precipitates (Equation 29);

.{qb2 + 0.70 (f)z + 0.12 (1)2 ¢<3/2)}ln [0.158 r]

Atgse = 0.12 MG
ta/o h h 7

b
2vrh
Where; G is the magnitude of the shear modulus (23GPa), M is the Taylor factor, b is
the Burgers vector, r is the radius of the precipitate (30-80nm), 1o is the precipitate
lower cut of radius, h is the thickness of the precipitate, and ¢ is the volume

fraction)89a9071 17-125
The active strength mechanisms within the grain boundary include:

e The Coefficient of Thermal Expansion (CTE) strengthening mechanism

(Equation 31);

1
12VpAaAT> :

A =vVv3B8G,b|————
OcTE ‘/_,3 m <(1—Vp)bdp
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Where; B is a strengthening coefficient (1.25), Gm is the shear modulus of the
matrix material (23GPa), b is the Burgers vector of the matrix (28.6nm), V, is the
volume fraction of particles within the matrix (measured), Aa is the difference
between the coefficients of thermal expansion of the matrix material (2.29¢-5) and
the particles (7.40e-8), AT is the difference between the processing temperature
(538°C) and the testing temperature (23°C), and d,, is the particle size (measured)

2, 88, 116

e The Load Bearing strengthening mechanism (Equation 30);

AGLoad =0.5 Vp O'ym

Where; V, is the volume fraction of particles within the matrix (measured) and

Oym is the matrix yield strength (35MPa *%).

Taking into consideration the measured grain size distribution, (Table 4.2.4), the
calculated volume fraction of both the grain and grain boundary material (Table 4.2.5),
the volume fraction of TiB: in the grain boundary material, and the size of the TiB>
particles (Figure 4-8), the total predictive yield strength was calculated using Equations

32 and 33 to be:

¢ 398 MPa using the ‘number’ particle size distribution for TiB> particles

% 331 MPa using the ‘volume’ particle size distribution for TiB> particles
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4.3.3.3.4 Tensile test
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Figure 4-67 Yield Strength (YS), Ultimate Tensile Strength (UTS), and Strain for solution heat

treated and precipitation hardened A205

Figure 4-67 shows the yield strength, UTS and strain for solution heat-treated and
precipitation hardened A205 alloy. The tensile results showed the yield strength to be

426MPa, the UTS to be 455MPa and the strain to be 2.14%.
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4.3.3.4 Comparison of As-Cast, Solution Heat-Treated, and Solution Heat-Treated and

Precipitation Hardened TiB; Particle Size Distributions
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Figure 4-68 Comparison between the volume particle size distributions collected for As-cast,

Solution Heat Treated, and Solution Heat Treated + Precipitation Hardened materials

Figure 4-68 shows the volume based particle size distributions collected for as-cast A205,
solution heat-treated A205, and solution heat-treated and precipitation hardened A205.
The distribution shows the collected precipitate from the as-cast material had the largest
particle size distribution with a peak located at approximately 15um. The solution heat-
treated material had the smallest particle size distribution with a peak measured at
approximately 5.5um. The solution heat-treated and precipitation hardened material had
a particle size distribution located between the as-cast and solution heat-treated particle

size distributions with a peak located at 10um.
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Figure 4-69 Volume based cumulative particle size distribution for As-cast A205, Solution Heat

Treated A205, and Solution Heat Treated + Precipitation Hardened A205

Figure 4-69 shows the volume based cumulative particle size distribution for as-cast
A205, solution heat-treated A205, and solution heat-treated and precipitation hardened
A205. The cumulative distribution shows that the as-cast material had the largest particle
size distribution. The solution heat treated material had the smallest measured particle
size distribution. The solution and precipitation hardened material had a particle size
distribution in between the as-cast and solution heat treated particle size distributions.

The d(0.5) values for these distributions were; 11.42, 6.03 and 22.55um for the as-cast,
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solution heat treated and solution heat treated and precipitation hardened material

respectfully.
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Figure 4-70 Comparison between the number based particle size distributions collected for As-

cast, Solution Heat Treated, and Solution Heat Treated and Precipitation Hardened A205 alloy

Figure 4-70 shows a comparison between the number based particle size distribution for
as-cast, solution heat treated, and solution heat treated and precipitation hardened A205
alloy. Again the largest particle size distribution was the as-cast material. The smallest
particle size distribution was the solution heat treated material. The solution heat treated
and precipitation hardened material has a particle size distribution in between the as-cast

material and the solution heat treated material. The approximate peak locations were 1.5,
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2 and 3um for the as-cast, solution heat treated, and the solution heat treated and

precipitation hardened materials respectively.
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Figure 4-71 Number based cumulative particle size distribution for As-cast A205, Solution Heat

Treated A205, and Solution Heat Treated + Precipitation Hardened A205

Figure 4-71 shows the number based cumulative particle size distribution for the as-cast,
solution heat treated and solution heat treated and precipitation hardened materials. The
distribution revealed the solution heat treated material to have the smallest particle size
distribution, followed by the solution heat treated and precipitation hardened material.

The as-cast material had the largest particle size distribution. The d(0.5) values for these
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distributions were: 0.52, 0.33 and 0.37um for the as-cast, solution heat treated and

solution heat treated and precipitation hardened material respectfully.

Table 4.3.6 3 particle size traits for the as-cast A205, solution heat treated A205, and solution

heat treated and precipitation hardened A205

Sample d(0.1) | d(0.5) d (0.9)
As-cast (A123) Vol 3.34 11.42 26.54
Soln HT (B123) Vol 2.00 6.03 19.55
Soln HT + PH (C123) Vol 2.30 8.34 22.55
As-cast (A123) Num 0.36 0.52 1.38
Soln HT (B123) Num 0.25 0.33 0.90
Soln HT + PH (C123) Num 0.27 0.37 1.06

Table 4.3.6 shows the d(0.1), d(0.5) and d(0.9) values for the as-cast, solution heat treated,

and solution heat treated and precipitation hardened A205 alloy. Both the number and

volume particle size distributions had the same trend, i.e. the solution heat treated material

had the smallest particle size distribution and the as-cast material the largest.
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4.3.4 Comparison of TiBAl and A205 TiB; Particle Size Distributions

- ——— T [ [E— ~ 5
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Volume (%)
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Figure 4-72 Volume based particle size distribution comparing TiBAI (5:1) to; as-cast A205,

solution heat treated A205, and solution heat treated and precipitation hardened A205

Figure 4-72 shows the volume based particle size distribution comparing TiBAl 5:1 to;
the as-cast, solution heat treated, and solution heat treated and precipitation hardened
A205 alloy. The distribution shows that the TiBAl alloy had the smallest TiB> particle
size distribution with a peak located at 4.5pum. The next largest particle size distribution
was solution heat treated A205 with a peak location at 5.5um. The following particle size
distribution was then solution heat treated and precipitation hardened A205 with a peak
location at 10um. The largest particle size distribution was as-cast material with a peak
located at approximately 15um. Comparatively the TiBAl peak had a much steeper

leading edge than when compared to the leading edge of the As-cast material -which by
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comparison started shallower. The TiB: particle size distribution which was most similar

to the 5:1 TiBAI’s distribution was the solution heat treated A205 alloy.
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Figure 4-73 Cumulative percentage of each of the volume based particle size distributions
comparing TiBAI (5:1) to; as-cast A205, solution heat treated A205, and solution heat treated

and precipitation hardened A205.

Figure 4-73 shows the cumulative percentage of each of the volume based TiB: particle
size distributions comparing TiBAl 5:1 to; the as-cast, solution heat treated, and solution
heat treated and precipitation hardened A205 alloys. The distribution confirms that the
smallest TiB2 particle size distribution was from the TiBAl 5:1 alloy, increasing to
solution heat treated A205 alloy, followed by solution heat treated and precipitation

hardened material, with as-cast A205 having the largest TiB: particle size distribution.
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The d(0.5) values for each of these distributions were; 4.72, 6.03, 8.34 and 11.42um

respectively.
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Figure 4-74 Number based particle size distribution comparing TiBAI (5:1) to; as-cast A205,

solution heat treated A205, and solution heat treated and precipitation hardened A205.

Figure 4-74 shows the number based TiB: particle size distribution of TiBAl 5:1 and its
comparison to; as-cast A205, solution heat treated A205, and solution heat treated and
precipitation hardened A205. The smallest particle size distribution was measured from
the solution heat treated A205, the largest particle size distribution was as-cast A205. The

TiBAI grain refiner followed a similar particle size distribution to the solution heat treated
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and precipitation hardened material until approximately 0.6pum at which point the TiBAI
material had an increase in =1 pum sized particles -ultimately leading to the sample having
a greater number of particles above 1.5um than when compared the as-cast A205 alloy.
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Figure 4-75 Cumulative percentage of each of the number based particle size distributions
comparing TiBAI (5:1) to; as-cast A205, solution heat treated A205, and solution heat treated

and precipitation hardened A205.

Figure 4-75 shows the cumulative percentage of each of the number based TiB: particle
size distributions comparing TiBAl 5:1 to; the as-cast, solution heat treated, and solution
heat treated and precipitation hardened A205 alloys. The distribution shows that the
smallest TiB: particle size distribution was from the solution heat treated A205 alloy

followed by the solution heat treated and precipitation hardened A205 alloy. The TiBAl
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5:1 material approximately followed the same cumulative distribution profile as the
solution heat treated and precipitation hardened A205 alloys from 0 to 40% at which point
the TiBAIl material then altered its distribution profile and surpassed the as-cast A205

alloys cumulative distribution profile by 75%.

Table 4.3.7 3 Particle size traits for the TiBAl 5:1 material, the as-cast A205 alloy, the solution

heat treated A205 alloy, and the solution heat treated and precipitation hardened A205 alloy

Sample d(0.1) | d(0.5) | d(0.9)
E123 (TiBAI 5:1) Vol 1.73 4.72 13.31
As-cast (A123) Vol 334 | 1142 | 26.54
Soln HT (B123) Vol 2.00 6.03 19.55
Soln HT + PH (C123) Vol 2.30 8.34 22.55
E123 (TiBAI 5:1) NumT 0.27 0.40 1.53
As-cast (A123) NumT 0.36 0.52 1.38
Soln HT (B123) NumT 0.25 0.33 0.90
Soln HT + PH (C123) NumT 0.27 0.37 1.06

Table 4.3.7 shows the d(0.1), d(0.5) and d(0.9) volume and number transformed TiB»
particle size values for; TiBAl 5:1, as-cast A205 alloy, solution heat treated A205 alloy,
and solution heat treated and precipitation hardened A205 alloy. The table shows that for
the volume based TiB: particle size distribution the smallest particle size distribution was
consistently the TiBAl material throughout the d(0.1), d(0.5) and d(0.9) values. The
order, in increasing TiB; particle size, was then; the solution heat treated material, the
solution heat-treated and precipitation hardened material followed by the as-cast material.
For the number based TiB; particle size distributions the d(0.1) value, with increasing
TiB: size, followed; the solution heat treated material, jointly the TiBAl 5:1 and solution
heat treated and precipitation hardened A205 alloy, followed by the as-cast material. For
the d(0.5) value, in increasing size, followed; the solution heat-treated material, the

solution heat treated and precipitation hardened A205 alloy, the TiBAI 5:1 material, then
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the as-cast material. For the d(0.9) value, in increasing particle size, the order followed;
the solution heat treated material, the solution heat treated and precipitation hardened
material, the as-cast material, followed by the TiBAl 5:1 material. The solution heat
treated material consistently held the smallest particle distribution across the d(0.1),

d(0.5) and d(0.9) values.

The Al-5Ti-1B and A205 alloys should have almost identical TiB> particle size
distributions based on their similar production methods. As particle size analysis of the
experimentally collected materials were found to vary with heat treatment, it can de
deduced that a second material -linked with heat treatment (i.e. copper), was coating the
inert TiB; particles hence altering their perceived particle size distribution. In effort to
remove the copper contaminates from the collected TiB> particle size distributions, an

electrochemical approach was explored.

4.4  Electrochemistry Introduction

The high strength of A205 is partially due to a reinforcing phase of titanium diboride
(TiB2) contained within the material. This reinforcing phase is introduced to the melt
using a combination of salts added during production which form TiB: as a precipitate in

the reaction '%:

3K, TiFs + 22A1 + 6KBF4 = 3Al5Ti + 3A1B; + 9KAIF4 + K5AlFs + Heat

And 3A13Ti + 3A1B2 = 12A1 + 3TiB»

To accurately determine the strength contribution from the TiB: phase the particles were
removed from the supporting aluminium alloy by dissolving the supporting aluminium

matrix using 2 ML™! hydrochloric acid (HC]) in the reaction;
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2A1+ 6HCI1 = 2AICI; + 3H>

Following dissolution of the alloy in HCI, Powder X-Ray Diffraction (P-XRD) analysis
revealed the remaining material to be a mixture of TiB>, Cu -and its oxides, and Ag, (see
Figure 4-63). Following this analysis an electrochemical approach was taken to remove

the Cu from the material in question.

4.4.1 Viability of removing Cu via oxidation

Copper can be oxidised at or above several potential voltages, depending on the oxidation
state required (shown below with reference to both a Standard Hydrogen Electrode (SHE)

and a silver / silver chloride reference electrode (Ag/AgCl)):

Cu > Cu* +2¢ at>0.337 Vvs. SHE OR  >0.140 V vs. Ag/AgCl

Cu>Cu' +¢ at>0.520 Vvs. SHE OR  >0.323 V vs. Ag/AgCl

Cu" > Cu*' +¢ at>0.159 Vvs. SHE OR  >-0.038 V vs. Ag/AgCl

The oxidisation voltages for copper are less than other potential electrochemical reactions

which occur in the sample:

Ag(s) > Ag" + e- at >0.7996 V vs. SHE OR >0.603 V vs. g/AgCl

2H,0 2 HxOx(aq) + 2H" + 2e at >1.78 Vvs. SHE OR >1.583Vvs. Ag/AgCl

Ha(g) + 20H = 2H.O + 2¢ at >-0.828 Vvs. SHE OR >-1.025V vs. Ag/AgCl

Hence it was possible to limit the voltage range used to oxidise Cu exclusively. By using

a background electrolyte of KCI [0.1M] the copper ions bonded with the disassociated
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CI ions present around the electrode, forming CuCl; or CuCl, and consequently become

removed from the TiB> particles.

