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SYNOPSIS

Aluminium powder metallurgy finds increasing use in automobile and aerospace applications,
such as low friction bearing alloys, due to the use of lightweight parts for reduced energy
consumption. Conventional press-and-sinter methods are used to produce dense components
although porosity issues remain, which have a debilitating effect on strength, hence
appropriate alloying additions need to be considered to optimise sintering. Severe plastic
deformation via Equal Channel Angular Pressing (ECAP) can be applied to green compacts or
pre-sintered samples to achieve full densities and refine the microstructure to improve

strength of powder metallurgical (P/M) aluminium alloys.

Sintering of aluminium powder is difficult due to the surface oxide layer preventing adequate
contact between neighbouring particles for the densification mechanisms to occur. Therefore
a liquid phase needs to be present to assist with sintering processes. In this thesis, solid state
sintering of pure aluminium and liquid phase sintering of an Al-Sn bearing alloy were
analysed in collaboration with industrial support. Furthermore, the use of room temperature
ECAP to produce fully dense parts from these sintered materials was investigated. The
microstructure, density, and hardness of samples were characterised as a function of sintering
time and ECAP processing conditions. This provided an understanding of the effect of
processing conditions on the resultant microstructure (e.g. grain size, porosity level,

type/amount of phases) and properties (hardness).



Cold compaction produced a non-uniform distribution of density with a more porous region

on the outside of the samples as a result of increased friction at the die wall surface.

Solid state sintering of pure aluminium powders is not effective due to the oxide layer
preventing adequate particle to particle contact. However, the application of ECAP to green
and sintered pure aluminium samples induced severe plastic deformation and broke down the
oxide layer, exposing fresh surfaces of particles to be in contact with each other and work
hardened the grains. This caused elongation in the longitudinal section and a relatively
equiaxed microstructure in the transverse section. The grains were refined from 160.77um to
118.57um while density and hardness were increased by 4% and 200% respectively after

ECAP processing of sintered pure Al samples.

For the Al-Sn bearing alloy material, sintering at or below 10 hours gave a poor response as
the liquid tin is unable to wet the aluminium. Instead it forms at the grain boundaries,
weakens the material and does not increase the density or homogenise the microstructure.
After ECAP of the sintered samples, density and hardness improved and aluminium grain
sizes were refined with the formation of two distinct regions; a denser, deformed core region
and a non-deformed skin region. The core region had tin whiskers protruding from the surface

and the skin region showed pore closure.



LIST OF ABBREVIATIONS

Abbreviation Meaning
ECAP Equal Channel Angular Pressing
SPD Severe Plastic Deformation
P/M Powder Metallurgy
SEM Scanning Electron Microscopy
EDX Energy Dispersive Microanalysis
MPIF Metal Powder Industries Federation
EBS Ethylenebisstearamide compounds
UFG Ultra-Fine Grains
LAGB Low Angle Grain Boundaries
HAGB High Angle Grain Boundaries
EBSD Electron Back-Scatter Diffraction
CIP Cold Isostatic Pressing
BP Back Pressure
T-ECAP Torsional Equal Channel Angular Pressing
FE-ECAP Forward Extrusion- Equal Channel Angular Pressing
AlPoCo Aluminium Powder Company
SEI Secondary Electron Imaging
BSEI Back-Scatter Electron Imaging
ECD Equivalent Circular Diameter
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1. INTRODUCTION

1.1. Brief history of Powder Metallurgy (P/M)

After the Second World War, the use of P/M increased due to cost savings and production of
net shape parts with close dimensional control and a series of press-and-sinter methods have
been developed since. The pressing capacity has increased from a few tonnes to several
thousand tonnes and better sintering furnaces have allowed a precise control of sintering

temperatures and atmospheres, which has led to advancement in P/M techniques [1, 2].

The development of P/M parts using new powders, improved compaction presses, sintering
furnaces and post-sintering treatments are areas of high interest in modern P/M research. It
has been shown that P/M can be used to achieve comparable tensile properties, hardness and
aging response to a high performance wrought alloy, for example, AA4032 (Al-12.2Si-1Mg-

0.9Cu-0.9Ni) [3].

More recently, P/M components are used in the automotive industry in applications such as
pistons, belt pulleys, pump gears and connecting rods. A significant development of P/M was
the self-lubricating bearing, where the network of pores is filled with lubricating oil, which

takes up 20-25% of the total volume [2].



1.2. The principles of P/M

The term ‘powder metallurgy’ refers to the process of converting metallic powders to a useful
shape via various means of consolidation into semi-finished or finished products.
Semi-finished products can be further treated by sintering or additional consolidation
techniques until a finished part is reached [4, 5]. Basic steps in the traditional process involve
producing the powder, compaction into an appropriate pre-form and sintering, which involves
“heating the pre-form to a temperature below the melting point of the major constituent”, or

additional deformation, as shown in Figure 1.1 [4, 6-8].
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Figure 1.1: The process of powder metallurgy from start to finish [6, 7].



1.2.1. The conventional PM process

The first step is powder production, followed by blending with or without lubricant, where
commercially pure elemental powders are blended together to give the desired alloy,
described in more detail in section 2.1. The powders used to generate the alloy can either be
commercially pure elemental powders or master alloys, which are composed of two or more
elements. Another type of particle available is pre-alloyed powder, where the composition of
the particle is the same throughout and can reduce the need for blending, thus saving time.
However, the pre-alloyed powder can be more expensive to produce compared to

commercially pure powders and is more difficult to compact.

Also at this stage, sieving and other processes are used to precisely control the size of the
particles, an important consideration for the way in which the powders flow and fill the die,

described in more detail in section 2.1.5 [4, 9].

The next stage of the process is compaction using specially designed die sets to produce a
green compact that has sufficient strength to be handled. In section 2.2, consolidation
techniques are described that have been developed to optimise consolidation so that better

properties can be achieved at the compaction stage [4, 9].



The samples are then subject to sintering in a controlled atmosphere, at a specific heating rate,
temperature and holding time to metallurgically bond the powder particles together, which

gives the required physical and mechanical properties, explained in more detail in 2.3 [4, 9].

Sintering and heat treatments are usually the final stage of the P/M process. However, the
properties can be further enhanced by using severe plastic deformation processing, such as
Equal Channel Angular Pressing, ECAP. The sample is pushed through a die with a channel
that bends between 60° and 160°, which can increase the density further and refine the grains
by shear deformation [10-12]. The use of ECAP as a means to consolidate aluminium

powders is described in more detail in section 2.5.

1.2.2. Aluminium Powder Metallurgy

Aluminium powder metallurgy products are mainly used in automobile and aerospace
applications due to the need for light weight parts to reduce energy consumption during
operation of components [9, 13, 14]. Such applications include camshaft belt pulleys and
bearing caps, shock absorber pistons, oil pump gears, sprockets and connecting rods [13-21].
Components that use aluminium P/M benefit from high mechanical and fatigue properties,
corrosion resistance, thermal and electrical conductivity, excellent machinability and low
density. These parts can be processed further to reduce the amount of porosity and improve

the bonding of the particles so that the properties can be enhanced [9].



1.3. The benefits of using P/M

Powder metallurgy is mainly used in order to manufacture reliable net-shaped products and is

very cost effective to produce parts, which are at, or close to, the final dimension as shown in

Figure 1.2 [9, 22]. A component can be made with minimal scrap loss compared to casting

processes as any powders that have not been consolidated can be re-used. The mechanical and

physical properties can be modified by close control of the starting materials as well as the

processing conditions and these properties can also be further improved by secondary

processing operations such as heat treatments or mechanical means [9].
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Porosity is the main problem associated with compacted powder components as this decreases
the strength, density and ductility of the part. Local stresses build up at the pores, which act as
sites for crack initiation leading to premature failure of the component [19, 23-25].
Techniques have been researched extensively such as sintering [26-28] and severe plastic
deformation [10, 29] as a means to produce near full dense, high strength PM components in

aluminium parts, which will be described in more detail in 2.3 and 2.5 respectively.

1.4. Aims and objectives of the PhD

This thesis aimed to explore the use of severe plastic deformation processing to produce fully
dense Al components from powdered starting material; to understand the microstructural
development during the ECAP process and; the relationship between microstructure and

mechanical properties such as hardness.

The aims were achieved by applying ECAP at room temperature to uni-axially compacted and
pre-sintered samples. Various aluminium powders ranging from pure aluminium to pre-
alloyed AI-20Sn-7Si-1Cu bearing alloy were used in this study. The microstructure of the
samples processed by ECAP were characterised using a combination of optical microscopy,
Scanning Electron Microscopy (SEM), and Energy Dispersive Microanalysis (EDX) to
quantify density, grain size, size distribution and confirmation of phases. The mechanical

properties of these samples were determined using Vickers hardness.



2. LITERATURE REVIEW

2.1. Production of aluminium powders

The production method of the powder has a significant influence on the final product as it can
determine particle size distribution, particle shape, size and surface oxide. Powders can be
produced by solid state techniques, such as milling. They can also be produced by liquid state
techniques such as atomisation. A brief description of mechanical milling is given in section

2.1.1 and atomisation processes in sections 2.1.2 to 2.1.3.

2.1.1. Mechanical milling

Ball milling involves mechanically breaking solid metal into smaller particles of hard
materials such as iron, beryllium and stainless steel [30]. Jars containing steel balls
(12-16mm) and the metal are rotated at high speed for several hours and the subsequent
collisions crush the metal into fine powder sizes, shown in Figure 2.1 [4, 31]. These collisions
cause fractures, deformation and cold welding of the impacted particles [30, 32-34]. This
process can be done in wet conditions using a surface-active grinding liquid, which reduces
the surface energy of the particles and decreases particle size, although the fluid might
contaminate the powders [35]. Ball milling can be used to produce ultrafine or
nano-crystalline aluminium powders, where micron sized particles with nanometre grain sizes
are formed, as well as producing composite powders such as carbon nanotubes in an

aluminium matrix [36, 37].



Figure 2.1: Ball milling procedure [4]

2.1.2. Gas atomisation

This is the most frequently used method for producing powdered aluminium alloys [38-41].
The process consists of using high velocity jets of non-inert gas (air) or inert gases (nitrogen,
argon, helium) to disintegrate a molten stream of metal into powder particles, shown in Figure
2.2 [42]. The gas pressure ranges from 0.5MPa to 4MPa and velocity ranges from Mach 1 to
3. The other parameters that determine the shape and size of the solidified powders are shown
in Table 2.1 [4, 38, 43]. The liquid stream is broken up by rapid gas expansion into a thin
sheet that forms ligaments, which are further broken down into spheroids to minimise the
surface energy, shown in Figure 2.3 [42]. The particles are separated from the gas by a

cyclone separator.
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Figure 2.2: The gas atomisation process [42].

Table 2.1: The effect of the different parameters of water and gas atomisation on the particle size
and morphology. A plus sign represents a direct relationship between particle property and a
negative sign represents an inverse relationship. A zero indicates no strong relationship [38, 43].

Parameter Mean Width of Particle Particle oxygen
particle particle size | irregularity | content (including

size distribution air atomisation)
Melt viscosity + 0 - -
Melt surface tension + 0 - -
Melt stream diameter + + - 0
Melt flow rate + + - 0
Melt velocity + + - 0
Water/gas flow rate - - + 0
Water/gas velocity - - + +
Angle - 0 + +




Figure 2.3: The three stages of break-up during atomisation [38].

A significant parameter that controls particle size is specific gas consumption, shown in

equation (2.1):

8, = KF~1/2 (2.1)

where; &, is the median diameter of the particle after atomisation; K is a function of alloy
properties and design of the nozzle; and F is specific gas consumption, which is expressed as
a ratio of gas volume to metal mass m%kg. Therefore, the median particle diameter can be
decreased from approximately 250um to below 50um by increasing the mass-flow ratio of

gas to metal from 0.3 to 2 respectively [39].
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Generally, only spherically shaped particles are produced from gas atomisation when an inert
gas is used and this tends to be used more for the production of aluminium alloys [4, 35, 44,
45]. However, when air is used for atomisation, the shape of the particles tends to be more
irregular and the presence of oxide is observed resulting from the exposure of molten metal to
air [4, 35, 44, 45]. Despite this, it was found that the oxide on aluminium alloys was similar

to that formed from inert gas atomisation [46, 47].

2.1.3. Water atomisation

Similar to gas atomisation, the material is melted in a detached furnace, then fed into a funnel
allowing a constant flow of liquid metal towards the chamber [44]. This liquid flow is shot at
by water jets positioned at a variable angle to the downward flow of the melt and the resulting
particles are collected at the bottom of the chamber as illustrated in Figure 2.4 [4]. The
velocity of the water needs to be very high (250ms™) in order that the flow of metal can be

suitably disintegrated.
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Figure 2.4: The water atomisation process [4]. The symbols in the image are as follows:

1ns— melt viscosity

ps — melt density

vs — melt surface tension
ds — melt stream diameter
gs — melt flow rate

v; — melt velocity

gw — water flow rate

v, — water velocity

a - angle between water jets and the metal stream
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The degree of disintegration depends on the pressure and velocity of the water, the angle of
the water jet to the melt flow, melt viscosity, melt flow diameter and density, shown in Table
2.1 [38, 48]. The pressure of the water jets is the main parameter that influences particle size.
Generally, water pressures between 5MPa and 20MPa produce particle sizes between
30-150um, which can be reduced to 5-20um by increasing the pressure to between
50-150MPa [4, 38, 49]. Powders produced by water atomisation include iron, nickel and its
alloys, copper and copper alloys and stainless steels, which are used in, for example, thermal

spray coatings [4, 38, 49].

Although water atomisation is a cheaper atomisation process, powder purity and the irregular
particle shape are the primary limitations, as well as oxygen contamination and formation of
hydrated layers, meaning that time spent for degassing and drying is longer compared to gas

atomisation [45, 50-53].

2.1.4. Particle analysis

Sieving and optical microscopy are commonly used to determine the size of powder particles
[4, 35, 54, 55]. Although there are various other means of measuring particle size, only

sieving and optical microscopy will be considered as these are widely used [54, 56-59].

13



Characterising particle size is difficult when powder particles are not spherical in shape [35].

The size of spherical powders can be defined using the diameter of the particle whereas other

shape factors such as length, volume and mass are considered when determining non-

spherical powders [35, 54]. For irregular particles, the ‘equivalent diameter of a sphere or

circle’ is calculated from measurements in optical microscopy [35, 54, 55]. The main problem

with referring to particle size in this manner is that the shape of the particle is not taken into

consideration and different results can be seen for the same particle [35, 54, 55, 60]. There are

many shapes that powders can form, which are shown in Figure 2.5 and these morphologies

affect the way the powder flows during packing as described in section 2.1.5.
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Figure 2.5: The different particle shapes that can form [35].
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2.1.5. Flow properties

Physical properties, such as density, compressibility and how well the powder flows, are
directly related to the particle size and how particles are distributed [61, 62]. In industry, it is
very important that the die is filled quickly and uniformly with loose powder to provide
consistent samples by mass, therefore the way the particles flow needs to be considered [35,
62-64]. Dies can be filled by gravity filling, where powder is conventionally poured in to a
moving or vibrating die, or suction filling, where punches are moved across the die opening
causing suction of the powder in to the die [65]. The flow of powder is defined as the time
taken for a mass of powder to flow through a standard sized funnel [4, 35]. The standards
have been set out in the MPIF Standard 03, where the mass of powder is 50g and the diameter

of the orifice of the funnel is 2.54mm [66, 67].

Flow is influenced by friction between the powder particles themselves and against the funnel
wall and also by the surface of the powder [62]. Finer particles, less than 60um, have a larger
surface area, which increases the frictional force of the powder and causes the formation of
stagnant regions or bridges, thus preventing free-flow through the funnel illustrated in Figure
2.6 [35, 62]. Different proportions of particles in a ‘bimodal’ size blend can provide a powder
with optimal flow properties, where the small particles fill the voids created by the large

particles as shown in Figure 2.7 [35].

15
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Figure 2.6: Particle bridging forms stagnant regions where powders do not flow [62].

Figure 2.7: Mixture of large and coarse spherical powders
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Particle shape and surface roughness also have an influence, for example, coarse dendritic
shapes have poor flow characteristics due to mechanical interlocking of particles, especially
when the width and height vary significantly [68]. For a particle to reach a mechanical
equilibrium with an ordered packing structure, it needs to have at least three points of contact
with neighbouring particles. Spherical particles are more desirable as they increase the
relative movement between particles during die filling by reducing the number of contact
points in the dynamic state [68]. Rougher surfaces cause mechanical interlocking of
neighbouring particles in the early stages of die fill, as well as increased surface area to

volume ratio, which increases friction and reduces flow [68].

2.1.6. Apparent Density

The volume occupied by the mass of powder affects the ability of industrial presses to mass
produce compacts. Apparent density is defined as the mass per unit volume of bulk powder
[35, 62]. It can be determined from the MPIF standard 04, where a cylindrical container with
a volume of 25 + 0.03cm® is filled with powder via a standard Hall Flowmeter funnel as
described in section 2.1.5. The apparent density is calculated by dividing the mass of the

powder by the volume of the container [66].

17



The efficiency of powder packing depends on particle size, distribution and shape. The

volume that gets filled depends on how the particles are aligned as they are poured [4, 62, 68].

This relates to whether or not pores will form due to mechanical interlocking or if smaller

particles position themselves in the voids between larger particles. The strongest influence on

apparent density is particle size [68]. Smaller particles have a higher specific surface, meaning

that there is more area of contact between neighbouring particles, which increases the friction

and prevents adequate flow and filling of dies [4, 35, 62]. Particle sizes under 20pum show a

significant effect on aluminium apparent density shown in Table 2.2 [62, 69].

Table 2.2: Different particles sizes giving different apparent density for aluminium powder [62]

Average particle diameter um Apparent density (g/cm?®)
5.8 0.62
6.8 0.75
155 0.98
17.0 1.04
18.0 1.09
95.5 1.22
70.2 1.25
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The limit of apparent density is reached when all of the particles have fallen into the optimum
position, although when using different size ranges, more time is spent vibrating the die to
settle these particles into place [4]. Having a higher proportion of spherical powder particles
increases the apparent density as they will move past other spherical particles without
bridging as shown in Figure 2.8 [4]. However, irregular shaped particles create empty spaces
that cannot be reached during packing [4, 62]. An excessive amount of fine particles may also
cause bridging.

Optimal bimodal
distribution

Figure 2.8: Bridging can occur in bimodal mixtures of powders if fine particle size content is
excessive [4].
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2.2. Compaction processing

Using an external force, the bulk powder is pressed into a green compact, or a pre-form, with
a desired shape and density. These compaction techniques involve particle deformation and
breaking the bridges that are formed during die fill [35, 70, 71]. The aim of compaction is to
achieve as high a density as possible, which will usually result in better green strength and
less dimensional changes during sintering [9]. A process that is widely used to produce green

compacts with high densities is uni-axial compaction.

2.2.1. Lubricant application

It is important for the powders to flow during compaction, therefore a suitable lubricant is
required that can either be blended with the powder particles (admixing) or solely applied to
the die wall and punches [72, 73]. The lubricants should not react with the aluminium powder
or the other alloying elements and it must burn off at relatively low temperatures during
sintering [21, 74]. Using admixed lubricant can have a detrimental effect on the density and
mechanical properties if the correct proportions are not used [75-78]. Typically, between
0.5%wt and 1.5%wt lubricant is used for admixed powders [75-77, 79] In ferrous P/M, some
of the lubricants used are lithium stearates, which leave deposits during sintering that have an
adverse effect and cannot be used in aluminium P/M processing [74, 80]. These deposits
prevent metallurgical bonding during sintering and therefore the admixed lubricant needs to

be completely removed at temperatures below 420°C in a non-oxidising atmosphere [81].
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The main role of lubricant is to reduce die wall friction rather than inter-particle friction [82].
Kenolube and Acrawax C (Ethylenebisstearamide (EBS) compounds) are generally used for
die wall lubrication in aluminium powder metallurgy, the compositions of which are shown in
Table 2.3 [79, 83, 84] These lubricants decrease ejection forces and reduce wear of the
tooling, an important consideration as powder particles can be quite abrasive depending on
hardness of the material [77, 81]. At room temperature, the green density achieved for Alumix
231 alloy (Al-14Si-2.5Cu-0.5Mg), did not vary significantly when using Kenolube or

Acrawax for die wall lubrication [79, 85].

Table 2.3: Composition of Kenolube used for die wall lubrication of aluminium powders [79, 84, 86]

Lubricant | Density EBS Zn-Stearate Stearic Melting Boiling

glem?® %wt %owt acid %wt | point°C | point°C

Kenolube 1.006 75 25 0 ~100-145 | 250-450
Acrawax C 0.97 98 0 2 140-145 285

2.2.2. Uni-axial compaction

This is the most common method to compact powders and is shown in Figure 2.9. First, the
lubricant is applied to the die wall then the die is filled with powders. Pressure is transmitted
via punches that move in the vertical direction in a rigid die. Either one punch is moved or
both can be moved to apply the pressure for consolidation in a floating die set-up, illustrated

in Figure 2.10 and Figure 2.11 respectively [6, 70]. Then the sample is ejected from the die.
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Figure 2.9: The die fill, pressing and ejection stage of cold compaction [4]
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Figure 2.10: Single acting punch applying pressure in compactions. There is non-uniform
densification of the powders, where the shaded area shows highest densification [6].
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Figure 2.11: A floating die set-up with two moving punches. Densification is more uniform but still
not homogenous [6].
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In uni-axial die compaction, there are four stages of densification as shown by the
compressibility curve in Figure 2.12 [17, 42, 87, 88]. The first involves particle
rearrangement, whereby particles move past each other and settle in the optimum position,
depending on their size and shape characteristics [8, 17, 87-91]. As was mentioned in section
2.1.5, higher friction exists between smaller particles, which restricts their ability to flow past
each other and this is also the case during compaction [8, 17, 65, 87-90]. When the powders
are loosely settled upon die filling, there is an interconnected porous network. As
densification proceeds, more contact points or asperities are created between the powder
particles, which subsequently cause isolated porous networks in the compact and breaks down
the bridges that were formed in die filling [8, 70, 71, 76, 90]. The asperities on the surface of
the particles merge together and form bonding surfaces between neighbouring particles,
which develops several cold welding spots due to the strong shearing along the contact

surfaces [8, 76, 87, 90].
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Figure 2.12: Compressibility curve showing the different stages of compaction [42].
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The second stage involves localised elastic deformation of the particles, where compression
occurs at the asperities between neighbouring powders, isolating the pore network via neck
growth of the deformed contact region [17, 65, 87-92]. As compaction increases past the yield
strength of the material, local plastic deformation of the contact points occurs and the material

begins to flow in to inter-particle voids.

Strain hardening occurs due to the plastic deformation, which increases the particles
resistance to further deformation and prevents additional densification as compaction
processing increases [71, 76, 77, 88, 89]. The work hardening effect is described in more
detail in section 2.5.2.4. The points of contact between the particles, at this instant in the
compaction process, have grown and created isolated pores [91]. This gives high local density
where pores remain closed, as shown in Figure 2.13b for pure aluminium powder particles
cold compacted at 245MPa [93]. The final stage generally occurs at very high pressures where
plastic deformation cannot proceed due to a lack of porosity and the compact behaves like a

fully dense body [71, 76, 88].

24



Figure 2.13: Etched pure aluminium powder compacted at 245MPa where a) shows the top surface
of the compact with many pores (black regions) and b) shows local areas of higher density inside
the sample [93].
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2.2.2.1. The Heckel relationship

The Heckel relationship is used to describe the relationship between relative density and

compaction pressure, shown in equation (2.2) [94, 95];

(2.2)

1-D

where, In is natural logarithm, D is the relative density of the compact (pmeasured/Ptheoretical), P 1S
compaction pressure, ky and A are constants. By plotting lnﬁ against P, a linear

relationship is given and the gradient gives the value for ky which is related to yield stress,

oy, by equation (2.3) [79, 95]:

1 (2.3)

The value ky is used to determine the mechanism of deformation of a material and if the
gradient is shallow then yield strength of the material is high [79, 96]. This means it is more
difficult to induce plastic deformation of the powder particles during compaction [79, 96]. A
Heckel plot generally has a linear part with curves at the low and high pressure end, as shown
in Figure 2.14. The linear region of the curve describes plastic deformation of the material,
whereas the non-linear region at low pressure is related to particle movement. The transition
between these two regions relates to the minimum pressure required to form a compact [79,

96].
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Figure 2.14: A typical Heckel plot of lnﬁ versus compaction pressure [79, 96].

2.2.3. Non-uniform transmission of pressure throughout compaction

During the uni-axial compaction process, the pressure transmitted may not be uniformly
distributed throughout the sample, shown in Figure 2.13 [87, 88]. When the pressure is only
applied by one punch, the maximum densification occurs directly below the punch surface as
that is where the force is applied from and the particle movement is greatest [97]. Friction
between the particles prevents adequate re-arrangement, which means that the powder may
not be consolidated in the central section of the part as the force has not been transmitted all
the way through as shown in Figure 2.10 [6, 98]. For compaction of thicker parts a double-
acting press and two moving punches in the floating die arrangement can provide better
densification but the transmission of force is still not uniform throughout the compact, shown

in Figure 2.11 [6, 99].
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The way the powders flow in to the die also has an influence on the transmission of pressure.
Although pressure is in the longitudinal direction of the sample, there can be variations of
density around the edges of the transverse cross-section as shown in Figure 2.15 [100]. This
results from high areas of friction at the die wall preventing uniform flow, even with applied
die wall lubricants, and it is this friction between the tool and the powders that affects the

compaction process in terms of density distribution, pressing forces and cracks [100, 101].
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Figure 2.15: High porosity regions appear at the edges of the die where the particles do not flow
uniformly due to die wall friction [100]
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2.3. Sintering

2.3.1. Basic principles

Sintering involves heat treating a green compact in order to improve its density and
mechanical properties [35, 102]. By optimising the sintering temperature, atmosphere, time,
heating and cooling rates, the microstructure can be controlled in terms of grain size and
density so that a fully dense component is produced [102, 103]. The driving force for
sintering is a reduction in the free and interfacial energy of the compact created by the free

surface and pores, which can be achieved by decreasing surface curvatures [79, 102].

There are four main stages involved in sintering, which are illustrated in Figure 2.16 [79]. The
first stage of sintering involves re-organisation of particles where points of contact between
neighbouring particles are made, shown in Figure 2.16a [35, 79, 102]. This is followed by
initial creation of necks between the particles by reducing the surface oxide layer via reactions
between the furnace atmosphere and the oxygen in the oxide layer, shown in Figure 2.16b
[35, 79, 102]. The next step is the growth of these necks, which is driven by a reduction of
interfacial energy at the grain boundaries and particle surface as the movement of metal atoms
is enhanced and the pores re-arrange themselves, shown in Figure 2.16¢ [35, 79, 102]. The
final stage involves grain growth and elimination of pores at the grain boundaries, shown in

Figure 2.16d [35, 79, 102].
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Figure 2.16: A simplified diagram illustrating the four stages of sintering where; a) is point contact;
b) is initial stage; c) is intermediate stage and; d) is final stage [79].

There are two major categories of sintering; solid state and liquid phase. The temperature at
which these two mechanisms occur is illustrated in Figure 2.17 for an alloy with composition
X, where T; indicates solid state sintering and T, indicates liquid phase sintering [102]. Solid
state sintering takes place when the green compact is still solid, whereas liquid phase sintering
occurs when the temperature increases above the melting point of one of the alloying
additions and a liquid phase is present in the compact [35, 102]. Material variables such as
composition, powder size and shape and process variables such as sintering time, atmosphere

and temperature all influence sinterability and microstructures of powder compacts [26-28].
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Figure 2.17: A generic binary phase diagram to illustrate when solid state and liquid phase sintering
occur [102].

2.3.2. Solid state sintering

Here, diffusion between powder particles in the solid state causes densification. The reduction
in free energy between the free surfaces and contact points of particles is the driving force of
solid phase sintering [79, 102, 104]. The reduction in surface energy can be achieved by
forming low energy solid-solid interfaces, for example grain boundaries, which replace the
higher energy solid-vapour interfaces. Other diffusion mechanisms are shown in Figure 2.18
[104, 105]. Bulk pressure, vacancy concentration and vapour pressure induce material

transport from the solid particles to particle necks [104, 105].
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Figure 2.18: The different material transport paths during solid state sintering [105].

Shrinkage occurs as material is removed from the regions of contact between powder particles
via grain boundary diffusion and this reduces the distance between particles [79, 104].
However, the distance between particles can also increase as a result of material transport
from the particle surface to the particle necks and neck growth occurs due to material being

redistributed [79, 102, 104].

There are three main stages in solid state sintering shown in Figure 2.19. The first stage
involves formation of necks at the contact points between particles, which grow with
increasing sintering time and the interconnected pores have an irregular shape (Figure 2.19a).
The intermediate stage involves mass flow of material due to the curvature gradient near the
necks, which leads to considerable densification and rounding of the pore structure at the
junction of grains (Figure 2.19b). This also causes an increase in grain size. At the final stage,
the rate of densification is very slow and the pores become closed off and isolated (Figure

2.19¢) [79, 102, 104, 106].

32



Figure 2.19: Solid state sintering mechanisms [106]

2.3.3. Wetting

Wetting relates to the equilibrium between solid, liquid and vapour phases in sintering, the
degree of which can be determined by the wetting angle. The wetting angle is the angle
between the solid-liquid interface when a liquid droplet occurs on a solid substrate as shown
in Figure 2.20 [102, 107]. This angle depends on the balance between the solid-vapour,

liquid-solid and liquid-vapour interfaces, shown in equation (2.4):

Ysv = VYsi + YLvcoso (2.4)

where vy is the interfacial energy, subscripts S, L and V are solid, liquid and vapour
respectively and 0 is the wetting angle. The total free energy of the system must decrease so
that the liquid wets the solid. Depending on the contact angle, either swelling or shrinkage
will occur. Decreasing 6 favours wetting and causes liquid to spread over the solid grains, as
shown in Figure 2.21 [102, 107]. This spreading of the liquid encourages capillary forces
which attract particles together to increase density and cause shrinkage as sintering
progresses. Increasing 0 hinders wetting as it causes liquid to retreat from the solid and leads

to swelling and liquid being exuded from surface pores, shown in Figure 2.21 [102, 107].
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Figure 2.20: An illustration to show wetting angle and interfaces between a solid and liquid [102].
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Figure 2.21: Good and poor wetting of liquid on a solid [102].