4.4.2 TiB, compatibility

To ensure that the TiB: particles would not be electrochemically altered during
processing, purchased TiB underwent cyclic voltammetry (CV) over 3 different potential

ranges to confirm TiB:’s electrochemical stability during experimentation.
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Figure 4-76 CV for 10puL of purchased TiB; using a GC electrode in 2mV steps at 50mV/s.

Equilibration time of 15 seconds with 2 scans per cycle.

Figure 4-76 shows 3 Cyclic Voltammetry (CV) scan ranges, each with 2 repeats, over the
voltage range expected to oxidise copper, (i.e., 0.140 V vs. Ag/AgCl). As can be seen,

between 0 and +0.6V no peak occurred in the current profile which would have otherwise
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indicated that electrochemical oxidation/reduction events were taking place. Hence TiB»

was stable within this voltage range.

4.4.3 Material behaviour
4.4.3.1 Effect of sample volume on material oxidisation

To ensure the sample material, TiB> originating from solution heat-treated and
precipitation hardened A205 following dissolution in HCI, was suitable for
electrochemical processing a series of experiments were then undertaken to indicate the
feasibility of the procedure. For the initial tests an Indium Tin Oxide (ITO) working

electrode was used to compare the effect of various sample volumes on the scan profile.

Figure 4-77 shows how the data collected from scan 1 and scan 50 of a 50 CV scan cycle
varied. The distribution contained large amounts of noise, and therefore the signal had to
be processed before analysis -as described in the experimental procedure section of this
thesis. The Cu signal was located at 0.14V and decreased from approximately 6.5pA to
1uA with increased scan number. If the process was reversible and the copper was not
being removed from the particles a negative current (which would have been independent
of scan rate) would have been seen at (0.14 - 0.059 =) 0.08 V. Similar scan profiles were

obtained for 10 and 20uL sample volumes.
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Figure 4-77 Cyclic Voltammetry from 5uL of sample C dried onto an ITO electrode, scanning
from -0.4 --> 0.4V with respect to a Ag/AgCl reference electrode at 25mV/s using a 0.1M KCl
carrier electrolyte. Y-axis = current. X-axis = potential. Showing scans 1 and 50 of a 50 scan

cycle.

Figure 4-78 shows how the measured charge varied with scan number for 5, 10 and 20uL
of sample dried onto an ITO electrode, respectively. The charge, (i.e., the area under each
peak), in each case initially increased as equilibrium conditions at the electrode surface
were met. For 20uL the charge decreased from 25uC, for 10uL the charge decreased
from 15uC, and for SuL the charge decreased from 8uC. For each sample volume the
charge decreased to 1uC within 50 scans. The following decrease in charge transferred
from each scan number showed that, for each sample volume, Cu was being removed

from the surface of the electrode.
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Figure 4-78 Comparison of how the peak copper signal decreases with scan number for the

three different sample volumes (5ulL, 10uL and 20uL). Y-axis = current, X-axis = scan number

4.4.3.1.1 Optical examination

Figure 4-79 and Figure 4-80 show visually the sample was unchanged after the
electrochemical processing -which indicated that the decrease in signal strength was due
to copper oxidation as opposed to the sample becoming detached from the electrode

surface.
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Figure 4-80 Magnified optical examination of 5uL ITO sample pre(left) and post(right)

electrochemistry

4.4.3.1.2 SEM examination

Figure 4-81 shows an SEM image of a pre-electrochemistry (a) and post-electrochemistry
(b) particle located on the surface of the 10uL ITO sample. Each image shows the

location of the EDX spot.
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Figure 4-81 SEM examination of 10uL ITO electrode sample pre-electrochemistry (a) and post-

electrochemistry (b)

Figure 4-82 shows the EDX analysis results for the respective particles. Both EDX
spectra reported; In, Ti and O, due to the ITO (indium tin oxide) electrode type used, as
well as Si and Na from the composition. Mg, Al and Ag were also detected due to the

elemental composition of the alloy dissolved.

Element | Weight% | Atomic% Element | Weight% | Atomic%
B 0.49 +/- 0.36 1.62 C 280 +- 2.16 7.14
C 2454 047 793 0 2442 +i- 0.81 4679
0 17.41+- 045 3909 Mg 0.98 +i- 0.07 1.23
Mg 042 +- 0.06 052 Al 0.53 +~ 0.06 0.61
Al 080+~ 005 108 Si 1452 +/- 0.37 15.85
i c 11+ 009 6ed cl 0.52 +i- 0.06 0.45
Ti 3ge7+- 032 2893 |K 200+ 016 235
cy 1293+t 023 gaz Ti 2628 +- 065 1682

Cu 738+~ 026 356
Ag 887+ 0.18 2.96 hy 0r o 013 D e
n 904+~ 018 2.83 In 13.10 +/- 0.41 3.50
SN 191 +- 017 0.58 =n 591+ 0.30 1.53

Figure 4-82 EDX analysis results for the 10uL ITO electrode sample pre-electrochemistry (left)

and post-electrochemistry (right)
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The EDX spectrum shown in Figure 4-82 also indicated high Ti and Cu levels. (Both
analysis reports contained inaccurate values for B content due to its low intensity and low
energy K, peaks). Visual examination of the SEM image revealed the particle to still be
coated in another substance —most likely Cu or Ti from its large detected weight

percentage.

4.4.3.2 Comparison of ITO sample volumes

A comparison between the ITO electrode Cu oxidation peak indicated whether the
experiment was scalable with volume, or, whether the process was limited by other
factors. As can be seen in Figure 4-83, the total charge transferred during the second
cyclic voltammetry scan, i.e., the area under the CV curve, increased with the volume of
sample analysed. The second scan cycles were chosen for comparative area analysis as
the first cycle scan in each of the Sul, 10uL and 20uL sample volumes were unsuitable
for comparison, either due to noise or due to possible surface equilibration effects (as
previously mentioned). The 20uL scan increased in current from 6uC at a potential of
0.102V (vs. Ag/AgCl) to 21uA at a potential of 0.126V, before sharply decreasing back
to 6uC by 0.138V. The 10uL scan increased in current from 6uC at a potential of 0.126V
(vs. Ag/AgCl) to 18uA at a potential of 0.138V, before sharply decreasing back to 6uC
by 0.144V. The 5uL scan increased in current from 6uC at a potential of 0.118V (vs.
Ag/AgCl) to 12pA at a potential of 0.125V, before sharply decreasing back to 6uC by

0.13V.
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Figure 4-83 Comparison of the oxidation signal from the copper peak for the three different
sample volumes (5uL, 10ulL and 20uL) using the ITO electrode. Y-axis = current, X-axis = scan

number.

Figure 4-83 shows how the maximum current signal from the oxidisation of Cu, for the 3
different volumes of sample on the ITO electrode surface, decreased with scan number.
It was shown that, despite the difference in sample volumes, the signals decayed in a
similar manner, which suggested that sample volumes of up to 20uL stayed attached to

the electrode surface for the duration of the experiment.

Figure 4-84 shows how the total charge transferred during each experiment varied with
sample volume. Calculating the area under each curve gives the value of the number of
electrons transferred for each volume. In the instance of Cu = Cu?" + 2¢”, the number
of Cu atoms oxidised was half this number. Extrapolating the results allowed for an

estimation of the amount of sample dissolved in the initial volume of acid.

174



Reviewed charge transferred (C=0) Reviewed charge transferred (1=C)

1.8e-4 ‘ . 1.8e-4
y=m1*MO0 L 3 b
Value Error / /
m1 | 9.78¢-6| 1.47¢-6
1.6e-4 22700 NA 1.6e-4 /
R®| 44501 NA / ——y=5.81e-5+591e-6x R’= 9.94e-1
Q 1.4e-4 / G 1.4e-4 /
s ©
5 1.2e-4 / 5 1.2e-4 Y
1e-4 / 1e-4 //
* / *
8e-5 8e-5
0 5 10 15 20 25 0 5 10 15 20 25
Volume (uL) Volume (uL)

(a) (b)

Figure 4-84 Total charge transferred for the 5, 10 and 20uL samples using an ITO electrode
with a 25mV/s scan rate in 0.1M KCl. (a)’s data set’s trend line goes through the origin

whereas (b)’s data set has a non-zero Y intercept.

As a comparison between extrapolation results, the trend line for the collected results was
forced through the origin in Figure 4-84 (a) and had a non-zero Y intercept in (b). The
results for the non-zero (Figure 4-84 (a)) Y intercept had a R? value closer to 1 than when

compared to the intercept equal to origin data set (Figure 4-84 (b)).

4.4.3.3 Electrode comparison on material oxidisation

The energy required for an electron transfer process to occur is compound specific.
Therefore, the process can be adjusted by the nature of the electrode surface and also the
structure of the interfacial region over which the electron transfer occurs. For this reason,
different electrode types were tested for the most efficient oxidation of the sample
material. The electrode types tested were; Edge-Plane Pyrolytic Graphite (EPPG),

Indium Tin Oxide (ITO), Basal Plane Pyrolytic Graphite (BPPG) and Glassy Carbon
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(GC). To ensure that comparable signals were detected the volume of sample tested
(5uL) and scan parameters used (-0.4 --> 0.4V with respect to a Ag/AgCl reference
electrode at 25mV/s) were kept constant throughout the comparison tests. The charge
decay profile for each of these electrode types is shown in Figure 4-85. The figure shows
the EPPG electrode transferred the most charge with each scan, followed by the ITO

electrode. The BPPG and GC electrodes transferred comparable amounts of charge.
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Figure 4-85 Charge vs. Scan number for EPPG, ITO, BPPG and GC electrodes revealing how the

peak current detected decreased with scan number.

4.4.4 Review of electrode types used

Of the 4 electrode types tested, all scans show how the charge transferred during each
scan decreased with scan number, illustrating a clear reduction in the Cu content of the
sample. The EPPG electrode measured the highest peak current value at 13uC (reached

at scan 10) and therefore was the most efficient electrode type to use for this experiment.
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The second most efficient electrode type was ITO which reached a peak current of 8.5uA
by scan 2. The next most efficient electrode type was GC which reached a peak current
of 7uC at scan 1. BPPG had the lowest detected peak current at 6uC by scan 2. Despite
this the electrode material taken forward for subsequent experimentation was chosen to
be the Glassy Carbon (GC) electrodes. This was due to cost and their relative availability.
The other electrode types were not chosen due to cost restrictions in sourcing the number

of electrodes required for a time efficient series of experiments.

4.4.5 Re-evaluation of sample material

As indicated by the optical and SEM images a more quantitative measurement of Cu and
Ti content in the samples was needed for a true comparative analysis. An X-Ray
Fluorescence (XRF) technique was chosen which required pH neutral liquid samples. For

this reason, the samples’ pH values were raised from 0.5 to 7.

4.4.6 Neutralisation using serial dilution with deionised water (sample X)

As can be seen in Figure 4-86 the neutralisation of the sample material, i.e. TiB2
originating from solution heat-treated and precipitation hardened A205 following
dissolution in HCI, using a serial dilution approach caused a significant change in the
profile of the results. There was still a peak present at the location where Cu was predicted
to be, (i.e., 0.14V), however larger peaks were present on either side of this, effectively
overpowering the signal. Experimentation continued with this material for three reasons.
Firstly, it allowed the material to be neutralised, secondly, the material physically
remained attached to the electrode throughout the analysis and, thirdly despite the
complexity of the materials profile i.e. an additional decay peak was present in the profile

of the results, however, the measured current did eventually decrease to near zero values.
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To accurately determine the quantity of Cu removed from the neutralised material a series
of 3 sample volumes were analysed; 5, 10 and 20uL, 5 and 10puL were repeated 3 times,
the 20uL samples was repeated twice. The first repeat of the SuLL experiment is shown

in Figure 4-86.

4.4.6.1 Sample X Glassy Carbon electrode 5ul (repeat 1 of 3)

Figure 4-86 (a) shows the analysis for SuL. of a sample undergoing electrochemical
processing (repeat 1 of 3). Since the original Cu signal was on the shoulder of a larger
peak, a second peak had to be used to analyse the signals decay with time. The peak
chosen was the first positive current peak (highlighted) and shown in Figure 4-86 (b).
Figure 4-86 (b) also shows that a peak drifting effect was present during the experiment.
The peak shown in the figure drifted to lower potential with increasing cycle number.
Scan 2 had a current of 75pA at a potential of 0.06V, which then ‘shifted’ to the lower
potential of 0.03V by scan 6 with a current of 48uA. By scan 10 the peak had shifted to
0.02V with a measured current of 18uA. One possible cause of this effect is may have

been the presence of CI- 1ons which altered the local potential surrounding the electrode.
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Figure 4-86 (a) Cyclic Voltammetry of 5uL sample (post-neutralised with deionised water) dried

onto a GC electrode scanning from -0.3V --> 0.7V with respect to a Ag/AgCl reference
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electrode at 100mV/s. Y-axis = current, X-axis = potential. Showing scans 2, 6 and 50 of a 50

scan CV cycle. (b) Magnified section of plot.

Figure 4-87 shows the charge transferred from the scan series as shown in Figure 4-86.