The likelihood of the liquid wetting the solid depends on surface chemistry. When the liquid
has a high attraction to the solid, the wettability is increased. If there are no impurities on the
base metal surface, then it is wet by another metal with a high solubility in the base metal
[102, 108, 109]. For aluminium alloys, the oxide layer has a negative effect on sintering as it
prevents good wetting behaviour. This surface chemistry can be optimised by sintering in an
inert or reducing atmosphere. An example of a material with poor wetting characteristics is

shown in Figure 2.22 for an Al-8Sn alloy, where tin is exuded from the surface [103].
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Figure 2.22: Liquid tin exuded on the surface of Al-8Sn after sintering at 620°C [103].

2.3.4. Liquid phase sintering

In liquid phase sintering, the compact densifies by liquid formation, which enhances atomic
diffusion and increases the rate of microstructural changes due to a faster rate of material
transport through the liquid via capillary action [102, 110]. This is a result of the lower
surface energy at solid-liquid interfaces in liquid phase sintering than at solid-vapour

interfaces in solid state sintering [79, 110].
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Aluminium oxide is always present on the surface of the particles from atomisation [103]. The
oxide layer is difficult to overcome in solid state sintering as there is no metal-to-metal
contact between neighbouring powder particles, which is essential [79, 111]. The use of liquid
phases also improves the sintering of aluminium alloys as the solid particles are wetted and
gives a higher diffusion rate of material through the oxide. In order for liquid phase sintering

to be effective, the following criteria must be met:

e There should be a metal with a melting point below the main constituents, which aids

the development of the liquid phase;

e The solid solubility of the additive in the base material should be lower than the base
in the additive. This prevents the additive dissolving in the base and allows more

liquid phase for sintering;

e The base materials should have high diffusivity in the liquid so mass transport is

increased [112-115].

The amount of liquid in the system has an influence on shrinkage and dimensional changes in
the final part. Low liquid volumes retain the shape and dimensions of the sample although the
densification may be hindered due to the resistance of the solid phase [105, 116]. Conversely,
high liquid volumes can lead to large amounts of shrinkage although some dimensional

changes and distortions can occur [117-119].
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There are three main stages in liquid phase sintering which are particle re-arrangement,

solution re-precipitation and solid-state sintering, shown in Figure 2.23 [110, 120, 121]. As

the temperature increases above the solidus temperature of the alloy, the liquid forms and

spreads into fine capillaries between the solid particles. Particle re-arrangement occurs when

the solid particles are redistributed due to the liquid flow, which is followed by

solution-reprecipitation, with elimination of pores and grain growth occurring simultaneously.

The final stage consists of very slow sintering rates, similar to solid state sintering, where the

system contains rigid solid grains and liquid in between them [110, 120, 121]. These events

are described in more detail in subsequent sections.

Initial state

Mixed powders
P ) a
/) s~ >
< \

Q"
additive
pore

rearrangement

final densification

£ .\“.
- ' & A
o
\ .
\

Solid state

solution-reprecipitation

Figure 2.23: The microstructural changes in liquid phase sintering [110]
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2.3.4.1. Particle re-arrangement

The liquid that forms in the initial stages of heating flows into porous areas created by the
gaps between solid powder particles, which can be moved as a result of this liquid flow due to
capillary forces [121-123]. The solid grains dissolve in to the liquid even more as sintering
progresses, which allows pores to be filled by the liquid and is an essential process in
achieving optimum density as well as grain growth [102, 108, 109]. Rapid shrinkage occurs at
this stage, although expansion events possibly occur as well from liquid penetrating through
the solid grain boundaries and formation of new contacts at the onset of liquid phase sintering

[102, 108, 109].

Having a low contact angle between the solid and liquid phases increases the attraction
between the wetted particles, which facilitates particle re-arrangement and shrinkage by
capillary forces. Conversely, a high contact angle increases the repulsive forces between
particles and leads to swelling. The first stage of particle rearrangement is indicated by the
formation of clusters of wetted particles due to random packing of the powders and

non-uniform distribution of the liquid [124].
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The second stage of particle rearrangement involves particle break-up and liquid flow into
grain boundaries due to the initial liquid being under-saturated with solid and not of an
equilibrium composition. A low wetting angle is essential for the liquid to break-up the solid
particles [110]. The inter-solubility between solid and liquid facilitates particle rearrangement
and when the solid-liquid surface energy is lower than the solid-vapour surface energy,

viscous flow occurs.

2.3.4.2. Solution re-precipitation

The next stage of liquid phase sintering is determined by the solubility of the solid in the
liquid [102, 110]. This involves grain growth, further densification and shape alterations,
which all occur simultaneously. The material transport mechanisms consists of Ostwald

Ripening, contact flattening and solid-state bonding, illustrated in Figure 2.24 [102, 110, 121].

(a) (b) (¢)
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Figure 2.24: The different material transport mechanisms of solution-reprecipitation; a) contact
flattening, b) Ostwald ripening and c) solid state bonding [110]
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2.3.4.3. Contact flattening

The capillary forces and surface tension of the wetting liquid pulls the grains together [110].
The solid is dissolved into the liquid at the contact point as a result of the concentration
gradient, shown in Figure 2.24a [110]. The subsequent diffusion of the solid phase reduces
the concentration gradient, which causes the material to re-precipitate to a “lower free-energy
area” away from the contact point, such as the surface of the neck regions [110, 125]. This
leads to shape changes, as the contact area increases, and densification, due to movement of
the particles towards each other [125]. Pore shrinkage occurs simultaneously and the
densification rate depends on material transport rate. The densification rate decreases when

the rate of solid diffusion decreases.

2.3.4.4. Ostwald Ripening

Ostwald ripening is the process whereby small particles dissolve and larger ones grow, as
shown in Figure 2.24b [126]. Smaller particles have larger surface areas and a higher free
energy, which means they have a higher solubility in the liquid, creating a concentration
gradient between different particle sizes [102]. The concentration gradient and the difference
in free energy between finer and coarser particles are the driving force for diffusion of atoms
via liquid phase [102]. Therefore the growth of the large grains decreases the net energy of the

system and the shape of the large particles changes to allow better packing of the solid [102].
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2.3.4.5. Solid state bonding

Diffusion of material via the solid diffusion path leads to growth of contact points between
different grains, shown in Figure 2.24c. The diffusion along the wetted grain boundary allows
the necks to grow, which results in change of grain shape and densification due to the
reduction in distance between the centres of the grains. The neck growth of the grains replaces

the region occupied by the solid-liquid interface [102, 110, 126].

2.3.4.6. Pore filling

The driving force for pore filling is the reduction in liquid pressure between the pores and the
liquid between the grains. Grain growth and grain shape changes cause densification by pore
filling as illustrated in Figure 2.25 [102]. Smaller pores have a greater attraction for wetting
liquid due to higher capillary forces. Larger pores, which are surrounded by grains smaller
than the diameter of the pore, remain stable due to capillary forces retaining the liquid
between the grains in small channels [109]. Pores are removed when the growth of the grains
reaches a threshold whereby liquid flow in to the pore is favoured. This threshold depends on
pore size, grain size, the liquid meniscus radius and the contact angle between the meniscus,
shown in Figure 2.26 [109]. As the grains grow, the meniscus radius also grows, which
reduces the capillary gradient. Liquid flows into the pores when the pore size and meniscus

radius are equal as this will reduce the liquid pressure [110, 127].

41



Figure 2.25: Microstructure of Mo-4Ni; a) before and; b) after pore filling [102]

miniscus radius

grain size

= pore size

Figure 2.26: A model for pore filling when spherical grains surround a large pore [109]
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2.3.4.7. Microstructural coarsening

The final stage of sintering occurs at a lower densification rate due to the microstructure
consisting of interconnected solid grains with liquid filling the spaces between them.
Therefore the energy configuration between the solid and liquid phases is reduced to a
minimum. Densification via diffusion of material is still occurring at a lower rate, although it
contributes to grain coarsening. Diffusion, solubility of the solid in the liquid phase, pore

characteristics and entrapped gas have a significant influence on densification [110, 124].

If the solid solubility in the liquid is low, then densification is mainly dominated by solid state
sintering. Conversely, if solubility of solid in liquid is high, then the solution re-precipitation
stage of liquid phase sintering is prolonged. As the contact points between the solid grains

flatten, the rate of densification via solution re-precipitation decreases [110, 124].

Trapped gas inside the pores can become pressurised, which is not often anticipated. This will
prevent complete pore closure and hinder densification if short sintering cycles are used. For
longer heating, pores can grow and join together due to Ostwald Ripening, with large pores
growing from smaller pores due to a need to reduce the pore pressure. This causes swelling of

the compact rather than shrinkage and thus reduces the density [110, 124].
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2.3.5. Transient liquid phase sintering

This process involves forming liquid phase in the initial stages of sintering, which disappears
as sintering progresses due to solubility mechanisms and forms a solid solution [128, 129].
From Figure 2.27, the temperature for transient liquid phase sintering, T, occurs just above

the eutectic temperature but below the solidus line [110].
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Figure 2.27: A phase diagram to show the different types of sintering at various temperatures for
an alloy X; [110]
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The base material needs to have a high solubility in the alloying material at the sintering
temperature. There should also be sufficient formation and duration of the liquid phase, along
with rapid re-solidification to achieve high densification and prevent swelling from
homogenisation [128]. The liquid spreads through the compact as a result of capillary forces
and the material transport mechanism is enhanced, which leads to particle re-arrangement and
densification [110]. The formation of liquid in transient liquid phase sintering occurs at a
lower temperature than that of liquid phase sintering, which results in rapid densification and
possible high densities with homogenous dimensional changes and less coarsening of the

microstructure [128].

2.3.6. Supersolidus liquid phase sintering

Pre-alloyed powder particles are heated between the solidus and liquidus temperatures,
whereby densification occurs due to viscous flow, which is driven by the capillary forces
acting on the semi-solid structure, shown in Figure 2.28 [130]. Liquid forms at contact points
and grain boundaries at the sintering temperature, which is shown in Figure 2.28b, followed
by densification via capillary forces exerted by the liquid at particle necks, shown in Figure
2.28c. The liquid at the grain boundaries softens the particles and the grains are able to slide

during densification [131].
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Figure 2.28: Supersolidus liquid phase sintering densification by; a) initial packing of the particles;
b) initial liquid formation; c) densification via viscous flow and; d) final sintered microstructure
with closed, spherical pores [130].

The densification mechanism depends on the amount of liquid in the system and higher liquid
contents are more desirable as the rate of densification increases by particle re-arrangement,
contact flattening, grain shape changes and removal of porosity [132]. However, more liquid
causes a reduction in the structural stability of the compacts and undesirable shape distortion.
Therefore deliberation is needed over the liquid content, which can be optimised by altering

sintering temperature, time and composition of the powder [132].
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2.3.7. Sintering parameters

2.3.7.1. Particle size

Particle size influences curvatures, contact stresses and capillary forces in liquid phase
sintering. Decreasing the particle size increases the driving force for sintering to reduce the
interfacial area between the pore and the solid, which would decrease the free energy of the
system [110]. The densification rate is improved with smaller particle sizes, which
subsequently increases the sintering density for fixed sintering conditions as shown in Figure
2.29 [133]. Furthermore, decreasing the particle size increases the capillary force between
particles and solubility of solid in liquid, which facilitates particle rearrangement and
solution-reprecipitation [133]. This is due to more particle contacts and necking between the

particles being formed with smaller particles, providing better material transport [133].
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Figure 2.29: Relative density of alumina-glass powders with different particle sizes sintered at
1600°C at various lengths of time [133]
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2.3.7.2. Particle shape

With irregular shape, less rearrangement occurs due to higher friction between particles.
Despite this, use of a wetting liquid can induce particle rearrangement by creating a torque,
which rotates the particles and brings flat surfaces in to contact [134]. Increasing the liquid
content increases the torque and thus more particle rearrangement occurs. Spherical particles
respond more readily to capillary forces compared to irregular shaped particles, meaning that

more uniform microstructures can be formed [134].

As solution-reprecipitation processes dominate, the initial particle shape has little effect. It has
been reported that the use of irregular shape particles lead to a higher sintered density of 90%
for an Al-4Sn alloy compared to 70% for spherical powders. This was attributed to the surface
oxide being broken down due to differences in thermal expansion between the oxide and the

aluminium particle [135].

2.3.7.3. Sintering atmospheres

The sintering atmosphere can alter the chemistry of the compact due to reactions between the
atmosphere and the material. A protective atmosphere helps prevent adverse reactions,

reduces the surface oxide to aid particle contact and remove lubricants [35, 110].
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2.3.7.3.1. Pure gases

Hydrogen is used as a reducing atmosphere mainly for stainless steels, tungsten carbides and
ceramics [35]. All of the oxygen and moisture needs to be removed from the sintering furnace
before hydrogen is applied in order to prevent oxidation. Generally, hydrogen as a sintering

atmosphere is limited due to the high cost and handling problems [35].

Inert gases, such as helium or argon, are the most expensive gases to use for sintering and are

usually only used for highly reactive materials such as titanium and zirconium alloys [35].

Nitrogen has been proven to improve sinterability of aluminium-based alloys and it is
relatively cheap compared to hydrogen, helium and argon. When aluminium is sintered in an
atmosphere of nitrogen, it forms AIN, which forms a pressure gradient between the internal
material atmosphere and the external atmosphere, which induces pore filling [114, 136].

Therefore, pore filling is a very significant densification mechanism for aluminium sintering.

Nitrogen can also be mixed with small amounts (<5%) of hydrogen to give a sintering
atmosphere with low water vapour and reducing effects. However, this mixture has been
detrimental to pore filling and lead to minimal shrinkage and densification of aluminium

alloys [114, 136, 137].
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2.3.7.3.2. Vacuum sintering

A desired pressure of the furnace is acquired by using a rotary or diffusion pump and
maintained throughout sintering. There is no interaction of gas with the material, thus
protecting it from oxidation. This is mainly used for materials such as titanium, zirconium,
beryllium and tool steels, which react readily with oxygen, moisture and hydrogen. It is a
relatively cheap process as the only costs are vacuum operation and oil for the pumps,

although the production rate is low and making it a continuous process is difficult [138].