The distribution revealed how the charge decayed, and also how well the trend line fitted

the data series, (given by the R? value). Scans 1 and 2 were omitted due to the maximum

peak current not having been reached at these scan numbers. Scan 3 had a peak charge

of 55pnA. Scan 16 had a peak charge of 3uA. Scans >16 have been omitted due to the

change in transferred charge having reached approximately zero.
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Figure 4-87 Charge vs. scan number for GC electrode excluding 2 scans present before the

peak current was achieved (omitting scans > 16): logarithmic line showing best fit
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4.4.6.2 Summary of sample X’s transferred charge values when using GC electrode

An overview of the serially diluted electrochemical processes is shown in Table 4.4.1.
Each section shows the (theoretical) percentage of Cu removed from each repeat of each
sample volume. The sections show the difference between using the full scan range and
the reviewed scan range. The tables also take into consideration whether the peak being
analysed was a Cu -> Cu®" + 2e¢” or a Cu -> Cu’ + ¢ reaction by the ratio of electrons
required for each process. As shown, only a small percentage of the predicted available

Cu was removed from the system in each instance.

Table 4.4.1 Percentage of Cu removed from pH7 sample materials calculated using 2 copper

oxidisation formulas and 2 ranges of measured data (full or reviewed)

e to Curatio=1:1
Sample volume (uL) 5 10 20
Full Scan Repeat 1% 1.92 3.22 5.63
Full Scan Repeat 2 % 5.53 6.30 8.21
Full Scan Repeat 3 % 2.04 454 N/A
Average % 3.16 4.69 6.92

etoCuratio=1:1

Sample volume (pL) 5 10 20
Reviewed Repeat 1 % 1.50 2.39 2.75
Reviewed Repeat 2 % 2.54 3.75 5.38
Reviewed Repeat 3 % 1.35 3.33 N/A

Average % 1.80 3.16 4.07

180



e to Curatio=2:1
Sample volume (L) 5 10 20
Full Scan Repeat 1% 0.96 1.61 2.82
Full Scan Repeat 2 % 2.76 3.15 4.11
Full Scan Repeat 3 % 1.02 2.27 N/A
Average % 1.58 2.76 1.02

Continued overleaf

Continued
e to Curatio=2:1
Sample volume (L) 5 10 20
Reviewed Repeat 1 % 0.75 1.20 2.82
Reviewed Repeat 2 % 1.27 1.87 4.11
Reviewed Repeat 3 % 0.67 1.67 N/A
Average % 0.90 1.58 3.47

4.4.6.3 Average of sample X’s transferred charge values when using GC electrode

The calculation of how much charge was transferred during the electrochemical
processing gave a numerical indication of how much copper was removed from the
system (see above). From these values it was possible to calculate a theoretical estimate
of the amount of Cu which would have been removed from the full dissolved sample.

This estimation was based on the selection of data analysed (full scan or reviewed) and
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the trend line used (intercept dependent), therefore it was necessary to consider all 4 data
scenarios; the full charge transferred during the electrochemical processing with and
without the trend line going through y=0, and the reviewed charge transferred during the
electrochemical processing with and without the trend line going through y=0; as shown

in Figure 4-88.
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Figure 4-88 Full and reviewed charge transferred from 5, 10 and 20uL of pH7 sample material

with zero and non-zero Y intercepts

Table 4.4.2 shows the percentage of Cu which would have theoretically been removed

from the full volume of sample material, predicted by the straight line formulae shown in

Figure 4-88.

Table 4.4.2 Predicted theoretical percentage of Cu removed from the full dissolved samples

Graph type Full scan range Revised scan range
Y=0 5.7% 3.5%
Y0 3.6% 21%

As can be seen in Table 4.4.2 the amount of Cu removed from this process was minimal

with the highest estimate being 5.7%. In order to increase the experimental estimates

further experiments were conducted.

4.4.6.4 Re-acidification of sample X using H2504

As the pH7 samples contained a series of additional peaks within the CV scan cycle, the

carrier electrolyte was changed from 0.1M KCl to 0.1M H>SO4, which had the effect of

suppressing the higher potential peaks present in the previous scans.

Using this

electrolyte, the Cu?* ions formed at the electrode surface bonded with the dissociated

SO4* ions to produce CuSO4 which could then be lost to the system.
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Figure 4-89 (a) Cyclic Voltammetry of 5uL sample (post-neutralised with deionised water) dried
onto a GC electrode scanning from -0.3V --> 0.3V with respect to a Ag/AgCl reference
electrode at 100mV/s in a 0.1M H,SO4, carrier electrolyte. Y-axis = current, X-axis = potential.

Showing scans 2, 6 and 50 of a 50 scan CV cycle. (b) Magnified section of plot.

Figure 4-89 (a) shows the CV scan profile of SuL of sample dried onto a GC electrode
while using 0.1M H>SOg4 as a carrier electrolyte. The scan showed there was a peak
present in the positive quadrant of the graph, however there was also a slight negative
current signal which occurred on the return signal (at approximately -0.15V). The
negative current signal was indicative of the sample being re-deposited back onto the
electrode surface. As the negative current peak magnitude was lower than the positive
peaks current magnitude, the net movement of sample was into the solution as opposed

to re-plating the electrode.

Figure 4-89 (b) shows a larger view of Figure 4-89 (a). The peaks showed how the sample
was being oxidised/removed from the system. Peak drift was also a feature of this graph.

Scan 2 peak location was at 0.08V (vs. Ag/AgCl) and had an associated current of 240pA.
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Scan 6 peak was located at .065V with an associated current of 120uA. Scan 10 peak

was located at 0.05V with an associated current of 40pA.
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Figure 4-90 Charge vs. scan number for GC electrode excluding 2 scans present before the

peak current was achieved (omitting scans > 14): logarithmic line showing best fit

Figure 4-90 shows how charge transferred during the reaction varied with scan number.
Scan 1 charge decreased from approximately 150pA to 10uA by scan 14, therefore scan
numbers above 15 were excluded from this figure. The trend line fitted to this graph had

an R? value of 0.98 indicating a good fit.

An overview of the serially diluted electrochemical processes has been shown in Table
4.4.3. The table shows the (theoretical) percentage amount of Cu removed from 5, 10
and 15puL volumes of sample X while using 0.1M H>SOs4 as a carrier electrolyte. The

table shows the difference between using the full scan range and the reviewed scan range.
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Table 4.4.3 Percentage of Cu removed from sample, serial dilution with H,SO,4 carrier

electrolyte, based on full scan and revised scan in a 2:1 electron to copper ratio during redox

reaction
Sample volume (uL) 5(2:1) 10 15
Total scan 2.83 8.45 1.63
Revised 2.67 8.10 1.41

The calculation of how much charge was transferred during the electrochemical

processing gave a numerical indication of how much copper was removed from the

system during the electrochemical processing. From these values it was possible to

calculate a theoretical estimate of the amount of Cu which would have been removed

from the full dissolved sample.

This estimation was based on the selection of data

analysed and the trend line used, therefore it was necessary to consider all 4 data

scenarios; the full charge transferred during the electrochemical processing with and

without the trend line going through y=0, and the reviewed charge transferred during the

electrochemical processing with and without the trend line going through y=0, as shown

in Figure 4-91.
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Figure 4-91 Full and reviewed charge transferred from 5, 10 and 15uL of 0.1M H,50,4 sample

material with zero and non-zero Y intercepts.

Following a review of the initial plotted data it was deemed necessary to repeat each set
of graphs with the amendment of excluding the 15uL data point from the total charge

calculations, as shown in Figure 4-92. It should be noted that the 2 graphs which allowed
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anon-zero Y intercept are negative values at -3.74e-3 C and -3.69¢-3 C for the total and

reviewed charge respectively.
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Figure 4-92 Full and reviewed charge transferred from 5 and 10uL of 0.1M H,SO, sample

material with zero and non-zero Y intercepts.
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Table 4.4.4 shows the percentage of Cu which would have theoretically been removed
from the full volume of sample material, predicted by the straight line formulae shown in

Figure 4-91 and Figure 4-92.

Table 4.4.4 Predicted theoretical percentage of Cu removed from the full dissolved sample

Graph type Y=0 (%) Y#0 (%)
Total (5ul, 10ul, 20ul) 17.73 5.07
Total (5ul, 10ul) 35.42 68.24
Reviewed (5ul, 10ul, 20ul) 16.90 4.40
Reviewed (5ul, 10ul) 34.37 66.78

4.4.6.5 Chronoamperometry

In a large batch attempt to remove the Cu from the sample material a Chronoamperometry
technique was employed in which a working electrode was placed within the sample and
held at a constant +0.8V for three 1hr periods, the results of which can be found in Figure

4-93.
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Figure 4-93 3hr +0.8V chronoamperometry scan

Figure 4-93 shows three consecutive lhr, +0.8V chronoamperometry scans for the
processing of a large batch of sample material. The spike in measured current at time
locations of 1hr and 2hrs were due to noise caused by resetting the experiment for the
following hour of processing. The line had a negative gradient as the charge was
transferred due to the oxidation of copper, which decreased with increasing time due to

the Cu becoming lost to the system. To ensure all samples came into contact with the
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electrode the solution was stirred with a magnetic ‘flea’ stir bar throughout the

experiment. The XRF results of this experiment are shown in Table 4.4.5.

Table 4.4.5 XRF 'wet' analysis of 3hr +0.8V chronoamperometry processed material

Sample volume (approx) | 18ml
Sum (sample detected) | 24.2%
Element Z Wt% Error (%)
Cu 29 11.24 0.07
Ti 22 11.16 0.19
Ag 47 1.31 1.16
Cl 17 0.18 2.88
K 19 0.12 2.08
P 15 0.10 3.76
Ca 20 0.06 3.58
Al 13 0.05 7.20
Fe 26 52ppm 13.50
Ni 28 53ppm 18.00

Table 4.4.5 shows the elemental analysis of the resultant material following 3hrs at +0.8V
chronoamperometry. The low detection rate of 24.2% was due to the resultant material
being analysed as a suspension in a liquid. The two main constituents of the sample were
Cu and Ti in a near 50:50 ratio, however copper dissolved into the supernatant would also

have contributed to this value. To further analyse the composition of this 3hr +0.8V
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chronoamperometry processed material by taking into account elements with lower

atomic weights than Na (a limitation of the XRF X-ray set), P-XRD was used.
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Figure 4-94 P-XRD spectrum of the post processed chronoamperometry material, overlaid with

the matching TiB, and CuO XRD pattern locations

Figure 4-94 shows the P-XRD spectrum of the post chronoamperometry sample overlaid
with the TiB> XRD pattern. The spectrum shows that TiB, was still a constituent part of
Cu20 was not

the sample material, although contamination from CuO was present.

expected to be in the processed material, as Cu2O undergoes a redox reaction at >-0.557V
vs. Ag/AgCl (see below).
Cu20 (s) + HO +2¢” = 2 Cu(s) + 2 OH"

at >-0.360 V vs. SHE OR >-0.557 V vs. Ag/AgCl

The semi-quantitative volume percentage of this sample was calculated to be: 56% TiBo,

39% Cu/CuO and 4% Ag.
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4.4.6.6 Electrochemistry Particle Size Analysis

In effort to determine whether the electrochemistry process had removed any copper from

the TiB; particles the particle size distribution of pre and post electrochemically processed

materials were compared.

4.4.6.6.1 Pre-electrochemistry

4.4.6.6.1.1 Volume based particle size distribution
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Figure 4-95 Volume based particle size distribution for the pre-electrochemically processed

material, and the cumulative volume distribution plot

Figure 4-95 shows the volume based particle size distribution for the pre-

electrochemically processed material. The figure also includes a cumulative distribution
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plot. The particle size distribution had a peak at 15um and shallow rising edge to the

distribution.
4.4.6.6.1.2 Number based particle size distribution
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Figure 4-96 Number based particle size distribution for the pre-electrochemically processed

material, and the cumulative volume distribution plot

Figure 4-96 shows the number based particle size distribution for pre-electrochemistry
material. The particle size distribution’s peak lies at 0.5um. The cumulative volume
distribution present on this plot indicated that 80% of the sample material was below

lpum.
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4.4.6.6.2 Post electrochemistry

4.4.6.6.2.1 Volume based particle size distribution
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Figure 4-97 Volume based particle size distribution for the post-electrochemistry material,

including a cumulative volume distribution plot

Figure 4-97 shows the volume based particle size distribution for post-electrochemically
processed material. The distribution contained a peak located at 10um. A second smaller

peak was located at approximately 100um however this was most likely the result of

agglomeration effects within the processed material.

195



4.4.6.6.2.2 Number particle size distribution
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Figure 4-98 Number based particle size distribution for the post-electrochemistry material,

including a cumulative volume distribution plot.

Figure 4-98 shows the number based particle size distribution for the post

electrochemically processed material. The distribution showed a peak located at 0.35um.
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4.4.6.6.3 Pre and Post Electrochemically Processed Material Particle Size Comparisons
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Figure 4-99 Comparison between the volume based distribution for the pre and post

electrochemically processed material

Figure 4-99 shows the comparison between the pre and post electrochemical processing
volume based TiB> particle size distributions. The pre electrochemistry peak was located

at 12um whereas the post processing peak was located at 10um.
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Figure 4-100 Comparison between the volume based cumulative distribution for the pre and

post electrochemically processed material

Figure 4-100 shows the comparison between the volume based cumulative distribution
for the pre and post electrochemically processed material. The distribution shows that
the post electrochemically processed material had a smaller particle size than the pre-
electrochemically processed material. The d(0.5) values for the pre and post

electrochemically processed materials were; 10.4 and 9.1pum respectively.
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Figure 4-101 Comparison between the number based distribution for the pre and post

electrochemically processed material

Figure 4-101 shows the number transformed particle size distribution comparison
between pre and post electrochemical processed materials. The pre electrochemically
processed material had a peak located at 4.5um, the post electrochemically processed

material has a peak located at 3.5pum.
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Figure 4-102 Comparison between the number based cumulative distribution for the pre and

post electrochemically processed material

Figure 4-102 shows the comparison between the number based cumulative distribution

for the pre and post electrochemically processed materials. The distribution for the pre

electrochemically processed material had a d(0.5) of 0.68um, whereas the post

electrochemically processed material had a d(0.5) of 0.49um.

Table 4.4.6 d(0.1), d(05) and d(0.9) values for both the volume and number based particle size

distributions, for both of the pre and post electrochemically processed materials

Sample d (0.1) d (0.5) d (0.9)
prevVOL 3.00 10.38 22.96
postVOL 2.84 9.08 22.78
preNUM 0.44 0.68 1.57
postNUM 0.34 0.49 1.53
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Table 4.4.6 shows the d(0.1), d(0.5) and d(0.9) for both number and volume based particle
size distributions for pre and post electrochemically processed material. The results show
that for both volume and number based particle size distributions, the post processed
material had a smaller particle size distribution than the pre-electrochemical processed

material.

4.4.6.6.4 Electrochemistry Particle Size Comparisons to other distributions
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Figure 4-103 Volume based particle size distributions for: pre and post electrochemically
processed material, for comparison with TiBAI 5:1, and solution heat treated and precipitation

hardened A205
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Figure 4-103 shows the volume based particle size distribution for pre and post
electrochemically processed materials (TiB2 originating from solution heat-treated and
precipitation hardened A205 following dissolution in HCI) and their comparison to;
solution heat treated and precipitation hardened A205 alloy, and TiBAl 5:1 material. The
distribution showed that the TiBAI material had the smallest particle size distribution with
apeak located at 4.5um. From smallest to largest the remaining particle size distributions
followed the following order; solution heat treated and precipitation hardened, then post
electrochemically processed material. The largest particle size distribution measured was

that of the pre-electrochemically processed material.
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Figure 4-104 Volume based cumulative distribution for: pre and post electrochemically
processed material, for comparison with TiBAIl 5:1, and solution heat-treated and precipitation

hardened A205

Figure 4-104 shows the volume based cumulative distribution for pre and post
electrochemically processed materials (TiB> originating from solution heat-treated and
precipitation hardened A205 following dissolution in HCI) and their comparison to;
solution heat treated and precipitation hardened A205 alloy, and TiBAl 5:1 material. The
distribution showed that the TiBAl material had the smallest particle size distribution.
The post electrochemically processed material had a smaller particle size distribution than
the solution heat treated and precipitation hardened A205 alloy. The pre

electrochemically processed material had the largest particle size distribution.
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Figure 4-105 Number based particle size distributions for: pre and post electrochemically
processed material, for comparison with TiBAIl 5:1, and solution heat treated and precipitation

hardened A205

Figure 4-105 shows the number based particle size distribution comparing the pre and
post electrochemically processed material (TiB> originating from solution heat-treated
and precipitation hardened A205 following dissolution in HCI) to the TiBAl 5:1 grain
refiner material and the solution heat treated and precipitation hardened A205 alloy. The
cumulative particle size distribution plot showed that the pre-electrochemically processed
material had the largest particle size distribution when compared to the other number

based particle size distributions, with a peak value of 0.45um. The smallest cumulative
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particle size distributions, based on corresponding peak values, are jointly the TiBAl and
the solution heat treated and precipitation hardened materials, with a peak location of
0.29um. The middle particle size distribution was the post electrochemically processed
material, with a peak location of 0.35um.
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Figure 4-106 Number based cumulative distribution for: pre and post electrochemically
processed material, for comparison with TiBAIl 5:1, and solution heat-treated and precipitation

hardened A205

Figure 4-106 shows the cumulative number based particle size distribution profile for the
TiBAl grain refiner material, the solution heat-treated and precipitation hardened
material, and the pre and post electrochemically processed materials (TiB2 originating

from solution heat-treated and precipitation hardened A205 following dissolution in
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HCI). The distribution showed that until a cumulative percentage of approximately 40%
the TiBAI grain refining material and the solution heat-treated and precipitation hardened
material followed a similar distribution profile, after which point the TiBAl grain refiner
material followed a larger particle size distribution profile than the solution heat-treated
and precipitation hardened material. The post-electrochemically processed material had
a comparatively middle sized particle size distribution. The pre-electrochemically

processed material had the largest measured particle size distribution.

Table 4.4.7 d(0.1), d(05) and d(0.9) values, for both the volume and number based particle size
distributions, for the pre and post electrochemically processed material, the TiBAI 5:1 material

and the solution heat-treated and precipitation hardened material

Sample d (0.1) d (0.5) d (0.9)
Pre-eChem (VOL) 3 10.38 22.96
Post-eChem (VOL) 2.84 9.08 22.78
TiBAI 5:1 (VOL) 1.73 4.72 13.31
Soln HT + PH (VOL) 2.3 8.34 22.55
Pre-eChem (NUM) 0.44 0.68 1.57
Post-eChem (NUM) 0.34 0.49 1.53
TiBAI 5:1 (NUM) 0.27 0.4 1.53
Soln HT + PH (NUM) 0.27 0.37 1.06

Table 4.4.7 shows the d(0.1), d(0.5) and d(0.9) values for both the volume based and
number based particle size distributions. For the volume based particle size distributions,
the smallest measured particle size distribution belonged to the TiBAl 5:1 grain refiner
material. The next largest particle size distribution was the solution heat-treated and
precipitation hardened material, followed by the post-electrochemically processed
material. The largest particle size distribution belonged to the pre-electrochemically
processed material. When considering the number based particle size distributions the

TiBAl and solution heat-treated and precipitation hardened material had the joint lowest
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d(0.1) values. Regarding the d(0.5) values, the solution heat-treated and precipitation
hardened material had the lowest value at 0.37um, the next highest d(0.5) value belonged
to the TiBAI grain refiner material. The next largest d(0.5) value belonged to the post-
electrochemically processed material with a value of 0.49um. The largest d(0.5) value

was taken from the pre-electrochemically processed material.

4.4.6.7 Potential future work (electro-bombardment)

Due to time considerations some of the interesting areas of this work have remained un-
investigated. One such topic would be the use of an electro-bombardment technique to
remove Cu phases from the surface of a TiB; particle. This technique would not only be
used for determining the amount of Cu within a system, but also in quantifying the amount
on each particle. The compatibility of this material with the electro-bombardment process

is shown in Figure 4-107.
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Figure 4-107 Electro-bombardment

Figure 4-107 shows 5 lines, indicating the 5 potentials at which an electrode was held at
during the experiment; -0.1V, 0V +0.1V, +0.2V and +0.4V. Potential lines below 0.2V
showed little evidence of redox reactions taking places, however the +0.4V potential line
showed peaks in the detected current whenever a larger copper particle struck the
electrode. By measuring the transferred charge across the duration of the impact event,
it would be possible to demine the amount of Cu transferred and also give some

identification as to the size of the particle, or, when compared alongside particle size
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analysis results, the thickness of the Cu coating, a property which may influence further

work in alloy strength calculations.

4.5 Results from TP1 grain refiner tests

Al-5Ti-1B grain refiner contains TiB; particles. When these particles were removed from
the supporting material by dissolution they underwent particle size analysis. Particle size
analysis found the particles to occupy a range of sizes. The purposes of this section of
research was to learn to what effect the different TiB: particle sizes have on the resulting
solidified grain structure. In effort to answer this question a series of settling experiments
were conducted. From the settled material narrow size bands were sectioned and later
used for quantitative grain size analysis using TP1 tests and subsequently compared using

the Kolmogorov-Smirnov statistics test.

Intensity

Figure 4-108 SEM image of Al-5Ti—1B showing refining particle size and distribution and its

associated EDX spectrum

Figure 4-108 shows an SEM image of Al-5Ti-1B grain refiner, the location marker A

indicates the area selected for EDX analysis -the spectrum of which is also given. The
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light coloured particles are shown to have a high aspect ratio with an approximate length

of 1um and width of 0.5um.

Table 4.5.1 Elemental composition from EDX results for location A

Element Weight% | Atomic%
B 7.48 33.59

C 1.45 5.85

Al 23.22 41.78

Ti 15.52 18.78
Total 50.67 100.00

Table 4.5.1 shows the collected EDX elemental composition from location A. The results
of which reported an atomic ratio of Titanium and Boron to be approximately 1:1.8 which
confirmed that the particles were titanium diboride (TiB2) and that there was a slight

excess of Titanium within the sample.
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Figure 4-109 Number transformed particle size distribution of TiB, particles removed from Al-

5Ti-1B

Figure 4-109 shows the number transformed particle size distribution and cumulative

volume distribution of TiB: particles which were removed from Al-5Ti-1B grain refiner

by dissolution in HCI. The figure showed the number transformed particle size analysis

of 3 non-adjoining section of grain refining rod, the peaks of which all lie within 0.2 and

0.3pum.

Table 4.5.2 3 sample summary of TiBAl 5:1 particle size distributions

Sample Number d(0.1) um d(0.5) um d(0.9) um
Sample 1 0.25 0.35 1.53
Sample 2 0.29 0.41 1.51
Sample 3 0.29 0.43 1.55
Average 0.28 0.40 1.53
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Table 4.5.2 shows the 3 sample summary of the d(0.1), d(0.5) and d(0.9) values for the
number transformed particle size distribution of the AI-5Ti-1B material. The values show
that 80% of the TiB; particles within the sample occupied a range of between 0.3 and

[.5pum.

Table 4.5.3 ICP elemental summary (in weight%) of the settled sample materials. The grey
rows highlight the 4 chosen TP1 settling samples and their compositions, labelled TP1.A/B/C/D

respectively
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Table 4.5.3 shows the elemental composition, determined by ICP, of the samples of
material which were held at the specified times in effort to promote a settling effect. The
4 rows highlighted in grey indicate the elemental composition of the materials which were

taken forwards for grain size tests.
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Table 4.5.4 Ti and B concentration in ppm for each TP1 sample

TiBAI 30min BOT 90min TOP 24hr Top
(sample A) (sample B) (sample C) (sample D)
1 2 1 2 1 2 1 2
Ti(ppm) | 99.8 | 100.1 | 112.7 | 112.9 | 115.2 | 115.1 | 99.9 | 99.9
B (ppm) | 20.0 | 20.0 | 20.1 | 20.1 | 20.0 | 20.0 | 20.0 | 19.9
TiB; (ppm) | 64.2 | 64.3 64.5 64.6 | 64.2 64.2 | 64.2 | 64.1
Free Ti (ppm) | 55.6 | 55.8 | 68.3 68.4 | 71.0 | 70.9 | 55.7 | 55.7

Table 4.5.4 details the total titanium, total boron, TiB> and free Ti weight percentages for

each of the 8 TP1 castings required for analysis.

Table 4.5.5 Melt temperatures and times at which the TP1 test pieces were taken

Sample Temp (°C) of melt | Temp (°C) of TP1 ladle Time (min:sec) at
at time =0 sec at time of removal TP1 sample removal
Al 726 712 2:30
A2 718 716 1:56
B1 722 718 2:30
B2 718 715 2:18
C1 713 712 2:20
C2 723 718 2:15
D1 716 720 2:05
D2 717 719 2:02

Table 4.5.5 shows a record of the melt temperature, TP1 ladle temperature, and time

following grain refining addition that each of the samples were removed from the

crucible.
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Table 4.5.6 Total number of grains analysed for each TP1 sample

Casting Trial
Sample | # grains (1+2) | # grains total
A1+A2 1948+596 2544
B1+B2 1137+546 1683
C1+C2 1343+462 1805
D1+D2 424+613 1037

Table 4.5.6 Total number of grains analysed from each sample of material from both tests,
followed by the total number of grains analysed for that sample type (i.e. A total = A1 +

A2).
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Figure 4-110 Comparing the circularity value ranges for TP1 samples: A, B, Cand D

Figure 4-110 shows a comparison between the circularity values calculated for each of

the TP1 samples. Due to the fact that each of the mean values had a circularity value of
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greater than 0.6, the measured grains were assumed to be circular for grain size analysis

purposes i.e. for the determination of grain diameter.
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Figure 4-111 Diameter vs. percentage occurrence for TP1 sample: A, B, C and D.

Figure 4-111 shows the diameter vs. percentage occurrence for TP1 samples A (TiBAl),
B (30 Bot), C (90 Top) and D (24hr Top). The distribution was non-Gaussian. The TiBAl
grain refining material had the narrowest grain size distribution. Material which had been

allowed to settle for 24hrs had the largest grain size distribution.
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Figure 4-112 Cumulative distribution comparison between TP1 samples: A, B, Cand D

Figure 4-112 shows the cumulative distribution of TP1 samples A, B, C and D. The
distribution shows that the TiBAI 5:1 grain refiner material had the smallest grain size
distribution. Sample B (30min bot) had the next largest grain size distribution followed

by sample C (90 min top). Sample D (24hr top) had the largest grain size distribution.

Table 4.5.7 Summary of cumulative distribution figure

Grain size bin (um)
Sample | Peak % Cumulative 50%
A 200 - 249 250 - 299
B 250 - 299 300 - 349
C 250 - 299 350-399
D 350-399 400 - 449
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Table 4.5.7 compares the location of the peak grain size to the 50% cumulative percentage
value for each sample type. The results showed that the location of the peak percentage
increased from a location of between 200-249um for sample A, to between 250-299um
for samples B and C, to 350-399um for sample D. During the peaks shift to larger grain
sizes, the 50% cumulative percentage value also increased from a value of between; 250-
299um for sample A, 300-349um for sample B, 350-399um for sample C, and 400-

499um for sample D.