2.3.7.3.3. Dissociated Ammonia

Dissociated ammonia normally contains 25% volume of nitrogen to 75% volume of hydrogen
and is a low cost alternative for pure hydrogen. This is produced by evaporating liquid
ammonia and subsequent dissociation at temperatures between 900-1000°C using Ni or Fe as
a catalyst. The resulting gas is high purity, CO-, CO,- and O,- free and is adequately dry to be
used in the furnace. It is normally used for sintering of steels, brass, copper and aluminium

[139].
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2.3.7.4. Sintering time

It is important to allow sufficient time for sintering mechanisms to take place. The majority of
densification occurs in the first 20 minutes with longer times aiding further pore elimination.
Conversely, having too long a sintering time can lead to microstructural coarsening and
decrease the strength of the final sintered material [110]. The mechanism of
solution-reprecipitation causes increased grain size due to larger particles growing at the
expense of smaller ones and increasing sintering time means there is more time for coarsening
to occur [140, 141]. This theory is based around Ostwald ripening and is described in

equation (2.5):

G3=G3+ Kt (2.5)

where G is grain size, Gy is initial grain size, K is temperature-dependent grain growth rate
constant and t is length of time that the sintering temperature is maintained [140, 141]. K is
sensitive to temperature as other factors such as solubility, diffusivity, surface energy and
solid-liquid ratios change with temperature and is shown in equation (2.6):

X 64 DsCQys, (2.6)
9 RT

where Ds is solid diffusivity in the liquid, C is solubility of solid in the liquid, Q is the solid
molar volume, ys,_ is the surface energy of the solid-liquid surface, R is the gas constant and T

is absolute temperature [110].
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However, these models assume that the solid has been uniformly dissolved in the liquid and
thus takes an average. This means that the rate of growth or shrinkage for a given grain would
only be a function of its relative size compared to the mean size; in other words, small grains
dissolve and larger grains grow [110, 141]. The local surroundings of the grain are important
and can cause large grains to shrink and smaller ones to grow as shown in Figure 2.30 [142].
Along with coalescence and an absence of solution-reprecipitation at pore-solid contacts,
these factors make prediction of grain growth behaviour throughout solution-reprecipitation

very difficult [110, 141].
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Figure 2.30: A graph showing grain size against sintering time for lead-tin, showing that grain
growth depends on local environment of the grains [142].
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2.3.7.5. Sintering temperature

The temperature relates to the formation of liquid that is able to wet the particles, thus giving
desired densification. It also influences diffusion rates and the solid solubility in the liquid
during liquid phase sintering. Increasing the sintering temperature causes an increase in
relative densities as it facilitates particle re-arrangement and solution-reprecipitation
mechanisms by decreasing liquid viscosity and increasing the solid solubility in the liquid,
subsequently increasing the rate of material transport [141, 143, 144]. However, at lower
temperatures, densification rate is low due to slow solid diffusion kinetics and low solubility
of the solid in the liquid. Therefore achieving an optimum sintering temperature is important

to reduce microstructural coarsening and shape distortions, yet increase densification.

2.4. Aluminium P/M

2.4.1. Applications of aluminium P/M

High strength-to-weight ratios, high thermal and electrical conductivity, high corrosion
resistance, low thermal expansion and low density are attractive properties for the use of
aluminium P/M in automotive and aerospace applications such as pistons for shock absorbers,
camshaft bearings, pulleys, rod guides and brake callipers [20]. Aluminium P/M research is

still relatively new compared to ferrous P/M, with limited applications [3].
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As the automobile industry is the main consumer of powder metallurgy, one important aspect
is to reduce mass of car engine components. In order to save weight in automobiles, light
weight aluminium powder alloys have been increasingly used in recent times because of its
low density and the versatile use of the powders in terms of producing complex geometries

with a minimal amount of waste [15-17].

Some examples for the applications of aluminium parts, mainly in automobiles, are in the
cam-phaser system in the BMW M3 [18]. Other examples for the use of aluminium powder
parts is for the rotor, sprocket pulleys, rod guides, shock absorber pistons, oil pumps and

transmission gears [19-21, 145].

The sintering of aluminium P/M components is a key process and the thermodynamically
stable oxide layer, which can only be reduced at 600°C with an oxygen partial pressure of
<10™%tm, is a hindrance to this [103]. Therefore, compaction and liquid phase sintering are
important for metal-to-metal contact and diffusion mechanisms. Aluminium P/M components

are conventionally sintered in a nitrogen atmosphere to form aluminium nitrides, AIN.
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2.4.2. Alloying additions

Pure aluminium has low strength and is not desirable for structural components, therefore the

use of alloying additions are required to improve mechanical properties and sinterability.

2.4.2.1. Copper alloying additions

Copper is usually included in aluminium alloys to provide strength by precipitation hardening

[146, 147]. In the binary phase diagram of aluminium and copper, a single liquid phase exists

where the aluminium is soluble in copper, L, and at 548°C the maximum solid solubility of

copper in aluminium is 5.65%, circled in Figure 2.31 [148]. The eutectic composition consists

of (Al) and Al,Cu [103].
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Figure 2.31: The Al-Cu phase diagram [148].
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As the temperature rises during sintering, liquid forms at 548°C at the Al-Al,Cu boundaries.
The copper in the liquid moves into solution in the aluminium and is converted into Al,Cu
intermetallics, which are maintained by solid state diffusion from neighbouring copper
particles until the copper has been depleted [103]. Al,Cu normally forms in these alloys and
can be used to promote age-hardening mechanisms [146, 149]. However, if they form at grain
boundaries in P/M components, they can weaken the material. If the copper content is low,

the liquid will be completely absorbed into the aluminium particles [150].

2.4.2.2. Silicon alloying additions

The phase diagram for a binary Al-Si alloy is shown in Figure 2.32 [151]. The eutectic
composition is approximately Al-12.6Si at a temperature of 577°C. At equilibrium, the
aluminium rich solid solution has 1.65%wt silicon at 577°C and the solid solubility of silicon

in aluminium decreases to 0.1%wt below 300°C [152].
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Figure 2.32: Al-Si phase diagram [151].
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Al-Si alloys are used in gears and other components requiring high wear resistance. Alloying
aluminium with silicon improves wear resistance and strength, increases operating
temperatures and lowers the thermal expansion coefficient [146, 149, 153]. Hypereutectic
Al-Si alloys have excellent wear resistance, low weight and low thermal expansion and are
produced either by casting or via P/M. However, crystallisation of large primary silicon
particles in the casting process produces non-uniform microstructures, which is detrimental to

the final component [146, 149, 153].

2.4.2.3. Tin alloying additions

The characteristics of a binary aluminium-tin phase system are ideal for liquid phase sintering
as the melting point of tin, 232°C, is significantly lower than that of aluminium, 660°C, and
there are no intermetallic phases as shown in the phase diagram in Figure 2.33 [103, 154,
155]. Aluminium is wholly soluble in liquid tin and it has a very high diffusivity, particularly
when used in an atmosphere of nitrogen [103, 114]. Some research indicates that tin can stop
AIN formation in an oxygen free environment as tin moves to the surface of the aluminium in
a binary Al-Sn alloy [115, 156, 157]. This leads to poor sintering responses and significant

swelling when tin content >2 wt% due to the inability of tin to wet aluminium [115, 158].
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Figure 2.33: The Al-Sn phase diagram [155].

However, trace elements of tin, 0.05wt%, have a beneficial effect on sintering by potentially
diffusing in to the vacancies in the aluminium matrix ahead of copper in an Al-4Cu-0.15Mg
alloy [159]. Furthermore, an addition of 1.5 wt% of Sn in a Al-1.5Mg alloy improved the
sintered density to 99.5% of the theoretical compared to 92.4% without [115]. In the binary
alloy, tin stopped AIN formation, whereas in the presence of elemental magnesium,

nitridation still occurred but at a reduced rate [115].

Aluminium alloys with a higher tin content up to 20wt% and even 45wt% are primarily used

in bearing applications, which are described in more detail in section 2.4.3.
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2.4.3. Aluminium Bearing alloys

2.4.3.1. Introduction

A bearing alloy is essential in applications where metals experience contact with another
surface during sliding under pressure and they are designed to provide free movement
between the two surfaces in sliding contact [160]. The aim is to maintain the operation of a
system for as long as possible without the use of lubrication [161]. These alloys mainly find
their use in automotive applications such as diesel engines, where lower fuel consumption and
exhaust emissions are required in a high pressure, high temperature environment as well as

having a higher fatigue resistance [162, 163].

They mainly contain a hard phase to provide strength and an easily sheared soft phase to
allow uniform properties throughout the structure [164]. The matrix can either be soft with
hard phases interspersed or vice versa. In a soft matrix, the hard particles may be crushed or

pushed down from the surface upon sliding contact and lose their efficiency [161, 165].
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2.4.3.2. The history

The initial interest of aluminium alloys for sliding bearings arose in the 1930s as they could
withstand high loads, had high thermal conductivity, corrosion and fatigue resistance, without
the complications of using Cu-Pb alloys [166, 167]. Such complications resulted from the
toxicity of lead and the material being banned by the European Commission for use in cars
[164]. Tin was then used as an alloying addition, typically up to 7%, to increase softness.
Although the main problem with this alloy comes from the high coefficient of thermal
expansion of aluminium, preventing the ability of the alloy to retain its shape at high

operating temperatures in modern engines [167].

Traditional manufacture of bearing alloys has involved melting and casting ingots, rolling the
ingots out and bonding them to a steel-backing to prevent distortion [165, 166, 168].
Achieving an even distribution of tin throughout the alloy in casting is difficult due to the
difference in density between aluminium and tin, causing segregation through gravity during
melting [166, 169]. Controlling the growth of the aluminium phase is paramount and can be

done by grain refinement at the ingot production stage via rapid solidification [166].
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Aluminium bearing alloys with varying amounts of hard phase, silicon, and a soft phase, tin,
are cast from high purity materials and either annealed at 350°C for two hours and slowly
cooled or heat treated at 500°C for 20 hours and annealed at 175°C for 50 hours [25]. A steel
backing is then attached to the bearing alloy, which provides some support although the
aluminium oxide layer prevents a close contact between the two surfaces, meaning that severe

cold rolling has to be done to facilitate the bonding [167].

Powder metallurgy provides an alternative way of developing bearing alloys. In a set-up
similar to atomisation, the steel backing, or substrate, is placed at the bottom of the chamber
and the droplets fall on and adhere to the surface, which is shot blasted prior to the process
[170]. By using this route, the thickness of the deposited layer can be controlled easily by
adjusting the volume of melt delivered in to the system. Once atomisation is complete, the
composite is rolled at elevated temperatures in order to suitably bond the steel and bearing

alloy [171].

During operation, the bearing alloy will experience friction and wear. Fretting occurs when
two materials undergo small amplitude oscillating movements when in contact [172]. Such
contact takes place in disks that are fitted to rotating shafts or in riveted and bolted joints. As
the components are in constant contact during fretting, the wear debris remains trapped at the

interface, leading to seizure [170].
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Furthermore, when a fatigue crack develops in the bearing strip, it propagates towards the
steel backing and thus increases the risk of seizure [173]. Cracking of the bearing alloy causes
aluminium to be exposed and form an alumina layer, which cracks and fragments into debris
around the regions of wear [170]. Seizure resistance or compatibility is an important
consideration for bearings as there needs to be high resistance to physical welding via friction

to the shaft in contact with the bearing [174].

It has been found that the optimum tin content is 20%, which gives the highest seizure
resistance. However, thin films of tin surround the aluminium grain boundaries and can
decrease the strength of the alloy [164, 167, 175]. This is known as a reticular structure and
typically forms when tin content is in excess of 16%, whereas below this, tin forms distinct
particles or pools at the corner of the grains [175]. A binary alloy of Al-Sn will not have
sufficient strength or fatigue resistance and a binary Al-Si alloy has poor seizure resistance
[176]. Therefore, alloying additions can be used to strengthen the alloy by varying the amount
of silicon, as well as including copper, magnesium and adjusting the content of tin to improve
wear and seizure resistance by providing a solid lubricant [176, 177]. Some alloys that have

been developed are described below.
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2.4.3.3. Al-4.55n-2.7Si-1.5Cu-0.2Cr-0.15Zr cast alloy

This alloy was developed for use in 2.4L diesel engines where the maximum load applied to
the bearing alloy was 70MPa [162]. A conventional Al-Sn-Si base was used with additional
precipitation hardening elements such as copper and zirconium, which maintain tensile
strength at high operating temperatures, and chromium to increase corrosion resistance. This
alloy was cast and subjected to a series of heat treatments and, when compared to a
conventional Al-12.55n-2.7Si-1.8Pb-1Cu-0.2Cr alloy, the tensile strength increased from

142MPa to 185MPa [162].

2.4.3.4. Al-10Sn-4Si-1Cu using the P/M route

This alloy was developed using gas atomisation to spray molten droplets of the bearing
material on to the steel substrate, illustrated in Figure 2.34 [170]. The deposited layer reached
1mm thickness and was hot rolled at 200°C in a nitrogen atmosphere to 20%, 40%, 60% or
80% of the original thickness. It was found that porosity does not influence the coefficient of
friction when it varies from 0.5% in the 20% original thickness alloy to 10.5% in the 80%
original thickness alloy [170]. However, the samples with less porosity experienced a lower
wear rate compared to the samples with a higher porosity, although the worn surfaces showed

a high concentration of alumina for the 20% original thickness alloy [170].
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Figure 2.34: The gas atomisation technique for depositing droplets of the molten bearing alloy on
to the steel substrate [170]

When compared with a conventional Al-14Sn bearing alloy used in Indian cars, the wear rate
and friction coefficient of the 20% thickness sample were lower, which means that less energy
is required from the car battery to maintain motion at the wear interface, thus reducing

maintenance cost of the part [170].
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2.4.3.5. Al-20Sn-7Si-1Cu spray deposition

The spray deposition technique used was similar to that illustrated in Figure 2.34 [165]. The
deposited layer and substrate were subsequently heat treated at 300°C for time periods
between 1 to 5 hours and cooled to room temperature [165]. During atomisation, the powder
particles experience a range of cooling rates depending on the size of the droplets that form.
Variation of cooling rates can also be caused by powder composition and with 7wt% silicon,
the growth of Al-Si dendritic cells occurs between primary and o-Al dendrites [165]. Residual
liquid tin also forms and freezes into isolated pools upon solidification [165]. After annealing,
silicon particles formed from the a-aluminium matrix in the pre-alloyed powder and tin-rich
phases coarsened and pooled at grain boundaries in all regions of the coating, which caused

the micro-hardness to decrease from 150HV 3004 t0 5S0HV 3004 [165].

The Al-20Sn-7Si-1Cu bearing alloy is commercially available and at the time of the thesis
research, there has been no literature to suggest that it has been developed for use without
being applied to a steel substrate. Therefore, using gas atomised pre-alloyed powders, it might
be possible that this alloy can be developed into a monolithic product using the conventional

press and sinter route and severe plastic deformation in order to achieve unique properties.

Firstly, there will be an introduction to the ECAP process, describing the fundamental process
and parameters, which includes a review of bulk materials processed by ECAP and how

ECAP can be used for powder consolidation and advances in the process.
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2.5. Equal channel angular processing (ECAP)
2.5.1. Introduction

This process was introduced in the 1970s and the early concept involved applying high strains
to metal billets by simple shear. Since the 1990s, ECAP has been found to have potential for
producing ultra-fine grains (UFG) in bulk metals [11, 29, 178]. It has also been noted that
ECAP has greater potential than other methods for producing UFG products, as the process
can be scaled up for industrial applications by multi-pass facilities and the cross-sectional
dimension of samples remain constant for net-shape manufacturing as shown in Figure 2.35
for an aluminium alloy [10, 179-181]. ECAP is also a highly attractive technique as it is a

simple process to set up [76, 182, 183]. The drawback is that it is a discontinuous process.