Table 4.5.8 K-S test results show that each grain size distribution was significantly different

from the others

AtoB AtoC AtoD

p-value | 3.49E-11 p-value | 1.99E-04 p-value | 1.52E-03
size 1l 2544 size 1l 2544 size 1 2544
size 2 1593 size 2 1805 size 2 1037

Sig diff? | yes Sig diff? | yes Sig diff? | yes
BtoC BtoD CtoD

p-value | 8.92E-10 p-value | 8.98E-09 p-value | 4.35E-07
size 1l 1593 sizel 1593 sizel 1805
size 2 1805 size 2 1037 size 2 1037

Sig diff? | yes Sig diff? | yes Sig diff? | yes

Table 4.5.8 shows the comparison between each sample with all other samples and
whether there was a statistical difference between them. The results showed that each

sample analysed was statistically different from all other samples analysed.
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5 DISCUSSION

5.1 The TiB; particle size distribution

Optical microscopy and SEM are common methods of quantifying particle size analysis.
Areas of interest from a material are sectioned, polished and subsequently analysed under
an optical or electron microscope. Once under the microscope these small subsections
are analysed from which assumptions are made regarding the sample as a whole. For the
analysis of crystal structures these methods are often acceptable however for the analysis
of small sub-gran-sized non-symmetrical structures contained within the grain boundary
material, limitations exist. The author appreciates that useful information can be made
from the micrographs of a material, however in the pursuit of a more encompassing
strength prediction where a fuller description of a materials constituents can be used to
develop additional strength models, alternative methods should be explored and where
possible combined. For this reason, the TiB2 was removed from the A205 alloy via HCI,
as described in the Experimental section, and subjected to an external particle size

analysis technique.

5.1.1 Experimentally determined TiB; particle size results

As mentioned in the results section, SEM analysis indicated the TiB: particles to be plate-
like in structure and only a few microns along their longest axis. The technique used by
the Malvern apparatus for analysing particle size used a scattering theory which assumed
the particles in question were spherical and as such reported its results based upon the
particles perceived volume. This method had limitations when considering small

particles, as only a few larger particles would skew the reported results to larger sizes
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based proportionately on their significantly larger volume contribution to the sample as a
whole. The analysis software developed by Malvern International provided a solution to
this problem by being able to transform the raw volume results into either; surface area,
length or number based particle size distributions (as shown in Figure 5-1), which
removed the distributions bias from the particles volume allowing for a more

representative size distribution when considering smaller particles.

3 —e— Mean % Volume

10 e e x--- Mean % SurfaceT
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Figure 5-1 Comparison between volume, surface, length and number particle transformations

for purchased TiB; particles

Figure 5-1 shows a comparison between the volume, surface, length and number
transformations for purchased TiB: particles. The comparison between the particle size

distributions revealed a shift in the particle size peaks to smaller values, when comparing
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and transforming from the volume particle size distribution. The particle size distribution
which was most related to the TiB» particles in the SEM images was the number
transformed particle size distribution as the distribution type was most sensitive to sub-
micron particle sizes. It was from this comparison that TiB particle sizes within this
research were quoted as having come from either a volume or number particle size

distribution.

5.1.2 Effect of machine on particle size

The Malvern apparatus analysed data by processing the diffraction of laser light around
the sample particles. The diffraction patterns, given the term ‘snaps’, were collected by
the machine in 1ms time intervals. To ensure that an accurate representation of the
material was reported 30,000 ‘snaps’ were recorded and analysed to give a
‘measurement’. A series of 30,000 snaps were also taken at the beginning of each
measurement to give a background value which was then internally subtracted from the
measurement value at the end of each run. This process was repeated allowing for a
number of measurements to be collected which were then averaged to give a final result.
For this research each result was averaged from 10 measurements, with each
measurement consisting of 30 seconds background, and 30 seconds of data acquisition
time; each comprising of 30,000 recorded snaps. To determine how the TiB> sample
material would behave in such an environment, the sample materials agglomeration

tendencies and resilience to ultrasonic agitation were investigated.

5.1.2.1 Circulating material and agglomeration tendencies

During operation the Malvern Mastersizer machine continuously circulated a sample

through a measurement cell while capturing particle size information. As it was unknown
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how the material would behave in such an environment, a range of test were conducted

to ensure that the most appropriate experimental procedure was employed.

To determine whether the process of circulating TiB> material continuously for a period
of approximately 6 minutes in deionised water effected the particle size distribution, the
first measurement, 10" measurement and the average of measurements 1 to 10 were

compared (see Table 5.1.1).

Table 5.1.1 d(0.1), d(0.5) and d(0.9) values for a volume based particle size distribution of non-

ultrasonically agitated TiB;

Measurement | d (0.1) um | d (0.5) um | d(0.9) um
No. 1 2.32 5.27 10.85
No. 10 2.96 7.27 17.99
Mean (1-10) 2.73 6.12 14.08

Table 5.1.1 shows how the non-ultrasonically agitated volume based particle size
distribution for the purchased TiB: particles varied with measurement number. The first
and tenth measurements show how the size distribution varied between the first and last
measurements. The size change of the d(0.1), d(0.5) and d(0.9) values, between the first
and tenth measurement cycle was approximately; 0.6, 2 and 7.1um respectively. The
increase in the value from measurement 1 to 10 indicated that the particles being analysed
were increasing in size -a possible explanation for this could be due to agglomeration of

the particles with time.
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Table 5.1.2 d(0.1), d(0.5) and d(0.9) values for a volume based particle size distribution of

ultrasonically agitated TiB, (10mins ultrasonic agitation at level 10)

Measurement | d (0.1) um | d(0.5) pm | d(0.9) um
No. 1 2.37 7.01 15.88
No. 10 3.33 8.53 18.23
Mean (1-10) 2.86 7.81 17.15

Table 5.1.2 shows how the ultrasonically agitated volume based particle size distribution
for the purchased TiB: particles varied with measurement number. In comparison to
Table 5.1.1 the d(0.1), d(0.5) and d(0.9) values were higher, as indicated by their increase
in Mean (1-10) values, approximately; 0.1, 1.7 and 3.1pum respectively. However, the
increase in value from measurement number 1 to 10 was comparatively less being; 0.9,
1.5 and 2.4um. Due to the materials increased stability following ultrasonic agitation

further investigation into ultrasonic levels and timings was carried out.

5.1.2.2 Ultrasonic agitation level

Investigation into the sample behaviour following ultrasonic agitation was examined. An
integral section of the Malvern Mastersizer equipment was the Hydro 2000MU sample
handling unit, responsible for circulating the fluid around the device and also responsible
for any ultrasonic pre-treatment stages. The sample handling unit’s ultrasonic function is

basic with a value of 0 for off and 20 for full.
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Table 5.1.3 d(0.5) values for both volume and number particle size distributions comparing

different ultrasonic probe displacement levels for a fixed time of 1min

Displacement | Volume (um) | Number (um)
0 6.12 0.41
5 7.26 0.46
10 8.27 0.53
15 9.37 0.52
20 7.77 0.47

Table 5.1.3 shows the d(0.5) values for both volume and number particle size distribution
comparing different ultrasonic probe displacement levels for a fixed time of Imin. The
distribution reveals how under the application of ultrasonic agitation both the volume-
based and number-based particle size distributions increased. One possible reason for
this effect could be due to the presence of larger agglomerates, above the monitored size
range, which under the action of ultrasonic agitation disintegrated towards their
constituent particle sizes, hence increasing the measured d(0.5) value. For
experimentation purposes the probe displacement value was set at a level of 10.0 as it was
deemed necessary to include ultrasonic agitation into sample pre-treatment stages to
minimise possible effects of agglomeration break-up during analysis. Displacement
values above 10 were disregarded as inappropriate due to the formation of cavitation

bubbles within the sample beaker.

Table 5.1.4 d(0.5) values for both volume and number particle size distributions comparing

ultrasonic agitation times for a fixed probe displacement level of 10.0

Time (min) | Volume (um) | Number (um)
0 6.12 0.41
1 8.27 0.53
2 6.48 0.44
5 7.46 0.49
10 8.77 0.56
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Table 5.1.4 shows the d(0.5) values for both volume and number particle size distributions
comparing ultrasonic agitation times for a fixed probe displacement level of 10.0. Similar
to the effects seen in Table 5.1.3 an increase in ultrasonic agitation time led to an increase
in measured d(0.5) values for both volume and number-based particle size distributions.
The ultrasonic agitation time chosen for the actual experiment was set at 10 minutes to
ensure that if any large agglomerates were present within the sample then such a period

of ultrasonic agitation would help ensure their disintegration prior to analysis.

5.1.3 Particle size comparisons

51.3.1 A205

As detailed within the Results section investigation into the experimentally collected
material from A205 was examined. The results between the as-cast, solution heat-treated,
and solution heat-treated and precipitation-hardened materials were different. The as-
cast material had the largest particle size distribution, and solution heat-treated the least.
A possible explanation for this result could be due to the TiB: particles present within the
grain boundaries adhering together by an increased copper content in the grain
boundaries.  As the copper diffuses into the grain structure during solution heat-
treatment, the TiB; particles are coated in less Cu than before and therefore appeared to
occupy a smaller particle size distribution. Following precipitation hardening the
remaining copper within the grain boundaries re-nucleates from the saturated solution and
again acts as a binding or covering material between the TiB; particles, although to a
lesser extent than the as-cast material, hence raising the measured particle size to between

the as-cast and solution heat-treated distributions.
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5.1.3.2 AI-5Ti-1B and Al-3Ti-1B grain refiners

Al-5Ti-1B and Al-3Ti-1B grain refiners are both produced using the same process, i.e.,
the TiB: particles are formed in the melt by a salt-salt reaction as detailed in the
literature'?’. For this reason, the TiB; particle sizes were expected to have approximately
the same particle size distributions as each other, and experimental measurements of the
TiB; particle size distributions extracted from the two respective grain refiners confirmed
this. As A205 alloy and the grain refiners are probably produced by the same method,
the Al-5Ti-1B’s TiB; distribution has been taken as the standard to which the A205 alloys
TiB; particle size distribution has been referenced against. The A205 alloy contained
copper, which was predominantly located in the grain boundary material. Comparison of
the Al-5Ti-1B grain refiner’s TiB; particle size distribution to the A205’s as-cast, solution
heat-treated, and solution heat-treated and precipitation hardened TiB» particle size
distributions revealed the raw volume based d(0.5) value for the Al-5Ti-1B particle size
distribution to be smaller than all of the A205 alloys d(0.5) TiB; size values by varying
amounts. As the TiB> material from the AI-5Ti-1B alloy was smaller than the TiB:
collected from the A205 alloy by varying amounts, it can be assumed that the A205 alloy
TiB> distributions contained an amount of copper, which effected the particle size
distribution by varying amounts according to the samples stage in the heat treatment
procedure. In effort to obtain a pure TiB, samples from the A205 alloy an electrochemical

method of copper decontamination was explored.
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5.2 Electrochemical purification of TiB>

5.2.1 TiB; and solution breakdown

Prior to each alloy undergoing particle size analysis, the experimentally collected material
from the A205 dissolution experiments was subjected to XRD analysis and found to
contain traces of copper. In an effort to remove the copper from the material, to gain a
more accurate size distribution for the A205 alloy, an electrochemical approach was
investigated. To deduce whether TiB> was electrochemically stable over the estimated
voltage ranges required to oxidise copper from the surface of the sample material,
purchased TiB> was used in 3 cyclic voltammetry trials. In each trial a 10uL sample of
TiB> suspension was dried onto the surface of a Glassy Carbon electrode and the voltage
cycled over the required range. The trials; 0.0 to +0.8, 0.0 to +1.0, and 0.0 to +1.2V did
not show any evidence of TiB» oxidising away from the electrode surface, however, at
the higher potential values >0.8V (above the estimated working potentials) evidence of

solution break down was present.

5.2.1.1 Carrier electrolyte solution

The carrier electrolyte solution used for this series of experiments was Potassium
Chloride (KCI). KCI was chosen as a suitable electrolyte as the copper ions formed at
the working electrode would then recombine to form CuCl; and hence would be dissolved

into the solution upon their formation.

To determine whether the experimentally collected material was suitable for oxidation,
and to theoretically determine the amount of copper which could be removed using this

method, an experiment was carried out, in which 3 different volumes of material were
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dried onto the surface of the electrodes for investigation. The electrode type used for this
particular investigation was Indium Tin Oxide (ITO). The signal measured had a single
peak detected at the appropriate potential for copper (with respect to the Ag/AgCl
reference electrode used), did not have a re-deposition peak, and was found to scale
appropriately with the volume of sample being analysed. Micrographic observations
comparing the pre and post-electrochemically processed material confirmed that the
material had remained attached during the analysis and therefore the measured decrease

in signal was from the oxidisation of copper (rather than, say, material loss).