ECAP Samples

¢ 40 mm

> e
3399
40 mm
—

Figure 2.35: Al-1100 alloy after ECAP with diameters of 6, 10 and 40mm [179].
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2.5.2. Process

2.5.2.1. Fundamental steps

The conventional, discontinuous process consists of a die with an internal channel that bends
at an angle, which can vary from 60° to 160° as shown in Figure 2.36 [10, 12]. The sample,
which is either in the shape of a rod or plate, is pushed through the die by a plunger that exerts
a downward force. As the sample moves around the channel angle, it experiences simple
shear along the shear plane, which causes high plastic strains. Despite experiencing very high
plastic strains, the cross-sectional area is retained meaning that the sample can be repeatedly
processed. Therefore the plastic strain can be further increased allowing different slip systems
to be introduced by rotating the sample between each pass [10]. This is one of the various

processing routes in ECAP.

plungar

pressed sample

Figure 2.36: Schematic diagram of an ECAP die [10].
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2.5.2.2. Mechanisms of severe plastic deformation (SPD) to form ultra-fine grains

When attempting to produce a UFG microstructure, conventional metal-working processes
such as extrusion and rolling are unable to refine grain sizes significantly [184]. This is due to
corresponding reductions in cross-sectional dimensions of work pieces and the low
workability of metallic alloys at ambient and low temperatures, which limit the plastic strain
imposed [184]. Therefore, research has focused on severe plastic deformation processing,
defined as a metal forming procedure where extremely high plastic strains are imposed at

relatively low temperatures without changing the cross-sectional dimensions.

Imposing a high plastic strain to a coarse-grained material is necessary to produce UFG
microstructures. In techniques such as rolling, a continuous strain path leads to cellular or
fibrous microstructures with low angle grain boundaries (LAGBs) [29]. SPD techniques can
change the strain path during deformation and create high angle grain boundaries (HAGBS),
which lead to grain refinement via three mechanisms [185]. The first involves elongation of
existing grains in the direction of plastic deformation, which increases the high angle
boundary area; the second is creation of HAGBS by grain subdivision processes; and the third

is the splitting of the elongated grains by localised phenomena such as shear bands [185].
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The second mechanism is the most significant and grain subdivision begins at low to medium
plastic strains, when grains split up into cells and cell blocks. As the strain increases, the
substructure evolves into a lamellar structure, where new HAGBs are created. The
accumulation of dislocations in the cell and cell block grain boundaries occurs as the plastic
deformation begins, in which, the misorientations increase with increasing strain. A
significant fraction of the boundaries evolve into HAGBs in the range of 15-30°. This
microstructural mechanism occurs simultaneously with texture evolution, which involves
rotation of different parts of a subdivided grain towards varying orientations and generates

HAGBSs ranging between 20-60° [185].

2.5.2.3. ECAP mechanism of grain refinement

ECAP is characterised by the strain imposed in each pass through the die, which is a
fundamental parameter for grain refinement in ECAP. A sample experiences an abrupt strain
each time it is passed through an ECAP die, which can be estimated based on various die
arrangements shown in Figure 2.37, where the channel angle is @ and the angle subtended by
the angle of curvature at the intersection is W [29, 186]. In Figure 2.37a, ¥ = 0°, in Figure
2.37b, ¥ = (n — ®@)° and in Figure 2.37¢, an intermediate situation is seen where 0° < ¥ < (7 —
®)° [29, 182, 186]. It is assumed that the samples are fully lubricated to neglect frictional

effects.
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For each condition, a small square billet, abcd, passes through the shear plane and is distorted
into a’b’c’d’. For the situations illustrated in Figure 2.37a, Figure 2.37b and Figure 2.37c, the
shear strain, v, can be defined in equations (2.7), (2.8) and (2.9) respectively [29, 182, 186].
Furthermore, a general equation for the equivalent strain after N passes, ey, IS given by the

relationship in equation (2.10) [29, 182, 186-188].

Figure 2.37: ECAP die configurations illustrating the various factors contributing to the strain
imposed in each pass, where:

@ - intersection of the entry and exit channel of the die

W - angle subtended by the angle of curvature at the intersection [186].
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The relationship in equation (2.10) has been investigated using a variety of die angles for @

and W and the plots are shown in Figure 2.38 [29, 182, 189]. It can be deduced that:
e ¥ has a minor effect on ey when @ is greater than 90°
e Very high strains can be achieved with low values of ¥ and @

e  When @ is 90°, as is the case with conventional ECAP dies, the gy is approximately 1

for a single pass and is independent of ¥ [29, 182, 189].

Multiple ECAP passes cause sub-grain boundaries to evolve in to HAGBs via absorption of
dislocations, which produces an array of ultra-fine grains, separated by HAGBs [29, 182,
189]. The effect of finer grains on the mechanical properties is described in section 2.5.2.4.

The effects of ECAP processing variables are described in section 2.5.4.

71



3.0

25

1.0

EQUIVALENT STRAIN, £

0.5

1}

1.5

30

9 HN=1
| v (deg) -

&0 20 120 150 180

CHANMNEL ANGLE, o (deg)

Figure 2.38: The variation of equivalent strain, gy, with channel angle, ¢, and angle of the arc of
curvature, W, after a single pass [189].

2.5.2.4. How refining grains improves mechanical properties

Grain boundaries prevent dislocation movement therefore by decreasing the grain size, the

amount of grain boundaries increases for a given area on the sample. This means that there are

more regions where the dislocations can be stopped [190-192]. Small grains have a higher

surface area to volume ratio, giving a greater ratio of grain boundaries to dislocations [190-

192]. For many vyears, the development of ultra-fine grain microstructures has attracted

attention in the materials industry [10]. The reason for this interest can be seen directly in the

Hall-Petch equation, stating that yield stress, oy, is given by equation (2.11) [29, 193].

oy = 0o + kyd™/?
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where; oy is the friction stress, ky is a material dependent constant of yielding and d is grain
size [10]. The yield strength increases with decreasing square root of the grain size and tensile

strength is increased without reducing the toughness shown in Figure 2.39 [182, 194, 195].
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Figure 2.39: Relationship between grain size and proof stress for pure iron [194].

2.5.2.5. Characterising ECAP grain microstructure
2.5.2.5.1. Texture

The grain size and shape changes that happen in ECAP can be characterised using the
techniques described in section 2.1.4. However, the orientation of grains changes due to the
shear path and the distribution of grain orientation is known as texture. Texture can influence
strength, formability, grain refinement and is most often associated with plastic anisotropy.
Plastic anisotropy describes the dependence of the plastic deformation response on the
direction of loading [11]. A common method to quantify texture and the evolution of

microstructure in ECAP is electron back-scatter diffraction, EBSD.
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2.5.2.5.2. Electron back scatter diffraction (EBSD)

The process of EBSD is illustrated in Figure 2.40 [196]. An electron beam contacts a tilted

crystalline sample, which causes diffracted electrons to form a pattern on a fluorescent screen.

The pattern depends on crystal structure and orientation of the region of the sample from

where it was created and EBSD provides absolute crystal orientation with sub-micron

resolution [196, 197]. An example of the use of EBSD in an Al-1Mg solid solution material,

which has been annealed at 500°C for 1h, is shown in Figure 2.41 [198]. The colours of the

grains correspond to their orientation, which is determined by the triangle. The red lines

between certain grains indicate the presence of high angle grain boundaries, where the

misorientation angle is greater than 15° in Figure 2.41 [198]. EBSD helps examine evolution

of grains in samples subject to the different processing routes of ECAP.

Lens
polepiece
Diffraction pattern
Electron on phosphor screen
beam
Specimen \
Data analysis H Index Background Frame
and presentation pattern subtract average

Figure 2.40: The EBSD process [196]
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Figure 2.41: EBSD map of an Al-1Mg solid solution alloy that was annealed at 500°C for 1h with the
colours corresponding to the orientation of the grains determined by the unit triangle [198].

2.5.3. Processing routes in ECAP

Although this thesis is mainly concerned with single pass processing, it is important to note
that different slip systems can be introduced to the sample by multiple passes using one of the
following processing routes or a combination of them. The first route involves multiple passes
without rotation, called ‘route A’. The next involves rotating the sample at 90° in alternate
directions between each pass (route Ba). Route B¢ consists of rotating the sample 90° in the
same sense, which is either clockwise or anti-clockwise, between passes. Finally, the sample
is rotated 180° between passes in route C, which is illustrated along with the other processing

routes in Figure 2.42 [178, 199].
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Figure 2.42: Different processing routes for ECAP [199]

2.5.3.1. Slip systems in ECAP

There are two different strain processes associated with the aforementioned processing routes.
Route C and B¢ are redundant strain processes and routes A and Ba are accumulative strain
processes. The slip systems are illustrated in Figure 2.43, where the number above each box
indicates the number of passes [29, 200]. With route C, the shear in each pass occurs on the
same plane but in the opposite direction and; with route Bg, the slip in the first pass is
cancelled by that in the third and likewise for passes 2 and 4 [29, 200]. This means that the
strain is restored for every even number of passes. In route A, there are two distinct shear
planes and for route Ba, there are four. The strain builds up with each pass through the die for

these processing routes [29, 200].
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Figure 2.43: Slip systems of the different processing routes in consecutive passes along the X, Y and
Z planes [29, 200]. The numbers at the top of each box indicate the number of passes.

The macroscopic distortions on the X, Y and Z planes of the samples when passed up to 8
times through the ECAP die using the different processing routes are illustrated in Figure 2.44
[29, 199]. The cubic elements are restored every two passes in route C and every four passes

in route B¢, whereas they become more acute for each pass in routes A and Ba [29, 199].
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Figure 2.44: Macroscopic distortions of a sample viewed on the X, Y and Z planes for the four
processing routes for up to 8 passes [29, 199].

2.5.4. ECAP processing parameters

Several parameters need to be considered for ECAP, which include channel angle, angle of
curvature, pressing speed, pressing temperature and back pressure. These are discussed in the

following sections with examples of ductile and less ductile alloys.
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2.5.4.1. Effect of channel angle

The channel angle plays the most significant role in ECAP as it determines the amount of
strain in each pass. One study investigated ECAP dies with varying @ from 90° to 157.5° to
illustrate the different strains imposed in pure aluminium at room temperature using route Bc,
shown in Figure 2.45 [201]. The number of passes required to achieve a total imposed strain
of ~4 was calculated using equation (2.10) as 4, 6, 9 and 19 for ® of 90°, 112.5°, 135° and

157.5° respectively [201].

P
Plunw\__ Plunger_ - Plunger_
—— re—
Die Die Die
Material Material Material —
R R wk“ R
200 > 0

(a) (@)

Figure 2.45: ECAP dies with varying @ to achieve different strains with a) 90°, b) 112.5°, c¢) 135° and
d) 157.5° [201].
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The 90° angle produced finer, more equiaxed grains in fewer passes compared to the larger
angles and the grain boundaries contained high angles of misorientation in the microstructure
of pure aluminium, as shown in Figure 2.46 and Figure 2.47 [29, 201]. When @ increased, the
microstructure was less regular and the boundaries had a lower angle of misorientation [201].
This implies that it is important to impose a high strain with each pass, rather than having a
high total accumulative strain and that an ideal ECAP die will have ® of 90° [29, 201].
Generally, the channel angle used in ECAP is 90° due to the efficiency of imposing high
strains in one pass. However, for harder, less ductile materials, such as commercially pure
tungsten, or titanium, increasing the die angle is required to prevent cracking and failures in

samples [202].

Y~

g o-1

Figure 2.46: Microstructures of pure aluminium under TEM when ECAP through 90°, 112.5°, 135°
and 157.5° die angles to a strain of ~4 [29, 201]
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Figure 2.47: The average grain size for pure aluminium ECAP at different strains with ® ranging
from 90° to 157.5° [201].

2.5.4.2. Effect of angle of curvature

The angle of curvature, ¥, was defined in section 2.5.2.3 in Figure 2.37 [29, 203]. The effect
of ¥ to the strain imposed is minimal, according to a study on pure aluminium using two
separate dies. One was a split die with a 90° channel angle and 0° angle of curvature using
square billets for processing of 10mm x 10mm cross-section. The other die was solid with 90°
channel angle and 20° angle of curvature using cylindrical shaped billets of 20mm diameter
[204]. After four passes, the effect of ¥ on microhardness was minimal as the values did not
vary significantly across the samples [204]. The reason for this small difference between the
two dies can be explained by a development of a gap in the outer arc between the sample and
the die wall, called the “dead zone”, when the sample passes through the intersection [205,
206]. The dead zone represents the region where there is no contact between the billet and the
die wall, shown in Figure 2.48 [29, 207, 208]. This is explained in more detail in section

2.54.5.
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Figure 2.48: The dead zone, where there is no contact between the die wall and sample [209].

2.5.4.3. Effect of pressing speed

In commercial processing, high-capacity hydraulic presses can operate at a range of ram
speeds from <Imms™ to 20mms™. Varying the pressing speed from 0.02mms™ to 10mms™
does not significantly influence the grain sizes measured in pure aluminium and an Al-1%Mg
alloy when processed by route B¢ [210]. Furthermore, the yield strength did not differ greatly
across different pressing speeds with each pass up to four, as can be seen from Figure 2.49. It

was also found after one pass of a titanium billet that only minor differences existed in the

microstructure when pressing speeds ranged from 0.2mms™ to 2.8mms™ [29, 92].
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Figure 2.49: Negligible effect of pressing speed on the yield strength achieved. It can be seen that
the strength increased with every pass up to four passes [29]

2.5.4.4. Effect of pressing temperature

The pressing temperature is highly variable and can be altered easily. One study investigated a
range of pressing temperatures from ambient to 300°C on samples of pure aluminium,
Al-3Mg and Al-3Mg-0.2Sc alloys [211]. It was found that the grain size increased with
increasing processing temperature of pure aluminium, Al-3%Mg and Al-3%Mg-0.2%Sc
alloys from room temperature to 300°C, as illustrated in Figure 2.50 [211]. Another finding
was that the fraction of LAGBs increased with increasing temperature. This was attributed to
the higher rate of recovery at elevated temperatures, which leads to dislocation annihilation

instead of dislocation absorption into the sub-grain walls [211].
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However, another finding was that there was a material dependence. For temperatures above
200°C for pure aluminium and above 300°C for the Al-3%Mg alloy, the transition from
HAGBs to LAGBs occurred but the Al-3%Mg-0.2%Sc showed HAGBs at all processing
temperatures [211]. Similar findings were also seen for commercial 5052 aluminium alloy
pressed between temperatures of 50°C-300°C [212]. Although elevating the extrusion
temperature causes the material to soften and facilitate the action of ECAP, the optimum grain
sizes and microstructures can be achieved when using the lowest possible temperature without

cracking occurring in the sample, for example, room temperature for aluminium alloys with

the presence of a back pressure [212-214].
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Figure 2.50: Increased grain size with increasing temperature [211]
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2.5.4.5. Effect of back pressure

A pressure applied in the opposite direction to the flow of the sample through the die is
referred to as back pressure and it can be applied in a couple of ways as shown in Figure 2.51
[29]. The common methods to achieve back pressure is to use another plunger in the exit
channel, which gives control over the back pressure applied, or leave a dummy block in the

exit channel, such as another sample or copper front stopper [209].
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Figure 2.51: An illustration of the back pressure applied in ECAP consolidation via plunger (left) and
copper front stopper (right) [215].