5.2.1.2 Electrode types and sample pH

Alterations from the initial experimental trials were made for two main reasons; cost
factors relating to the continued use of ITO electrodes, and the pH value of the material
to be processed -as both the Malvern Mastersizer and the Bruker XRF machine required

pH7 samples for safe analysis.

e Regarding the continued use of ITO; a trial comparing the effectiveness of 4
different electrode types was undertaken, the results of which showed that
electrode performance, from best to worst, was as follows; EPPG, ITO, GC then
BPPG. Despite GC having the second lowest efficiency when oxidising copper
from the sample, this electrode type was chosen for the subsequent experiments
due to its cost and availability.

e Regarding the acidity of the sample material; the supernatant of the material
collected material in the experiment was raised though serial dilution with

deionised water to pH7.
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5.2.1.3 The Pourbaix diagram

Following neutralisation of the sample material the observed CV scan altered from
showing 1 single peak to a multi peak profile. The reason for the single to twin peak
distribution can be explained by reference to the Potential vs. pH Pourbaix diagram,
shown in Figure 5-2. The initial material analysed had an acidic pH of approximately 0.5
and was processed over a voltage range of -0.4 to 0.4V with respect to a Ag/AgCl
reference electrode, approximately —0.2 to 0.6V vs. a Standard Hydrogen Electrode
(SHE) marked on Figure 5-2 as A. This location on the Pourbaix diagram indicates how
the only species copper could oxidise to, at a pH value of 0.5 and between -0.2 to 0.6V
vs. SHE, was Cu?". Comparatively, the neutralised material (neutralised by serial
dilution), shown on the Pourbaix diagram as B, indicates how the copper, when raised
through a potential of -0.1 to 0.9V vs. SHE, oxidised through Cu>O and CuO -hence the
double peak on the CV scan. Following re-acidification of the sample down to a pH of 1
(label C), the sample material was electrochemically processed between -0.1 and 0.5V
vs. SHE. The resulting single peak, as indicated in the Pourbaix diagram (Figure 5-3) as

C, was associated with the Cu = Cu?' + 2¢” oxidation process.
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Figure 5-2 Potential (with respect to SHE) vs. pH Pourbaix diagram for Copper. Lines A, B, and

Cindicate the pH and potential range of the undertaken CV scans'?®

Following analysis of the Pourbaix diagram it was deemed that electrochemistry series B
on Figure 5-2 (pH 7 -0.1 to 0.9V vs. SHE) was unsuitable for the removal of copper from
the material collected from the A205 alloy by dissolution in HCl. The diagram revealed
the oxidation products of the copper, while oxidised at pH7, to be Cu20 and CuO. As
Cu20 and CuO were not soluble within the carrier electrolyte solution, and also as they
are both electrical insulators and could theoretically depositing an insulating layer around
a TiB; particle, isolating it from further oxidation, this range of processing was deemed
unsuitable for further investigations. However, when the oxidisation of Cu in an acidic
medium was undertaken, represented by labels A and C in the Pourbaix diagram, the
oxidised product was Cu**. Cu?" is a suitable oxidisation product for the Cu contained
within the experimentally collected TiB,, as it was electrostatically repelled by the

cathodic working electrode and was also soluble within the electrolyte.
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Table 5.2.1 shows the predicted percentage values of the amounts of copper within the
~1L ‘parent’ samples of dissolved material -from which the respective microliter samples
were taken from, which would have been removed by oxidation had the electrochemical
experiments been scaled up to process the entire amount of dissolved material. The value
was calculated through the extrapolation of results and their comparison to the volume
and weight of the respective initial dissolution experiments. The results show how the
oxidation process, followed by the re-acidified material (label C) would offer the more

effective method of copper removal.

Table 5.2.1 Predicted values of copper which would have been removed via oxidation had the

experimental set up theoretically processed 1 litre of sample

Experiment Calculated % of Cu
oxidised (extrapolated
fromY =0)
A Total charge 2.32
Reviewed charge 2.01
C Total charge (5ul, 10pl, 20pl) 17.73
Total charge (5ul, 10pl) 35.42
Reviewed charge (5ul, 10ul, 20ul) 16.90
Reviewed charge (5ul, 10ul) 34.73

Regarding the difference between the levels of copper oxidised when comparing the two
electrochemistry trials (A and C) it should be noted that experimental trial A was scanned
at 25mV/s, whereas trial C was scanned at 100mV/s -a parameter known for its
oxidisation peak broadening effects. Additional reasons offered in explanation of the

different oxidised copper values include:

e The two trials were carried out using different electrodes; trial A used ITO

whereas trial C used a GC electrode type.
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e Additionally, the carrier electrolyte solution for trial C was 0.1M H2SO4, giving
the total solution a pH of 1. For trial A, the carrier electrolyte solution was 0.1M
KCI, the low pH value was present within the original material following A205’s
dissolution in 2M HCI -a process leaving the solutions final pH value to be
approximately 0.5. It was therefore possible that any remaining HCI present in
the original material was extracted with the sample to be tested resulting in its
crystallisation as the sample dried onto the GC electrode. Upon the samples
exposure to the carrier electrolyte solution the HCI then re-dissolved lowering the
pH locally around the electrode enough to satisfy the conditions of Cu?*

production, but at different rates to trial C hence resulting in the differing copper

oxidisation values for the same sample volumes.

The conclusion drawn from the first stages of the electrochemical trials suggested that the
copper containing material collected from the dissolution of A205 could be
electrochemically purified whilst preserving the TiB> particles contained for further
analysis. This lead onto the processing of the experimentally collected material using a

chronoamperometry technique.

5.2.2 Removed copper

As detailed in the electrochemistry results section, a chronoamperometry technique was
used in an effort to scale up the electrochemical process. The process required an
electrode to be held at a set voltage within a suspension of the sample. The supernatant
of the material was altered to 0.1M H»SO4 to act as a carrier electrolyte. The results
showed a decrease in the measured current over the 3hr treatment, indicating a reduction

in the amount of copper within the sample. Over the 3hr period the measured charge
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decreased by 85% from approximately 5.3 to 0.75mA, indicating oxidation of copper and
hence removal into solution. In an effort to quantify the success of the technique a sample
of the processed material was analysed using an XRF liquid analysis technique, however,
the results indicated that both titanium and copper were still present within the processed
material, although this may have been, in part, due to the copper containing supernatant
of the sample being detected during analysis. For this reason, a sample of the processed
precipitate was removed and dried for PXRD analysis, which revealed the sample to be
comprised of TiB, and CuzO. It is unclear how the Cu,O material developed within the
sample material as the carrier electrolyte solution was pH 1, but, with the assumption that
up to approximately 70% of the copper (Table 4.4.4) was oxidised from the sample into

Cu?", this material was subject to particle size analysis.

5.2.3 Particle size analysis

Comparison of the particle size analysis results between the pre and post-
electrochemically processed material revealed a reduction in the measured particle size
which indicated that the electrochemical processing had been at least partially successful.
Comparison of pre and post electrochemically processed materials showed a reduction in
both the volume based and number based particle size TiB: particle size distributions,
with reductions in d(0.5) values of 10.38 to 9.08um for the volume distribution and, 0.68

to 0.49um for the number transformed particle size distribution.

5.3 A205’s Predicted Yield Stress

The strength of an alloy can be thought of as a combination of strengthening effects. Each
strengthening effect is itself a combination of different factors -some of which are

irrelevant during the different stages of the alloys processing, while other properties have
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historically been made from comparatively coarse measurements, for example the use of
a single average rather than a more representative selection of measured values. In this
research effort was made towards refining A205’s predicted yield strength, with specific
attention being focused on the strength contributions attributed to the presence of the TiB»
particle size distribution, at 4.26wt% within the standard alloy, and located primarily

within the grain boundaries.

5.3.1 Predicting A205’s as-cast yield strength

The yield strength of as-cast A205 can be thought of as being a combination of
contributions from both the grain and grain boundaries. Without the resulting
contributions caused by heat treatment the grain materials’ strength can be thought of as
predominantly originating from the Hall-Petch mechanism (since few TiB: particles are
expected in the matrix). The grain boundary’s strength originates from; the Coefficient
of Thermal Expansion (CTE), and the Load bearing strengthening mechanism present

between the TiB: crystals and the surrounding grain boundary material.

For the as-cast material the Hall-Petch strength contribution was calculated from the
individual size of each of the 335 grains analysed. Similarly, the CTE and load
strengthening mechanisms were calculated from the measured TiB: particle size
distribution. The resulting grain and grain boundary’s strengths were then combined

weighted by their measured area fractions.

Comparison between the experimentally measured yield strength of 123 MPa and the
predicted yield strength values calculated using either; the volume-based (53 MPa) or
number transformed (110 MPa) TiB; particle size distributions collected from as-cast

A205 has been summarised in Table 5.3.1. Analysis revealed the predicted Yield
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Strength from the TiB> particle size distribution generated using the number
transformation function of the Malvern machine to be closer to the experimentally
determined value (at 89% of the measured yield strength) than the volume calculated
particle size distribution (at 43% of the measured yield strength). Furthermore, in respect
to the number transformed particle size distribution, specifically for the as-cast material,
the strength provided by the grain boundary material was calculated to have contributed

72% to the yield strength as a whole.

Table 5.3.1 Total predicted Yield Strength and the respective contributions from both the grain

and grain boundary materials based on measured TiB; particle size data collected from as-cast

A205
TiB, particle | Total predicted Grain Grain Boundary
size Yield Strength (Volume fraction = 72.7%) (Volume fraction = 27.3%)
distribution (MPa) and
type comparative Strength | Contributionto | Strength | Contribution to
percentage to (MPa) total predicted (MPa) total predicted
measured value YS (%) YS (%)
of 123 MPa
As-cast 53 (43%) 30 57 22 43
Volume
As-cast 110 (89%) 30 28 79 72
Number

5.3.2 Predicting A205’s fully heat-treated Yield strength

The main strengthening mechanisms in solution heat-treated and precipitation-hardened
A205 are; Hall-Petch, Orowan, Coefficient of Thermal Expansion (CTE) and the Load
bearing strengthening mechanisms. The Hall-Petch and Orowan strengthening
mechanisms are linked to the grain material, the CTE and Load strengthening
mechanisms are linked to the grain boundary material. The strengthening mechanisms

present within the grain are due to grain size and the Q and 0 precipitates present due to
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the heat treatment process. The strengthening mechanisms present within the grain
boundary material are primarily due to the size of the TiB» particles and their CTE
mismatch with the grain boundary material (a-Al). In each instant the grain boundaries
Load contribution was calculated to be <1% of the total yield strength and hence has been

neglected.

A summary of each mechanism contributing to the predicted yield strength, for each of
the measured number-transformed particle size distributions, can be found in Figure 5-3.
In each instance the results showed that the Orowan strengthening mechanisms, provided
the first and third greatest strengthening contributions to the alloy when considering the
Q and O precipitates, respectively. The second largest contributing strengthening
mechanism was the CTE mechanism, contributing approximately one quarter of the
overall predicted yield strength of the alloy. This highlights the importance of
considering the grain boundary material as a separate material which gives the grain
boundary material its strength, hence the necessity to accurately measure and control the
TiB: particle size distribution. The strengthening mechanism with the 4™ most significant
strengthening contribution to the alloy was found to be the Hall-Petch strengthening

mechanisms, which contributed just under 10% of the material yield strength.
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Figure 5-3 Strengthening mechanisms percentage contribution to total predicted yield strength
for each measured TiB; number transformed particle size distribution -based on the

strengthening mechanisms required for fully heat treated A205.

A further summary of the effects of the various measured TiB: particle size distributions
is shown in Table 5.3.2. This revealed that the predicted yield strength calculated using
the number-transformed particle size distribution gave a value closer to that of the
experimentally measured yield strength, than when compared to a predicted yield strength
calculated using the volume-based particle size distribution -shown in the second column
of the of the table by comparison of the percentage contributions from the volume or
number particle size distributions. Furthermore, the variation between each number
based TiB; particle size distribution, although slight, led to a variation of 27 MPa. For

instance, the predicted yield strength increased when comparing the post-
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electrochemically (335 MPa) to pre-electrochemically (325 MPa) values of TiB> particle

size distribution -suggesting that the copper removal from the electrochemistry trials were

at least in part successful.

Table 5.3.2 Total predicted Yield Strength and the respective contributions from both the grain

and grain boundary materials based on; volume and number transformed TiB, particle size

distributions collected from; both A205 heat treatment stages, Al-5Ti-1B grain refiner material,

and pre/post electrochemically processed materials

TiB; particle | Total predicted Grain Grain Boundary
size Yield Strength | (Volume fraction = 72.7%) | (Volume fraction =27.3%)
distribution (MPa) and
type comparative Strength | Contribution to | Strength | Contribution to
percentage to (MPa) total predicted (MPa) total predicted
measured value YS (%) YS (%)
of 426 MPa
SolnHT: 283 (66%) 254 90 29 10
Volume
distribution
SolnHT: 352 (83%) 254 72 98 28
Number
distribution
SolnHT+PH: 280 (66%) 254 91 26 9
Volume dist
SolnHT+PH: 346 (81%) 254 73 92 27
Number dist
Al-5Ti-1B: 285 (67%) 254 89 31 11
Volume dist
Al-5Ti-1B: 342 (80%) 254 74 87 26
Number dist
Pre-eChem: 277 (65%) 254 92 23 8
Volume dist
Pre-eChem: 325 (76%) 254 78 71 22
Number dist
Post-eChem: 278 (65%) 254 91 24 9
Volume dist
Post-eChem: 335 (79%) 254 76 80 24
Number dist

237




5.4 Microstructure

Globularity is a key feature of A205 alloy, it increases strength by lowering sharp angled
features present in dendritic materials, and lowers porosity by promoting uninhibited
feeding routes into the inter-grain areas of a solidifying casting. To refine A205’s
globular structure an investigation into the separate effects of TiB> and free titanium

content was carried out.