Without back pressure, macroscopic cracks appear on the surface of billets, shown in Figure
2.52 [209]. This has been attributed to non-uniform stress-strain distributions during
deformation without back-pressure. Several finite element studies on the shear strain in single
and multi-pass ECAP experiments reveal that the centre of billets, away from the die walls,
experienced the expected deformation and strains from equation (2.10) [208, 216-218].
However, the region of the billet next to the die wall channel angle experienced much lower

strains due to frictional effects, as shown in Figure 2.53a and Figure 2.53b [208, 216-218].
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Figure 2.52: Cracks appear on the surface of pure magnesium after one pass of ECAP at room
temperature through a 120° die [209]
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Figure 2.53: Distribution of stress and strain during ECAP; without back-pressure a) and b); and
with back pressure c) and d). Effective strain is shown in a) and c), and mean stress is shown in b)
and d) [209].
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Back pressure helps to homogenise the flow of the metal as it experiences shear and reduces
die wall friction. It was mentioned in section 2.5.4.2 that a ‘dead zone’ exists between the die
wall and sample on the outer arc during ECAP, which led to non-uniform grain refinement.
When back pressure is introduced, the dead zone is reduced allowing better stress-strain
distribution across the sample, shown in Figure 2.53c and Figure 2.53d [29, 209, 219]. This is
due to an increase in hydrostatic pressure inside the channel [29, 209, 219]. For pure copper, a
back pressure of 300MPa is required to prevent cracking in 16 or more passes [29, 219]. This
was also observed for a quenched aluminium 6061 alloy processed at room temperature with
and without back pressure. Without a back pressure, the alloy did not form in the first pass.
However, with an applied back pressure of 450MPa, the sample could be processed up to four

times without signs of cracking [29].

2.5.5. ECAP as a tool for powder consolidation

ECAP has been generally associated with processing of solid metals, examples of which have
been given in sections 2.5.4.1 through 2.5.4.5. However, it can also be used to consolidate
metal powders [220]. There are two methods of processing powdered metals through ECAP.
One is to compact the powder before inserting it into the ECAP die, for example by cold
compaction or by cold isostatic pressing, CIP. In one study, CIP was used to compact
Al2025-3Fe-5Ni to a density of 2.271g/cm® before ECAP increased it to 2.935 g/cm?® after one
pass without back pressure [221]. The other method involves putting the powders into a can

made of a deformable material such as copper, followed by ECAP [222].
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In cold compaction, the powder particles are deformed plastically until the compaction
pressure is reached. In ECAP, the particles experience high plastic strains as they pass
through the channel angle and they are severely deformed. The shearing breaks the oxide
layer on aluminium and exposes fresh surfaces of particles and, if back pressure is applied,
compressive stress allows good contact between them, which provides excellent bonding at
room temperature even after one pass, as shown in Figure 2.54 for pure aluminium particles
[223]. There are several studies on the ECAP consolidation of aluminium P/M and its alloys,

some of which are described in the following sections.

Figure 2.54: Pure aluminium particles that have been consolidated to 100% density after 1 pass of
ECAP under back pressure [223].
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2.5.5.1. Pure aluminium particles

One study compared ECAP with and without back pressure (BP) and direct extrusion (with a
ratio of 11:1) on the consolidation of nitrogen atomised Al particles [215]. The BP was
provided either by a copper front stopper or using a hydraulic ram applying pressure of
170MPa, 220MPa or 270MPa. The temperature of ECAP ranged between 250°C-500°C and
extrusion temperature was between 350°C-500°C. The powders were pre-compacted using

cold isostatic pressing and the starting material was ~1um size.

Firstly, a significant increase in the pressing load was observed for direct extrusion compared
to ECAP with and without BP as shown in Table 2.4 [215]. This meant that ECAP processing
could be done at lower pressing temperatures. However, macroscopic cracks appeared after
ECAP without BP parallel to the shear plane, which formed due to non-uniform deformation
in the cross-section where a gradient of straining exists, as discussed in section 2.5.4.5 [29,
209, 215, 219]. Application of BP in the form of a copper front stopper meant that the
hydrostatic pressure in the channel increased, which reduced the dead zone and hence
prevented cracks. Nevertheless, the pressing load increased with the presence of a front
stopper and even though increasing the ECAP temperature to 400°C decreased the pressing
load, macroscopic cracks appeared in the sample again [215]. By using a hydraulic ram, BP
can be controlled and it does not increase the frictional force, hence the pressing load is lower

compared to using a front stopper.
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Table 2.4: Process conditions for direct extrusion and ECAP, where p..x is the maximum pressing load needed during compaction, R,, is the

ultimate tensile strength and A is ductility [215].

Direct extrusion

T [2C1 350
Prmax [MPa] 1376
R, IMPalfA [%] at RT 310/9
Ry, [IMPal/A [¥] at 300=C 186.7/1.7
ECAP with backpressure applied by front stoppers
Tecar [#C] 250
Front stopper length [mmi] 0
Prmax [MPa] G70
Ry, [MPalfA [¥] at RT 30515
R [MPal/A [¥] at 300=C 188/0.5
ECAP with backpressure applied by hydraulic valve
Tecar [°C] 250
Backpressure [MFPa] 04 167
Prmax [MPa] 535 510
R, IMPalfA [%] at RT 3427 316/1.6
Ry, [IMPal/A [¥] at 300=C 167/0.2 171j0.2

400
1118
3I05/8.7
181.7/15

75
830

309/1.9
165/0.5

m
620

N5
183/0.5

450
086

200/10.9
168.0/2.2

50
820

310/2.5
155/0.4

400
04
203
206/2.5
160/0.3

500
797
280/10.4
159.9/33

350
50
410
200/2.1

167
206
206/5
166/0.2
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After direct extrusion, the grains were elongated in the extrusion direction with Al,O;
particles mainly distributed at the grain boundaries for all extrusion temperatures. At higher
temperatures, slightly coarser microstructures were observed and the Al,O3 particles were
completely distributed at the grain boundaries, which pinned the microstructure and gave
stability even after annealing at 350°C for 20h. The microstructure of the ECAP samples was
similar to that seen in the high temperature extrusions, whereby the oxides were only located

at the grain boundaries. Elongation of the grains occurred along the shear plane as well [215].

Finally, the yield strength achieved for the samples processed by ECAP at 250°C with BP
applied by a hydrostatic ram was higher than that achieved by direct extrusion at 350°C. This
was attributed to higher deformation energy introduced at lower temperatures causing an
increase in dislocation density [215]. However, the lower ductility of the ECAP samples was
due to disadvantageous orientation of the grains at an angle of 45° to the loading direction of

the tensile test [215].

Applying a back pressure for consolidation requires an increase in pressing forces and the
tooling can be damaged rapidly [223-226]. In another study, after one ECAP pass at 100°C
using a back pressure of 50MPa, pure aluminium powder was consolidated to full density and
the grain size and hardness had improved to 7.2um and 52.7HVsoq respectively [223]. When
this is compared to a cast ingot with a post-ECAP grain size of 535pum and 32.3HVsgy, it can

be seen that ECAP consolidated P/M products offer beneficial end properties [223].
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The behaviour of different aluminium particle sizes has been investigated using BP-ECAP at
400°C with BP of 200MPa on a mixture of micro-sized particles, ranging from 30um-100um,

and nano-sized particles [227]. These mixtures were as follows:

e 100% nano particles (~80nm) — termed Nano100

e 80% volume of nano and 20% micro — termed Nano80

e 50% volume of nano and 50% micro — termed Nano50 [227].

After 4 passes, the Nano100 showed the highest hardness of 220HV sy compared to 130HV s
for Nano80 and 60HV sy for Nano50 [227]. After one pass, the nano-particles slid over each
other and did not deform [228]. Therefore, further passes were needed in order to achieve full

density and break down the oxide layer [227].

However, the brittleness of the nano-particle compact was high as a result of the oxide content
that developed from an amorphous alumina phase on the surface of the particles as shown in
Figure 2.55 [227, 228]. Having coarser grains increases the ductility of the material, which

can be advantageous depending on the application, although the strength decreases [227].
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Figure 2.55: Compressive stress-strain curves for the Nano-100, -80 and -50 after four passes of

ECAP at 500°C [227].

2.5.5.2. Al2024/Al,03 & Al-Al,03 powder composites

The composition of Al2024 is given in Table 2.5 [229]. In this study, a comparison between

the conventional press and sinter route and consolidation via ECAP was made. In the

conventional P/M method, the samples were vacuum sintered at 660°C for 2h and furnace

cooled. The ECAP die had @ of 90° and ¥ of 20°, the powders were encapsulated and passed

through the die with and without back pressure. The back pressure was applied by having an

aluminium block in front of the sample and up to two passes were done using route A [229].

Table 2.5: The composition (wt%) of Al-2024

Element

Cu

Mg

Mn

Fe

Si

Zn

Ti

Cr

Al

wit%

4.4

1.5

0.6

0.5

0.5

0.25

0.15

0.1

Balance
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The results of this study have been summarised in Table 2.6. The density after one pass in
ECAP was higher for both materials than the conventional press and sinter route, even
without back pressure, and increasing the number of passes improved the relative densities
further [229]. This can be attributed to the shearing as the sample is pushed through the 90°
angle, which exposed fresh particle surfaces and the compressive stress from back pressure
led to good particle bonding [223, 229]. The advantage of this mechanism in ECAP is that the

particle bonding occurs without the need for high temperatures or time [229].

Table 2.6: Density, grain size and hardness values of Al2024 and Al2024-Al,0; composite after
press-sinter and up to two passes of ECAP [229].

Theoretical density (%) | Average grain size (um)|Average hardness HV .,

(Condit

onaon AL2024  AL2024/ALO,| AL2024  AL2024  |AL2024  AL2024

composite composite

ICompacted and sintered 85 844 26 20 32 37
After [ pass of ECAP without |88 86.2 18 14 44 75

back pressure
After [ pass of ECAP with 92 3 14 12 43 77

back pressure
After 11 pass of ECAP (route (95 gr4 09 08 45 70

A) without back pressure
After 1T pass of ECAP (route |97 952 07 06 47 &1

A) with back pressure

For the Al2024-Al,03 composites, the harder alumina was located inside the softer Al2024
particles and may have acted as an obstacle to dislocation movement. This would increase the
yield strength by dispersion hardening [229]. The increase in hardness after ECAP is
associated with the improved density as well as the grain refinement. Pores act as initiators for

crack propagation, therefore increasing the density is paramount.
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ECAP at 200°C was also successfully used on Al-5%Al,03 particles using a similar die and
using encapsulation [230]. The starting particle shape of the Al and Al,O3; particles was
irregular, causing bridges and high friction between particles and this raised difficulties in
consolidation. After one ECAP pass, there were large micropores around the agglomerated
alumina particles, which were not eliminated until the third pass after route B¢ was applied,
shown in Figure 2.56a and Figure 2.56¢ respectively [230]. After the third pass, the alumina
particles had good bonding with the aluminium matrix. For comparison, samples were pressed
at 200MPa, sintered at 540°C for 1h and extruded in one step at a ratio of 20:1, shown in
Figure 2.56d [230]. It was observed that the alumina particles were larger after extrusion than

for 3 passes of ECAP, which was due to the breakup of alumina clusters via ECAP [230].

Figure 2.56: SEM micrographs of Al-5%alumina composite after a) one pass, b) two passes and c)
three passes. The micrograph from extrusion is shown in d). The bold arrows point out loose
alumina and the dotted arrows show loose aluminium powder [230].
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After three ECAP passes, the grains were almost equiaxed and the size was reduced more
than the extrusion processing to 7um and 17.3um respectively, shown in Figure 2.57a and
Figure 2.57b respectively [230]. This was due to the repetitive ECAP passes accumulating
dislocations, which caused grain refinement. Density also increased with the number of ECAP
passes to 99.3% of the theoretical density, which is a result of the change in pore geometry.
This was attributed to the shear mode of plastic deformation in ECAP, which favours pore
closure under hydrostatic pressure [230-232]. Similarly, an increase in hardness was observed
as a result of the accumulative strain and increased dislocation density resulting from smaller

grain sizes, shown in Table 2.7 [230].

Figure 2.57: Etched optical micrographs of Al-5%AI203 after a) 3 passes of ECAP and b) extrusion
[230].

Table 2.7: Microhardness of ECAP and extruded pure aluminium and Al-5%AI203

Consolidation ALS vol.%
miethod Pure Al ALO,
First pass ECAP 49.5 106.1
Second pass ECAP 6.6 134.9
Third pass ECAP 143.6
Extrusion 50.2 85.6
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2.5.5.3. Developments in ECAP for powder consolidation

2.5.5.3.1. Torsional ECAP (T-ECAP)

Here, the sample is pushed through the 90° channel to apply shear strain followed by torsional
strain in the exit channel where the die rotates about its axis, shown in Figure 2.58 [220, 233].
It can be seen that as the sample enters the rotating part of the die, the area decreases and also
extrudes the sample, which creates a shear band and causes the shapes of the pore to change
and close as illustrated in Figure 2.59 [220, 233]. In tests on consolidation of aluminium
particles in copper tubes, it was found that T-ECAP improved the relative density of the
samples to 96% after the first pass compared to 86% in conventional ECAP [220].
Microhardness results also showed an increase after one pass for T-ECAP samples to
65HV 100 compared to 55HV 004 in conventional ECAP [220]. However, it should be noted
that the powder was loose in the copper can before processing and it is possible that the
copper absorbs some of the shear forces from the ECAP process and deforms before the

powder begins to consolidate [220].

Punch

\
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Materials Rotating Die

o

Figure 2.58: An illustration of the T-ECAP die [220].

ECAP Die
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ECAP Vertical Channel

Figure 2.59: An illustration showing the porosity changes during T-ECAP [220].

2.5.5.4. Forward extrusion-ECAP (FE-ECAP)

This involves combining ECAP with forward extrusion and is illustrated in Figure 2.60 [234].
Air atomised pure aluminium powder wrapped in foil and a pure Al ingot were passed
through the FE-ECAP die at 200°C. The entry channel diameter was 13mm, which reduced to
émm after the exit channel in the ECAP section and corresponded to an area reduction of
80%. For comparison, both these materials were passed through a conventional extrusion die
with a ratio of 10 at 200°C. A profile of the applied load to the FE-ECAP die during pressing
is shown in Figure 2.61 [234]. The sharp rise in the extrusion stage corresponds to

approximately 527MPa, which acts as BP for the ECAP process.
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Figure 2.60: The FE-ECAP process [234]
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Figure 2.61: The applied load to the FE-ECAP die during pressing [234].
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Microstructure analysis at the centre of the FE-ECAP P/M sample revealed relatively
equiaxed grains in the transverse section, with grain sizes of 21.5um, and elongated grains in
the longitudinal section, with a width of 11.5um, shown in Figure 2.62, which is typical of a
sample processed by extrusion [234]. Excellent bonding between particles was seen and full
density was achieved as shown in Table 2.8 [234]. This is due to high shear strains, which
break the surface oxide film of the particle to expose a fresh surface and also changes the
shape of pores from spherical to elliptical, aiding pore closure with the presence of BP.
Furthermore, the increase in dislocation density and strain hardening increases the strength of
material as it goes through the ECAP die and as this process can provide a back-pressure,

there is no need to use a separate hydraulic ram.