5.4.1 Globularity and TiB;

In comparison to A205 alloy’s standard composition of 4.26wt% TiB> (as measured by
XRF), the TiB> content was reduced to 2.49 wt% and 1.16 wt% for measurement of
globularity. To dilute TiB> content alloying additions were made to ensure that the
remainder of the melt remained within specification limits. For the 4.26% (unmodified
A205 sample), 2.49%, and 1.16% alloys; 335, 379 and 465 grains were imaged
respectively. For each grain the perimeter was compared to its area in order to determine
its circularity. The mean circularity values calculated for the 4.26 wt%, 2.49 wt% and
1.16 wt% were 0.72, 0.73 and 0.74 respectively. As the mean grain circularity values
calculated for each alloy type was higher than the circularity value of a regular geometric
hexagram -a bench mark profile (with a circularity value of approximately 0.44) chosen
for its visual similarity to that of a cell representing half way between dendritic and
thamnitic, the assumption was made that each grain could be approximated to a perfect
circle therefore allowing the respective diameter of each grain to be calculated. The
standard TiB> content (4.26% TiB:) had a grain size of 21um, while the 2.49% TiB, and
1.16 wt% had grain sizes of 26um and 22um. Analysis of the calculated diameters
revealed that a decrease in TiB, content from 4.26 wt% to 1.16 wt% did not have a

significant effect on the grain size of the alloy.
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It is well documented that TiB: is a grain refiner'?’, and logic dictates that a threshold
value must exist whereby the addition of more TiB> will not refine the formation of
subsequent grains due to neighbouring crystals already occupying the remaining available
space -hence limiting further growth and supressing dendrite formation. The rate at which
a casting solidifies also plays a part in grain refinement and the formation of a globular
microstructure; as a slow solidifying front, below a critical velocity will push particles
ahead of its solid-liquid interface rather than engulfing them. A large concentration of
particles in front of the solidifying crystal will also act to suppress dendrite formation!3°.
If the particles are in a high concentration, or clustered together, the front can have a

greater velocity and still push the particles ahead of the advancing interface!*’

In consideration of this the globularity of the solidified grains remains an important
feature of the microstructure and therefore its principal should be incorporated into Yield
Strength calculations. Therefore, the author suggests that the circularity value should be
incorporated into the Hall-Petch strengthening mechanism, as it is the effects of the TiB»
particles on grain size and shape which affect the resulting strength of the material. The
circularity should be incorporated so that the current Hall-Petch equation predicts the
maximum available contribution to yield strength at a circularity of value of 1.0 and
reduces with lower circularity values to a threshold value set at the strength of a dendritic

microstructure.

Following calculations of the grain to grain boundary area fraction, it was found that the
grain boundary area fraction measurements decreased with reduced TiB> weight
percentages from; 27% for standard A205, to 16.7% for 2.49wt%. This area fraction

decrease was attributed to the physical reduction of available grain boundary material. A
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similar reduction in the grain boundary area fraction for 1.16 wt% TiB> was expected,
however a value of 22% was measured. A comparable finding was previously
documented at 0.9wt% TiB, by Butler (2000)!, in which the cause of such a reduction in

elongation properties was confirmed as porosity (using a dye penetration test).

5.4.2 Globularity and Free Titanium

The standard composition of A205 had a free titanium value of 0.26wt%, which was

increased to 0.43 and 0.48wt% for subsequent experiments.

The grain analysis results revealed the initial alloy to have similar circularity values to
both the 0.43 and 0.78wt% free titanium samples. The reference standard had a value of
0.72. The mean circularity value for the 0.43wt% and 0.48wt% free titanium samples
were 0.75, and 0.74 respectively. The measured circularity values were again deemed
high enough for all measured grains to be treated as perfect circles allowing grain size
calculations. The two higher free titanium alloys had comparable mean grain size when
compared to the standard (21um) alloy, with mean grain size values of; 17um and 18um
for the 0.43% and 0.48% free titanium alloy respectfully. The grain boundary area
fractions were measured to be: 0.26wt%, 0.43wt% and 0.48wt% samples at: 27%, 28%

and 26%.

Comparison of the tensile properties of solution heat-treated and precipitation hardened
A205-as detailed in the effect of composition on globularity -free titanium, experimental
section, revealed the yield stress to decrease with increased (free) titanium from 426 MPa,
to 419 MPa and 414 MPa. UTS values for the initial alloy (0.26 wt%), 0.43 wt% and
0.48 wt% (free) titanium samples varied little and were measured to be 455 MPa, 461

MPa and 454 MPa respectively. Regarding elongation values both of the increased free

240



titanium alloys had % elongation values of 3.0% whereas the initial alloy had a value of

2.1%.

5.5 TiB; particle size and its influence on grain refinement

To establish the effect of TiB» particle size on the grain size of aluminium a series of TP1
tests were carried out in which the TiB» particles were qualitatively characterised into 3

size groups and the resulting grain sizes compared.

5.5.1 Particle size analysis

The TiB: particles required for this analysis was extracted from a sample of Al-5Ti-1B
grain refiner. The reasons for using Al-5Ti-1B grain refiner as a source of TiB; particles
include that it was possible to remove the particles without contamination from copper,
and also that 80% of the measured particle size distribution fell between 0.27um and

1.53um in size as shown in Figure 5-4 and Table 5.5.1.
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Figure 5-4 Number transformed particle size distribution of Al-5Ti-1B grain refiner

Table 5.5.1 d(0.1), d(0.5) and d(0.9) values for the number transformed particle size
distribution of Al-5Ti-1B grain refiner

Sample d(0.1) pm | d(0.5)um | d(0.9) pm
E123 Avg (NumT) 0.27 0.40 1.53

5.5.2 Settling theory

The settling velocity of a particle is primarily based on the following properties; the
difference in density between the particle and liquid, the dimensions/shape of the particle,
the viscosity of the medium that the particle is falling thorough, and the acceleration due
to gravity. By holding samples of molten aluminium in a resistance furnace for differing

amounts of time it was possible to create material containing variable TiB; particle sizes.
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5.5.3 XRF analysis

As an initial experiment a sample which had undergone an arbitrary 10 minute period of
settling was vertically sectioned. Visual examination, revealed that a line of material was
present approximately 5 to 10mm below the top surface of the casting, above which the

material had an increased lustre when compared to the material below the line (see Figure

5-5).

Top of casting

Settling line

Figure 5-5 Mounted section from the top of a settled casting showing the settling line

XRF analysis showed that the top of the casting, i.e. above the settled line comprised of
97% Al and 0.18wt% Ti. Below this line the Top, Middle and Bottom sample locations

contained 5.0, 4.9 and 5.8 wt% Ti respectively, as shown in Figure 5-6.
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Figure 5-6 Titanium weight % levels of the top surface, top, middle and bottom of the 10min

settled AI-5Ti-1B grain refiner

Figure 5-6 shows the Ti content within the sample, held for 10 minutes, measured using
XRF. The results showed that the Ti, as TiB; settled within the casting over a period of
10 minutes. The post-settled casting can be thought of as being comprised of two layers;
the upper layer (which has a lustrous surface and small titanium content), and the lower
layer which was duller in appearance and contained titanium content measured to be
greater than 4.5%. Within the lower layer the Ti underwent a further settling process in
which the material at the bottom of the lower layer had a higher Ti content than when
compared to the material at the top of the upper layer as a result of density difference and

hence the settling effect.
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5.5.4 ICP analysis

To further distinguish the settling of the TiB: particles samples after settling were
analysed by ICP (Rotech Laboratories Ltd). From the reported titanium and boron values,

the TiB2 composition was calculated.

554.1 ICP:TiB>
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Figure 5-7 ICP determined TiB, weight% values for the settled material taken from the top and

bottom of each sample

Figure 5-7 shows the TiB> content in each of the settled samples as quantified using ICP.
The two lines on the graph represent whether the sample was taken from a slice located
in the top half of the casting or the bottom. The 3 arrows present indicate the 3 samples

which were chosen for further grain size measurement. The measured TiB» content of
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the settled sampled increase with time. Regarding the relative TiB» content at the ‘top’
and ‘bottom’ for the different settling times; the TiB» content of the 30 minute and 90
minute samples were higher at the top of the sample than the bottom of the sample, and
the TiB> content of the 24 hr and 72 hr samples was higher at the bottom of the sample
than at the top of the sample. This effect could be explained by the settling time required
for the particles to travel the 0.10m length of the settling crucibles having between 90
minutes and 24 hrs -as an approximation the intersection of the crossing lines indicates a
time of between 4 and 5 hrs, and hence the accumulation of TiB: particles at the bottom

of the casting after this period of time.

5.5.4.2 |ICP: Free Ti
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Figure 5-8 ICP determined free Ti weight% values for the settled material taken from the top

and bottom of each sample
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Figure 5-8 shows the free Titanium content in each of the settled samples quantified using
ICP. The two lines present on the graph represent whether the sample was taken from a
slice located in the top half of the casting or the bottom. The 3 arrows present indicate
the 3 samples which were chosen for further grain size measurement. Similarly, when
compared to Figure 5-7, the free Ti content (i.e., the titantum which contained within the
TiB> but was present as Ti in solution) was higher in the top of the sample for the first

two settling times, and higher in the bottom of the sample for the last two settling times.

5.5.5 TP1 grain size analysis

In effort to ascertain whether the size of the TiB: particles had any effect on the grain
size, several TP1 tests were carried out. The material chosen for analysis was the 30
minute, 90 minute and 24 hr settled materials. These settled materials, based on their
composition determined by ICP, were added to commercial purity Al in order to being
the melt into the TP1 defined specification of 100ppm Ti, 20ppm B. As there was not
enough material available to quantitatively run simultaneous particle size analysis on the
settled material (despite Malvern Instruments’ best efforts), a qualitative method of

determining the TiB> particle size was used.

Standard Al-5Ti-1B grain refiner was used as the reference samples (Sample A).

30 min bottom (sample B) - this sample should have had the largest TiB, particle size
compared to the other 2 samples as it was the only sample to be taken from the bottom of
the settled material and from a time period of when only the largest TiB» particles have

settled.
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90min top (sample C) - this sample should have contained a TiB: particle size distribution
between those found in samples B and D - as it was taken from the top of a settled casting
and within a time frame during which only the largest particles will have settled in the

alloy.

24hr top (sample D) - this sample should contain the finest TiB: particles at it was taken
from the top of the 24hr settled material -after a time period which would have ensured

that all of the largest TiB: particle should have settled out from this location.

5.5.5.1 Circularity values and grain size estimations

Table 5.5.2 Quartile spread of each of the TP1 sample’s solidified grain circularity values

A (ref) B C D
# grains 2544 | 1593 | 1805 | 1037
Mean 0.698 | 0.654 | 0.649 | 0.614

Max value 0.993 | 0.960 | 0.986 | 0.967

Upper whisker | 1.050 | 1.087 | 1.026 | 0.982

Quartile 3 0.793 [ 0.769 | 0.750 | 0.712

Quartile 2 0.720 | 0.678 | 0.674 | 0.632

Quartile 1 0.622 | 0.558 | 0.566 | 0.533

Lower whisker | 0.366 | 0.240 | 0.290 | 0.263

Min value 0.212 | 0.156 | 0.123 | 0.169

Table 5.5.2 shows the quartile spread of each of the circularity values, which help describe
the spread of a distribution. The second quartile is the median value of the data, the 1%
and 3" quartiles are values which are half-way between the 2™ quartile and the smallest
or largest measured value, respectively. The table also shows the mean value of the

collected circularity values for each sample. Compared to the Al-5Ti-1B grain refiner
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reference sample (0.72), samples; B (0.68), C (0.67) and D (0.63) all had comparatively
smaller mean circularity values. In each instance 75% of the measured circularity values
had a value greater than 0.5. For this reason, the method of determining the grain diameter
of each sample by taking each grain to be a true circle and hence calculating its diameter

based upon its area was deemed acceptable.

5.5.5.2 Diameter vs. percentage occurrence for TP1 samples; A, B, C and D
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Figure 5-9 Comparison between the measured grain sizes for TP1 samples: A, B, Cand D

Figure 5-9 shows a comparison between the measured grain sizes for TP1 samples; A, B,
C and D. The figure shows how the measured grain size distribution increased to larger

grain size values between sample A, B, C and D, respectfully. By comparing the 1%, 2"
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and 3" Quartile values, a non-Gaussian distribution type was apparent by the separation

between the 2" and 3™ quartiles being greater than the 1% and 2™ quartiles.

Table 5.5.3 Quartile spread of each of the TP1 sample’s gran size distributions

A B C D
Number of grains analysed | 2544 1593 1805 1037
Mean (um) 288.6 | 353.1 | 415.3 | 463.3
Max value (um) 1424.0 | 1530.2 | 3484.1 | 2122.1
Upper whisker (um) 630.6 | 836.8 | 932.6 | 1045.1
Quartile 3 (um) 354.7 | 454.4 | 513.2 | 583.7
Quartile 2 (um) 233.5 | 294.0 | 348.6 | 3985
Quartile 1 (um) 170.8 | 199.5 | 233.6 | 276.2
Lower whisker (um) <0 <0 <0 <0
Min value (um) 6.1 6.1 8.8 6.0

Table 5.5.3 shows the quartile spread of each of the TP1 grain size distributions as shown
in Figure 5-9. Comparing the mean and quartile values between the samples highlights
the varying grain size distributions. In each case the mean value and the 1%, 2" and 3™

quartile values increased between samples A, B, C and D.

5.5.5.3 Kolmogorov-Smirnov test

The basis of the Kolmogorov-Smirnov test is to compare the cumulative distribution
between two samples. The test is non-parametric and as such does not assume that the
distribution follows any particular distribution type and is sensitive to a distribution’s
shape as well as its median and spread. The null hypothesis of the test is to assume that

both distributions are from the same population of data. The p-value gives the probability
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of the two distributions originating from the same population of data, i.e., the smaller the
p-value the more likely the data sets are statistically different. The value often considered
as the value threshold for determining whether two distributions are different is 0.05. As
each of the reported sample comparison p-values was less than 0.05 it can be concluded
that each of the samples were statistically different from one another, see Table 5.5.4.
However, due to the samples originating from different sized data sets the comparison
between these values would be inaccurate. A more suitable method of comparison would
be analysis between the difference in D-stat and D-crit values between each of the
statistical trials. Such a comparison yielded: A to D to be the most statistically dissimilar

distribution, followed by; A to C, B to D, A to B, B to C, then C to D.

Table 5.5.4 Kolmogorov-Smirnov statistical values for each partied variation of samples A, B, C

and D
AtoB AtoC AtoD
D-stat 0.153 D-stat 0.260 D-stat 0.365
p-value 3.49E-11 p-value 1.99E-04 p-value 1.52E-03
D-crit 0.043 D-crit 0.042 D-crit 0.050
sizel 2544 sizel 2544 sizel 2544
size 2 1593 size 2 1805 size 2 1037
Sig diff? yes Sig diff? yes Sig diff? yes
BtoC BtoD CtoD
D-stat 0.112 D-stat 0.220 D-stat 0.107
p-value 8.92E-10 p-value 8.98E-09 p-value 4.35E-07
D-crit 0.046 D-crit 0.054 D-crit 0.053
sizel 1593 sizel 1593 sizel 1805
size 2 1805 size 2 1037 size 2 1037
Sig diff? yes Sig diff? yes Sig diff? yes
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1, 13! who carried out research

Theoretically similar work was investigated by Quested et a
into the importance of the (TiB») particle size distribution for grain refinement purposes
using hypothetical log-normal distributions in a thermal model. Quested’s calculations
predict the most effective TiB> grain size, which gives the finest crystal structure, to be
0.7um in diameter, a value already comparable to the commercially available AI-5Ti-1B
grain refiners TiB; distribution of 1.0um. On either side of this value the resulting grain
diameter increase. From a decrease in TiB> diameter the increase in the resulting grain

diameter will be larger than if the TiB: particle size distribution had been increased as

shown in Figure 5-10.
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Figure 5-10 Quested et al’s!3? graph on TiB; particle size vs. resulting grain diameter

This research experimentally determined the AI-5Ti-1B to have a TiB: particle size
distribution 0f 0.27, 0.40 and 1.53pum for the d(0.1), d(0.5) and d(0.9) values respectively.
By allowing the material to settle for differing amounts of time different bands of TiB:

particle sizes were created and used for grain refinement testing.

The measured grain sizes of samples A, B, C and D were all proven to be statistically
different from one another. Sample A, the un-settled Al-5Ti-1B reference sample, gave

the smallest grain size at 289um. Sample B, which qualitatively contained the largest
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TiB> particles, had the next largest measured mean grain size of 353um. Sample C, which
contained smaller TiB> particles than sample B had a larger measured mean grain size of
415um. Sample D, with qualitatively the smallest TiB; particle size distribution had the
largest measured mean grain size of 463um. Such results were predicted by Quested,

Greer and Cooper'? and therefore can be used in support of this model.
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6 CONCLUSION

6.1 The TiB; particle size distribution

6.1.1 Best practice for the particle size analysis of TiB;

Extracted TiB> underwent particle size analysis on a Malvern Mastersizer particle size
analysis machine. Such machines report the volume based particle size distribution as
standard, a method which skews the distribution towards fewer larger particles therefore
obscuring particle size contributions from potentially more numerous smaller particles.
Hence best practice for measuring extracted TiB, was found to be a 10minute medium-
strength? ultrasonic pre-treatment procedure, incorporated to breakup any agglomerates
within the experimentally collected material, followed by ten 30 second measurement
periods from which an average particle size distribution was calculated and subsequently

transformed by the supplied software into a number based particle size distribution.

6.1.2 Al-3Ti-1B

The TiB: particle size distribution contained within Al-3Ti-1B grain refiner was
measured after dissolution in hydrochloric acid. Following conversion from a volume
based particle size distribution to a number based particle size distribution the d(0.1),

d(0.5) and d(0.9) values were measured to be 0.25um, 0.35um and 1.29um respectively.

6.1.3 AI-5Ti-1B

The TiB: particle size distribution contained within Al-5Ti-1B grain refiner was

measured following dissolution in hydrochloric acid. Following a conversion from a

2The Malvern Mastersizer’s ultrasonic probe follows a company defined scale
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volume based particle size distribution to a number based particle size distribution the
d(0.1), d(0.5) and d(0.9) values were measured to be 0.27um, 0.40um and 1.53um

respectively.

6.1.4 A205

A205 contains approximately 4.26 wt% TiB; particles, predominantly located within the
grain boundary material of the alloy. The TiB: particles were incorporated into the alloy
using the same manufacturing process as was used for the TiBAl grain refiners. The
particles from, (i). as-cast, (ii). solution heat-treated, and (iii). solution heat-treated and
precipitation hardened materials were removed from the alloy by dissolution in

hydrochloric acid for the purpose of particle size analysis.

6.1.4.1 As-cast A205

Following dissolution in hydrochloric acid the TiB2 particles collected from the as-cast
A205 underwent particle size analysis. The resulting volume based particle size
distribution was converted into a number based particle size distribution, the d(0.1), d(0.5)

and d(0.9) values were measured to be 0.36um, 0.52pm and 1.38um respectively.

6.1.4.2 Solution heat-treated A205

Following dissolution in hydrochloric acid the TiB; particles collected from the solution
heat-treated A205 underwent particle size analysis. The resulting volume based particle
size distribution was converted into a number based particle size distribution, the d(0.1),

d(0.5) and d(0.9) values were measured to be 0.25um, 0.33um and 0.90um respectively.
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6.1.4.3 Solution heat-treated and precipitation hardened A205

Following dissolution in hydrochloric acid the TiB; particles collected from the solution
heat-treated and precipitation hardened A205 underwent particle size analysis. The
resulting volume based particle size distribution was converted into a number based
particle size distribution, the d(0.1), d(0.5) and d(0.9) values were measured to be 0.27um,

0.37um and 1.06pm respectively.

6.1.4.4 TiB; particle size vs. heat treatment

The variation measured between the 3 particle size distributions was attributed to the
alloys heat treatment state and the subsequent availability of copper within the grain
boundaries to stick to the TiB; particles, hence increasing their apparent particle size.
Following a comparison of the A205 TiB; particle size distributions to the Al-5Ti-1B
TiB» particle size distribution, (a copper-free source of TiB; particles), it was found that
all of the A205 TiB: particle size distributions were larger than the Al-5Ti-1B’s TiB:
particle size distribution. The largest A205 TiB: particle size distribution was measured
from the as-cast material. Solution heat-treated and precipitation hardened A205’s TiB2
particle size distribution was smaller than the as-cast’s distribution. Solution heat-treated

A205’s TiB: particle size distribution was the smallest of A205’s TiB: size distributions.

6.2 The electrochemical purification of TiB;

In effort to remove the copper contamination from the TiB: particles extracted from
solution heat-treated and precipitation hardened A205 an electrochemical approach was
trialled. TiB> was found to be electrochemically inert between -0.197 and 1.003V vs
SHE, hence underwent an electrochemical process intended to oxidise and remove copper

from the material of interest. Comparing the pre and post electrochemically processed
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TiB> materials both the volume and number based particle size distributions reduced in
d(0.1), d(0.5) and d(0.9) values, from; (pre) = 3.0, 10.4, 23.0um, to (post) = 2.8, 9.1 and
22.8um respectively for the volume based particle size distributions, and (pre) = 0.4, 0.7,
1.6pum, to (post) = 0.3, 0.5 and 1.5um respectively for the number based particle size
distributions. As the post-electrochemically processed particle size distribution was
smaller than the pre-electrochemically processed particle size distribution the principal of
the technique can be confirmed as viable, however the experimental parameters used

would require further refinements to be deemed a truly successful process.

6.3 A205’s predicted yield strength

6.3.1 A205’s most significant strengthening mechanisms

The yield strength of A205 can be thought of as originating from both the grain and grain
boundary material, based on their respective volume fractions. The most significant
strengthening mechanism within the grain material was the Orowan mechanism, which
when applied to the Q precipitates, contributed 45% of the total predicted strength of the
fully heat treated alloy. The most significant strengthening mechanism when considering
the grain boundary material was the Coefficient of Thermal Expansion mechanism, which

contributed 27% of the total predicted yield strength of the material.

6.3.2 The Yield Strengths sensitivity to the TiB2 particle size distribution

The macrostructure of A205 was approximately split into 73% grain material and 27%
grain boundary material. The coefficient of thermal expansions strength contribution is
due to the TiB: particles contained within the grain boundary material and is calculated,

in part, with knowledge of the TiB: particle size distribution. Comparison of A205’s
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solution heat treated and precipitation hardened predicted yield strength value when
substituting, in turn, the various collected number-based TiB: particle size distributions
from; as-cast A205, solution heat treated A205, solution heat treated and precipitation
hardened A205, Al-3Ti-1B grain refiner and Al-5Ti-1B grain refiner, revealed a variation
in the predicted yield strength value of 27 MPa (8% of the total predicted yield strength
value). As the d(0.5) variation in TiB» particle size between the materials was only
0.19um it can be concluded that the TiB: particle size distribution had a significant effect
on the predicted yield strength of the alloy, and was responsible for grain boundary

predicted yield strength contribution variations of between 98 and 87MPa.

6.4 A205 microstructure

6.4.1 TiB, wt%

The A205 alloy contained approximately 4.26 wt% TiB, and had a globular
microstructure. Comparison of the standard alloy to alloys containing 2.49 wt% TiB, and
1.16 wt% TiB; revealed the measured circularity values to remain unchanged at 0.72,
0.73, and 0.74 respectively. It can therefore be concluded that a reduction of TiB, wt%

from 4.26 to 1.16 did not affect the globularity of the alloy.

Comparison of the calculated grain sizes for the standard alloy to the A205 alloys
containing 2.49 wt% TiB; and 1.16 wt% TiB: alloys remained consistent at; 21 pum, 26pum
and 22um respectively. It can therefore be concluded that a reduction of TiB, wt% from

4.26 wt% to 1.16 wt% did not affect the grain size of the alloy.
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6.4.2 Free Titanium wt%

A205 contains approximately 0.26 wt% free titanium and has a globular microstructure.
Comparison of the standard alloy to alloys containing 0.43 wt% free Ti and 0.48 wt%
free Ti revealed the measured circularity values to remain unchanged at 0.72, 0.75, and
0.74 respectively. It can therefore be concluded that raising the free titanium levels from

0.26 wt% to 0.48 wt% did not affect the globularity of the alloy.

Comparison of the calculated grain sizes for the standard alloy to the A205 alloys
containing 0.43wt% free Ti and 0.48 wt% free Ti alloys was calculated to be; 21um,
17um and 18um respectively. It can therefore be concluded that raising the free titanium

levels from 0.26 wt% to 0.48 wt% did not significantly reduce the grain size of the alloy.

6.5 TP1 Grain refinement tests

6.5.1 Settling

Al-5Ti-1B grain refiner was allowed to settle in a 0.10m crucible heated by a resistance
furnace. After a settling period of 10 minutes, the sample was allowed to cool in air.
During this time the titanium level 5Smm below the top surface of the casting had dropped
to 0.27+0.005 wt%. Approximately 25mm below the top surface the titanium level was
5.03+0.09 wt%, in the middle of the casting the Ti level was 4.90+0.09 wt %, and

approximately 10mm above the bottom of the surface the Ti level was 5.82+0.34 wt%.

Al-5Ti-1B grain refiner was allowed to settle for, 30 minutes, 90 minutes and 24 hours in
a 0.10m crucible heated by a resistance furnace before being allowed to cool in air.
Samples of each casting were sectioned approximately 25mm from the top surface, and

10mm from the bottom of the casting for ICP analysis. After 30 minutes of settling the
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TiB2 wt% in the top and bottom of the casting was measured to be 3.05 and 2.76 wt%
respectfully. After 90 minutes of settling the TiB> wt% in the top and bottom of the
casting was measured to be 4.15 and 3.90 wt% respectfully. After 24 hours of settling
the TiB2 wt% in the top and bottom of the casting was measured to be 6.04 and 7.07 wt%

respectfully.

6.5.2 Grain size

Samples taken from the bottom of the 30 minute settled Al-5Ti-1B casting, and top of the
30 minute and 90 minute settled Al-5Ti-1B castings were selected for TP1 grain
refinement tests. Comparison of the resulting TP1 samples revealed each casting to have
a significantly different grain size profile than the other settled samples -as determined
by the Kolmogorov-Smirnov test. Standard unsettled Al-5Ti-1B grain refiner, taken as a
reference sample, had the finest grain size profile with a mean value of 289um. Sample
B which used material taken from the bottom of a 30 minute settled casting had the next
largest mean grain size of 353um. Sample C which used material taken from the top of
a 90 minute settled casting had the next largest mean grain size of 415um. Sample D
which used material taken from the top of a 24 hour settled casting had the next largest
mean grain size of 463um. It was therefore concluded that unsettled AI-5Ti-1B grain
refiner had the most effective TiB; particle size required for grain refinement. 30 minute
settled Al-5Ti-1B grain refiner, with qualitatively larger TiB: particles, was a less
efficient grain refiner than unsettled Al-5Ti-1B. 90 minute settled Al-5Ti-1B grain
refiner, with qualitatively smaller TiB: particles, was a less efficient grain refiner than 30
minute settled AI-5Ti-1B. 24 hour settled Al-5Ti-1B grain refiner, with qualitatively even
smaller TiB; particles, was found to be a less efficient grain refiner than 90 minute settled

Al-5Ti-1B -a result found to be in support of Quested’s model of grain refinement '!.
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7 FUTURE WORK

Further refine the electrochemical processing procedure to remove all copper from the
experimentally collected TiB> to ensure that an accurate particle size distribution is

measured, then link to nucleation efficiency and particle pushing.

Further refine predictive yield strength equation to take into consideration all post heat
treatment precipitates, then develop additional strengthening mechanisms specific to the
grain boundary material (and its treatment as a separate strength contributor to the alloy

as a whole), and the effect of final solidified grain shape.

Develop a model which details the relationship and possible compromise between; TiB»
particle size and strength contribution through grain refinement, and, TiB: particle size

and strength contribution though grain boundary strengthening.
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