Figure 2.62: Optical micrographs of the a) transverse and b) longitudinal section of the pure Al
powder consolidated by FE-ECAP [234].
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Table 2.8: The experimental data for the properties of the ingot, FE, FE-ECAP and BP-ECAP samples from a separate study [223, 234]

Properties Materials
Ingot sample FE samiple ECAP-FE sample BP-ECAP sample
Average grain size |pm) 150 30 | perpendicular section) 21.5 (perpendicular sedion) 72
11.5 {parallel section)

Density [grfem®) 270 268 270 270

Vickers Hardness {HV) 31 45 Bl 52.7

0.2% Proof stress (MPa) 48 1o 142 135

UTS (MPa) 88 137 152 160

Strain to fracture (%) 205 5.8 128 11
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3. EXPERIMENTAL METHOD

3.1. Starting Materials
3.1.1. Pure aluminium powder

Commercially pure aluminium (99.9wt%) air atomised powders were supplied by the
Aluminium Powder Company, AlPoCo. Sieves with different sized holes were stacked on top
of each other and the particles were sieved to three sizes using a Retsch AS200 basic
sieve-shaker, which operated at a frequency of 50 Hz and amplitude of 2.4mm for a period of

15 minutes as shown in Figure 3.1. The different size ranges are summarised in Table 3.1.

Amplitude f iy A

Figure 3.1: The Retsch AS200 sieve shaker with sieves stacked.
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Table 3.1: Composition and size distribution of the pure aluminium powder as-supplied by AlPoCo.

Alloy Composition (wt%o) Particle size
Coarse pure aluminium 99.9% Aluminium >150pum
powder particles
Medium pure aluminium 99.9 % Aluminium >76um <105um
powder particles
Fine pure aluminium powder 99.9% Aluminium <45um
particles

3.1.2. Al-20Sn-7Si-1Cu bearing alloy (wt%)

Pre-alloyed Al-20Sn-7Si-1Cu nitrogen gas atomised powders were supplied by AlPoCo.

3.2. Cold compaction process

In order to compact the samples, a cylindrical shaped H13 tool steel die was used with an
inner diameter of 12.5mm and a length of 50mm as illustrated in Figure 3.2. This allowed

compacts of 20mm length to be produced.

12.5mm
—

ISOm m

.<
-

Figure 3.2: The H13 tool steel cold compaction die set.
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A pre-determined mass of powder was poured into the die for each composition, shown in
Table 3.2. KenoLube P11, a lubricant consisting of 2% Zn supplied by Hogands Sweden was
applied to the die wall. The die was then tapped so that the powder filled the die effectively. A
double acting hydraulic press supplied by Eco Hydraulic Presses with a capacity of 300kN
was used to press the powder as shown in Figure 3.3. A variety of pressures were applied in
order to obtain a compressibility curve to determine the optimum pressing force, which
ranged from 100-500MPa. Higher pressing forces caused tool wear therefore for the

remainder of sample production, a pressure of 400MPa was used.

Table 3.2: Masses of powders used for cold compaction

Powder particles Mass of powder (g)
Pure aluminium (<45um) 5.2
Pure aluminium (75-105um) 6
Pure aluminium (>150um) 5
Al-20Sn-7Si-1Cu 7
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Figure 3.3: The double acting hydraulic press supplied by Eco Hydraulic Presses.

3.3. Sintering conditions

Once the green compacts had been produced, they were either put straight into the ECAP die
or sintered prior to deformation. The heating rate was kept constant at 10°C/min and the
samples were furnace cooled. The tube furnace used was supplied by Elite Thermal Systems

Ltd and is shown in Figure 3.4.
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Figure 3.4: The tube furnace supplied by Elite Thermal Systems Ltd.

3.3.1. Pure aluminium sintering

The pure aluminium samples were sintered at 620°C for one hour in an atmosphere of oxygen

free nitrogen and furnace cooled to room temperature [111, 115, 235, 236].

3.3.2. Aluminium bearing alloys sintering

The conditions for sintering the aluminium bearing alloys are summarised in Table 3.3. These

samples were used for ECAP as well as being used for comparative analysis.

Table 3.3: Sintering conditions for bearing alloys

Material Sintering condition

Al-20Sn-7Si-1Cu 300°C 1h, 500°C 1h & 10h and 550°C 1h oxygen free nitrogen

atmosphere, furnace cooled to RT
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3.4. Equal Channel Angular Pressing

3.4.1. ECAP Die

An H13 grade tool steel split die arrangement was used for ECAP illustrated in Figure 3.5.
The die had nine 5mm screwholes so that the two halves could be secured together tightly in
order to prevent any flash. The channel angle, ®, was 90°, outer angle of curvature, ¥, was

30°, channel diameter of 12.7mm and the entry and exit channels had a length of 55mm.

The lubricant used on the ECAP die wall was a mixture of 10% graphite powder, supplied by
Hoganéds Sweden, and ethanol. The ethanol dried off once the solution was sprayed on to the

die and left behind a layer of graphite powder evenly dispersed on the channel wall.

The ECAP die, once closed, was then inserted into a large mild steel support for stability,
which is shown in Figure 3.6. The force required to push the ECAP die into the steel support
was 40kN, which meant that there was a compressive force on the ECAP die pushing the die

halves together to reduce the risk of flash further.
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Figure 3.5: The H13 tool steel split die arrangement with a channel angle, @, of 90°, outer angle of
curvature, ¥, of 30°, channel diameter of 12.7mm and entry and exit channel lengths of 55mm.

Diameter — 120mm

120mm

TS

Figure 3.6: The ECAP die in the ring support with outer diameter of 120mm and length of 120mm.
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3.4.2. ECAP conditions and sample extraction

ECAP was performed at room temperature and the hydraulic press operated at a speed of
300mm/min. Once the sample had been subjected to ECAP, it was either extracted from the
die by being pushed out via another sample through the die or the ECAP die was taken out of
the mild steel support, unscrewed and opened. The former meant that samples could be
discontinuously passed through the die without having to take it apart and hence saved time
compared to the latter. This also meant the samples left in the exit channel of the die provided

some back pressure in order that the consolidation of the samples was improved slightly.

3.5. Material characterisation
3.5.1. Apparent density of powder

A container of 25cm?® volume with mass of 40.935g was used. The powder was poured into
the container until it overflowed the sides. The powder was then levelled off using a flat knife
and the combined mass was measured. The mass of the powder was worked out by
subtracting the mass of the container from the combined mass and the apparent density was

worked out as shown in equation (3.1).

p = mass/volume (3.2)
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3.5.2. Density measurements post processing

After cold compaction, sintering and ECAP, the density of the sample was measured using
Archimedes’ principle, where the mass of the sample was determined when it was dry and in
air. Following this, the samples were impregnated with water under vacuum and the mass was
measured when in air and when submersed in water. Using equation (3.2) the density of the

compacted, sintered and ECAP samples was calculated.

mg

o ()

where myq is the mass of the dry sample in air, m,, is the mass of the water impregnated sample
in air, m; is the mass of the water impregnated sample immersed in water and p,, is the density

of water at room temperature, which is 0.997g/cm?® [237].

3.5.3. Sample preparation
3.5.3.1. Sectioning

Prior to microstructure analysis, the green, sintered and ECAP samples were cut parallel to
the extrusion direction, named the ‘longitudinal section’, and perpendicular to the extrusion
direction, named the ‘transverse section’. All sectioning was done using a diamond edged
blade, supplied by National Diamond Laboratories, with a 4 inch outer diameter, 0.012 inch
thickness and 0.5 inch hole through the centre that was attached to Beuhler’s Ltd Low Speed

Cutter at a speed of 200rpm, shown in Figure 3.7.
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Figure 3.7: The Low Speed Cutter used to section the samples, supplied by Beuhler Ltd.

3.5.3.2. Mounting

All of the samples were cold mounted using DuroCit powder and liquid supplied by Struers.
Two parts of powder to one part of liquid was mixed together and poured into a sample cup
having a diameter of 32mm, with the sectioned sample face down at the bottom of the cup.

Once fully set after 20 minutes, the mounted sample was ready for grinding and polishing.

3.5.3.3. Grinding

Buehler silicon carbide wet and dry grinding discs were used to grind the samples until they
were flat and suitable for polishing. The following grades were used from the coarser 120,

240, 400, 800, 1200, 2500 and finest 4000 and water was used for wet grinding.
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3.5.3.4. Polishing

Once the grinding stages had been completed, the samples were polished using a 6um
MDMOL polishing cloth using DiaDuo 6um lubricant and final polishing using a 1um
MDCHEM polishing cloth using OP-S colloidal silica. The 1um polishing cloth was
moistened with water prior to the application of colloidal silica and all the polishing discs and
lubricants were supplied by Struers. The motorised polishing wheel used was a Struers

LaboPol-5 operating at a rotating speed of 300rpm and is illustrated in Figure 3.8.

Rotating

/s_amples

Rotating
cloth

Figure 3.8: The Struers LaboPol-5 polishing machine.
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Between polishing stages, the faces of the samples were washed and cleaned using dampened
cotton wool with Teepol and warm water to remove any debris. Then ethanol was sprayed on
to the surface and a hot air dryer was used to evaporate the ethanol so that the sample could be

investigated under the light microscope and SEM.

3.5.3.5. Etching

In order to reveal the microstructure and grain size, shape and morphology of the samples at
the green, sintered and ECAP stage, either Keller’s etchant or Kroll’s reagent were used,
which are listed in Table 3.4 [238]. The polished samples were immersed in the etchant at
room temperature until the surface from the final stages of polishing turned dull, which was
approximately 10 seconds. Once this happened, the sample was immediately washed using

warm water, the surface was sprayed with ethanol, hot air dried and ready for analysis.

Table 3.4: Keller's etchant and Kroll's reagant solutions [238]

Keller’s etchant Kroll’s reagent
190ml distilled water 2ml hydrofluoric acid
5ml nitric acid 198ml distilled water

3ml hydrochloric acid

2ml hydrofluoric acid
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3.5.4. Aluminium grain & silicon size analysis

The samples were investigated using an optical microscope from Zeiss, the model of which
was the Axioskop 2. Magnifications of 5x, 10x, 20x and 50x optical magnification were used
and images were taken using Axiovision 4.6.3 software. Other images came from an SEM
supplied by Joel, the model of which was the 6060, using 20kV accelerating voltage with
secondary electron imaging (SEl) and back-scatter electron imaging (BSEI) modes.

Magnification ranged between 100x to 1500x.

These images were then analysed using JMicrovision v1.27 and individual grains were
characterised by scaling the image according to the scale bar and setting the parameters for
measurement. These were the equivalent diameter of circle, length and width. A total of 10
optical images were taken at random locations throughout the various regions of the samples,
unless otherwise stated in the results section, and grains were drawn around for each sample
at the green, sintered and ECAP stages. Histograms were also made of these parameters to

analyse the mode of distribution of grain sizes and silicon sizes.

EDX compositional analysis was done on random areas of samples using the SEM 6060. Both
point and area analyses were used in determining the chemical distribution of the samples and

the silicon maps obtained were used to quantify silicon sizes.
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3.5.5. Hardness testing

Vickers’ hardness testing was done using an Indentec semi-automatic hardness tester shown
in Figure 3.9. Ten indents were made on each sample with an applied load of 2.5kg for seven

seconds and an average hardness was determined.

Figure 3.9: The Indentec hardness tester.
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4. RESULTS & DISCUSSION

4.1. Pure aluminium powder
4.1.1. Starting powder
4.1.1.1. Size and morphology

The starting pure aluminium particles for the coarse (>150um), medium (75-105um) and fine
(<45um) size ranges are shown in Figure 4.1, Figure 4.2 and Figure 4.3 respectively via
optical imaging and Scanning Electron Microscopy. The morphology of all powders was
mainly irregular, although the <45um size exhibited slightly more regular shapes. The coarse
particles had an average equivalent circular diameter, ECD, of 430.41 + 202.52um, the
medium particles of 103.27 + 23.35um and the fine particles of 28.48 £ 10.74um. A summary
of the average length, width and ECD of the powder particles is shown in Table 4.1. Typical
histograms for the length, width and ECD of the medium sized pure aluminium particles are
shown in Figure 4.4. The typical histograms for length, width and ECD of the fine and coarse

starting powders are shown in Appendix 6-1 and Appendix 6-2.
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Figure 4.1: Optical image of pure aluminium powder particles that remained on top of the 150um
sieve.

Figure 4.2: SEM image of pure aluminium powders that were sieved between the range of 75-
105pm.
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X188 180 mm

Figure 4.3: SEM image of the fine pure aluminium powder particles sieved using the <45um sieve.
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Figure 4.4: Histograms for the length, width and ECD of medium sized pure aluminium particles
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Table 4.1: The starting particle sizes for pure Aluminium powder

Powder particle Length pm Width pm Aspect ratio ECD pm
size range
Coarse 715.48 +416.29 | 342.76 £ 161.5 0.48 430.41 + 202.52
Medium 120.45 £+ 53.47 98 +22.11 0.56 103.27 £ 23.35
Fine 37.43 £16.57 23.33 £9.65 0.62 28.48 +10.74

4.1.1.2. Apparent Density

The apparent density of the pure aluminium powders is shown in Table 4.2. The relative
apparent densities for the coarse, medium and fine powders are 37.12 + 0.77%, 48.27 + 0.24%

and 34.06 £ 0.48% respectively.

Table 4.2: The apparent density of the pure aluminium powder

Powder particle size range | Apparent density (g/cm°) | Relative apparent density (%)

Coarse 1.00 + 0.52 37.12+0.77
Medium 1.30+0.16 48.27 +0.24
Fine 0.92 +£0.32 34.06 +0.48
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4.1.2. Cold compacted specimens
4.1.2.1. Density & compressibility curve

The compressibility curve of all of the cold compacted size ranges are illustrated graphically
in Figure 4.5. The density of the medium sized particles increased from the apparent density
of 1.3g/cm® to 2.64g/cm® at 400MPa and the curve begins to plateau as higher pressing forces

are applied.

The compaction pressure did not exceed 400MPa due to a risk of tool wear. Therefore the
coarse and fine particles were also compacted at 400MPa and the densities of these are
compared in Table 4.3. The coarse and medium particle size range both had densities of

2.64g/cm? and the fine particles had a density of 2.59g/cm®.
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Figure 4.5: The compressibility curves with trend line for the fine, medium and coarse sized
aluminium powders.
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Table 4.3: Green densities of the coarse, medium and fine aluminium cold compacted at 400MPa

Powder particle size range Density (g/cm°) Density (%)
Coarse 2.64+0.01 97.78 £0.24

Medium 2.64 +£0.024 97.78 £ 0.89

Fine 2.59 +0.008 96.40 £ 0.18

4.1.2.2. Microstructure of cold compacted samples

Unetched optical images of the cold compacted pure aluminium coarse, medium and fine size
range in the longitudinal section are shown in Figure 4.6 to show the level and characteristics
of porosity. The transverse sections are shown in Figure 4.7. The images reveal a region of
higher porosity at the edge of the samples that gradually reduces towards the centre of the
sample. Closer inspection of the pores reveals that they occur at the junction of neighbouring

powder particles as indicated by the black arrows in Figure 4.8.

Etched optical images of the cold compacted aluminium samples are shown in Figure 4.9. The
data for the length, width and equivalent circular diameter of particles are shown in Table 4.4.
The coarse particle ECD ranged from 140.77um to 164.67um in the transverse and
longitudinal sections respectively, medium particles from 40.66pm to 52.39um and fine
particles from 28.41um to 33.82um. The spread of data measured for the medium sized
particles in the longitudinal and transverse sections are shown in the length, width and ECD
histograms in Figure 4.10 and Figure 4.11 respectively. This trend is seen in all samples in the

pure aluminium cold compacted particles, which is shown in Appendix 6-3 to Appendix 6-6.
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Figure 4.6: Unetched optical images showing porosity for longitudinal sections of cold compacted
coarse powder particles at the a) edge and b) core of the sample, medium c) edge and d) core and

fine e) edge and f) core.
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Figure 4.7: Unetched optical images showing porosity for transverse sections of cold compacted
coarse powder particles at the a) edge and b) core of the sample, medium c) edge and d) core and
fine e) edge and f) core.
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Figure 4.8: Etched optical image of the longitudinal section of the cold compacted pure aluminium
medium particle size range reveals that porosity occurs at the junction of neighbouring powder
particles, indicated by the black arrows. This image is taken from the core of the sample.
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Figure 4.9: Etched optical images of the cold compacted pure aluminium coarse a) longitudinal and
b) transverse section, medium c) longitudinal and d) transverse sections and fine e) longitudinal
and f) transverse sections. These images are taken from the core of the samples.
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Figure 4.10: Length, width and ECD histograms of the medium sized particles longitudinal section
data.
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Figure 4.11: Length, width and ECD histograms of the medium sized particles transverse section

data.
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Table 4.4: The length, width, aspect ratio and equivalent circular diameter of particles within the longitudinal and transverse sections of cold
compacted samples using the coarse, medium and fine sized Al powder particles

Sample Length um Width um Aspect ratio ECD um
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
Coarse 215.98 + 225.75 = 106.26 = 139.85 = 0.49 0.62 140.77 £ 164.67 =
123.59 114.24 51.7 71.89 67.18 78.17
Medium 53.72 67.58 + 33.29+ 44.66 + 0.62 0.66 40.66 £ 52.59 +
25.07 33.35 15.63 22.11 17.88 24.55
Fine 44.67 + 35.69 + 27.08 + 23.64 + 0.61 0.66 3182+ 2841+
22.49 19.31 13.05 11.45 15.53 13.6
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4.1.2.3. Hardness of cold compacted samples

The hardness of the cold compacted pure aluminium powder in the transverse and
longitudinal sections is shown in Table 4.5. The compacted coarse powder had a hardness
ranging from 39.82 to 39.75HV; 54 0on the longitudinal and transverse sections respectively.
The hardness increased to between 43.88 and 44.04HV 54 on the longitudinal and transverse
sections respectively for the medium sized powder particles and increased further to between
45.91 and 45.94HV; 54 for the fine sized particles on the longitudinal and transverse sections

respectively.

Table 4.5: The Vickers hardness of the cold compacted transverse and longitudinal sections of all
the powder particle size ranges

Sample Longitudinal HV2sig Transverse HV 5g
Coarse green compact 39.82+0.73 39.75+1.02
Medium green compact 43.88 +0.74 44.04 +0.57
Fine green compact 45,91 + 0.59 45,94 + 0.31

4.1.3. Sintering response

Although it is economically cheaper to produce coarser powders in the atomisation process,
medium and fine particle size ranges were also used to compare the effects of sintering on

particle size.
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4.1.3.1. Sintered density

The densities of the compacts before and after sintering are shown in Table 4.6. The sintered
density achieved for the coarse and fine size range was 2.59g/cm?, which is 95.76% of the
theoretical density of 2.7g/cm® for aluminium compared to 2.64g/cm? for the medium sintered

density (97.29% of theoretical).

Table 4.6: Comparison of density before and after sintering for the different sized Al powder

Condition Density (g/cm®) Density (% theoretical)
Coarse green compact 2.64 £0.01 97.93+0.24
Coarse green - sintered 620°C 1h 2.59+£0.01 95.76 £ 0.45
Medium green compact 2.64 £ 0.024 97.78 £ 0.89
Medium green - sintered 620°C 1h 2.63+£0.01 97.29 £ 0.51
Fine green compact 2.59 + 0.008 96.40 +0.18
Fine green - sintered 620°C 1h 2.59 + 0.004 95.78 £ 0.78

4.1.3.2. Microstructure of sintered samples

Unetched optical images of the longitudinal and transverse sections of the fine, medium and
coarse sintered samples are shown from Figure 4.12 to Figure 4.17, which illustrate porosity

at the edge and centre of the samples.
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Etched optical images can be seen from Figure 4.18 to Figure 4.20 for the fine, medium and
coarse sized sintered powder compacts respectively. The data for length, width and ECD for
these grains is shown in Table 4.7, which compares the cold compacted samples with those
that were sintered. The particle sizes remained relatively the same after sintering compared to
those measured after cold compaction. The ECD of the coarse sintered pure aluminium
particles was 143.33 £ 98.11um and 160.77 + 86.51um in the longitudinal and transverse
section respectively. For the medium sintered particles, the ECD was 45.74 + 19.5um and
50.2 £ 27.47um in the longitudinal and transverse section respectively. For the fine sintered
particles, the ECD was 24.54 + 8.53um and 23.99 + 10.09um in the longitudinal and
transverse sections respectively. The spread of the longitudinal and transverse data for length,
width and ECD measurements are shown in the histograms from Figure 4.21 to Figure 4.26

for all the samples.
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Figure 4.12: Unetched optical images of the a) edge and b) core longitudinal section of the fine
sized sintered particles.
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Figure 4.13: Unetched optical images of the a) edge and b) core transverse section of the fine sized
sintered particles.
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Figure 4.14: Unetched optical images of the a) edge and b) core longitudinal section of the medium
sintered samples.
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Figure 4.15: Unetched optical images of the a) edge and b) core transverse section of the medium
sized sintered particles.
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Figure 4.16: Unetched optical images of the a) edge and b) core of the longitudinal section of the
coarse sized sintered powder compacts.
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Figure 4.17: Unetched optical images of the a) edge and b) core of the transverse section of the
coarse sized sintered powder compacts.
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Figure 4.18: Etched optical images of a) longitudinal and b) transverse sections of fine sized pure
aluminium compacts sintered at 620°C for 1 hour from the core of the sample.
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Figure 4.19: Etched optical images of a) longitudinal and b) transverse sections of medium sized
pure aluminium compacts sintered at 620°C for 1 hour from the core of the sample.
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Figure 4.20: Etched optical images of a) longitudinal and b) transverse sections of coarse sized pure
aluminium compacts sintered at 620°C for 1 hour from the core of the sample.
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Figure 4.21: Histograms showing the spread of data for length, width and ECD of fine press and
sintered samples in the longitudinal section
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Figure 4.22: Histograms showing the spread of data for length, width and ECD of fine press and

sintered samples in the transverse section
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Figure 4.23: Histograms showing the spread of data for length, width and ECD of medium press and

sintered samples in the longitudinal section.
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Figure 4.24: Histograms showing the spread of data for length, width and ECD of medium press and
sintered samples in the transverse section.

146



Pure Al Coarse Press & Sintered at 620°C 1h
Longitudinal length histogram
5_
>.4
£ 3
=]
g2
]
.
CHAREILELRILINVINETLAIRIVCESPAREIRIERLI
Length um
Pure Al Coarse Press & Sintered at 620°C 1h
Longitudinal width histogram
6
5
$3
gz_
1_
.
°am@3%gsm:8&38:8%&%3833@5833@@8
A A A A N AN NN NN OOOONN S
Width um
Pure Al Coarse Press & Sintered at 620°C 1h
Longitudinal ECD histogram
5_
4_
>
3
g,z
I.I-l
. JM“ [T |
e FRRELIC8 RS I AR88ITeREIFRR8SY
A A A A N AN AN NN OO OON < T NN
ECD um

Figure 4.25: Histograms showing the spread of data for length, width and ECD of coarse press and

sintered samples in the longitudinal section.
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Figure 4.26: Histograms showing the spread of data for length, width and ECD of coarse press and
sintered samples in the transverse section.
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Table 4.7: The length, width and ECD of all the particles from the compacted and sintered powders.

Sample Length pum Width pm Aspect ratio ECD um
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse

Coarse green 215.98 + 225.75 106.26 + 139.85 0.49 0.62 140.77 £ 164.67 +
123.59 114.24 51.7 71.89 67.18 78.17

Coarse sintered 195.12 + 231.34 + 122.13 + 129.49 + 0.56 0.63 143.33 = 160.77 =
134.94 145.81 87.72 72.06 98.11 86.51

Medium green 53.72 + 67.58 + 33.29+ 44.66 £ 0.62 0.66 40.66 + 52.59 +
25.07 33.35 15.63 22.11 17.88 24.55
Medium sintered 64.32 + 68.98 + 36.51 + 4252 + 0.57 0.62 45.74 50.2 +
29.84 39.93 16.04 24.49 19.5 27.47

Fine green 44.67 £ 35.69 + 27.08 + 23.64 + 0.61 0.66 3182+ 2841+
22.49 19.31 13.05 11.45 15.53 13.6

Fine sintered 30.32 + 29.04 + 21.44 + 21.46 0.71 0.74 2454 + 23.99 +
11.7 13.24 7.24 9.18 8.53 10.09
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4.1.3.3. Hardness of sintered samples

The Vickers hardness of the pure aluminium particles before and after sintering is summarised
in Table 4.8. The hardness after sintering decreased for all sintered samples. In the coarse
sample, the hardness reduced from 39.82 + 0.73HV;s5 and 39.75 + 1.02HV; s in the
longitudinal and transverse sections respectively before sintering to 20.11 + 0.44HV; 5.4 and
21.47 £ 1.37THV.54q in the longitudinal and transverse sections respectively after sintering.
For the medium samples, hardness reduced from 43.88 + 0.74HV 5 and 44.04 + 0.57HV 5
in the longitudinal and transverse sections respectively before sintering to
23..42 £ 1.33HV, 519 and 24.21 £ 0.54HV; 54 in the longitudinal and transverse sections after
sintering. For the fine samples, hardness reduced from 4591 * 0.59HV;s5, and
45.94 + 0.31HV; 54 in the longitudinal and transverse sections respectively before sintering to
27.36 £ 0.75HV25¢4 and 27.36 £ 0.5HV.s5q in the longitudinal and transverse sections
respectively after sintering. The hardness of the post-sintered samples was highest in the fine

particles and lowest in the coarse particles.

Table 4.8: The Vickers hardness values of cold compacted and sintered aluminium compacts

Sample Longitudinal HV2syq Transverse HV; sq
Coarse green 39.82+0.73 39.75+1.02
Coarse sintered 20.11+0.44 21.47 £1.37
Medium green 43.88 £0.74 44.04 £ 0.57
Medium sintered 23.42 +1.33 24.21 +0.54
Fine green 45.91 + 0.59 4594 +0.31
Fine sintered 27.36 £0.75 27.36 £0.5
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4.1.4. ECAP response

4.1.4.1. Density after ECAP

The density of the cold compacted, sintered and ECAP samples for all size ranges is shown in

Table 4.9. After ECAP, the average density improved for all samples and peaked at

2.67 + 0.01g/cm?® for the coarse pre-compacted and pre-sintered samples. The average ECAP

density was slightly lower for the medium pre-compacted and pre-sintered samples at

2.65 + 0.03g/cm?®. For the fine aluminium particles, the average ECAP density was slightly

lower still at 2.64 + 0.01g/cm® and 2.63+0.01 for the samples pre-sintered and pre-

compacted respectively.

Table 4.9: Comparison of densities for all pure aluminium test conditions

Powder particle size and condition Density (g/cm®) Density (%)
Coarse green 2.64 £ 0.01 97.78 £ 0.24

Coarse sintered 2.59+0.01 95.76 £ 0.18

Coarse green - sintered > ECAP 2.67 £0.01 98.97 £ 0.45
Coarse green »> ECAP 2.67 £0.01 99.06 £ 0.75
Medium green 2.64 +0.024 97.78 £ 0.89

Medium sintered 2.63+0.01 97.29+0.51

Medium green > ECAP 2.65+0.01 98.0+0.11

Fine green 2.59 +0.00 96.40 £ 0.18

Fine sintered 2.59 =+ 0.004 95.78 £ 0.78

Fine green > ECAP 2.63+0.01 97.28 £0.28
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4.1.4.2. Microstructure of ECAP samples

Unetched optical images of the longitudinal and transverse (edge and centre) of the coarse
pre-sintered samples and all the pre-compacted size ranges after ECAP are shown in Figure
4.27 and Figure 4.28 respectively. The pores appear to have an elliptical shape throughout the

longitudinal cross section and a rounder shape in the transverse section.

Etched optical images of all the aforementioned ECAP samples and size ranges can be seen in
Figure 4.29. The longitudinal sections are shown in images a), ), €) and g) and the transverse
sections are shown in b), d), f) and h). Elongation of the pure aluminium particles can be seen
in the longitudinal sections for all particle size ranges and the coarse sintered specimens
following one pass of ECAP. In the transverse sections, the grains have a more rounded,

equiaxed shape for all conditions.

The data for length, width and equivalent circular diameter is presented in Table 4.10 and the
histograms for the length, width and ECD of the samples are shown in Appendix 6-7 to
Appendix 6-14. The transverse ECD of the coarse particles reduced from 164.67 + 78.17um
after compaction to 136.67 + 47.14um after ECAP. For the coarse sintered samples, the
transverse ECD reduced from 160.77 £ 86.51um after cold compaction to 118.57 + 56.22um
after ECAP. The transverse ECD of the medium sized powders reduced from
52.59 + 24.55um after cold compaction to 51.03 + 18.15um after ECAP. The transverse ECD

of the fine sized powders reduced from 28.41 + 13.6um to 21.22 + 8.39um.
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In the longitudinal section, the length of the grains increased for all ECAP samples with a
large reduction in width. This corresponded to a reduction in aspect ratio for all ECAP
samples, indicating elongation of the grains. In the transverse section, the aspect ratios stayed
relatively the same before and after ECAP and were closer to 1, indicating more equiaxed

grains compared to in the longitudinal section.

The aspect ratio for the coarse green and coarse sintered samples was 0.49 and 0.56
respectively in the longitudinal section, which reduced to 0.17 and 0.11 after ECAP of these
samples respectively. In the transverse section of these ECAP samples, the aspect ratio stayed
relatively the same at 0.62 and 0.63 for the green and sintered coarse samples respectively to
0.72 and 0.69 for these samples after ECAP. The aspect ratio of the medium samples in the
longitudinal section changed from 0.62 after cold compaction to 0.21 after ECAP and in the
transverse section stayed relatively the same at 0.66 and 0.71 before and after ECAP
respectively. For the fine particles, the aspect ratio in the longitudinal section reduced from
0.61 to 0.19 before and after ECAP respectively, whereas in the transverse section, aspect

ratio stayed relatively the same at 0.66 and 0.75 before and after ECAP respectively.
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Figure 4.27: Images of porosity for; coarse sintered --> ECAP edge a) and core b); coarse green -->

ECAP edge c) and core d); medium green --> ECAP edge e) and core f) and; fine green --> ECAP edge

g) and core h) longitudinal sections.
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Figure 4.28: Images of porosity for; coarse sintered --> ECAP edge a) and core b); coarse green -->
ECAP edge c) and core d); medium green --> ECAP edge e) and core f) and; fine green --> ECAP edge
g) and core h) transverse sections.
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Figure 4.29: Etched ECAP optical images of; coarse sintered a) longitudinal and b) transverse;
coarse green c) longitudinal and d) transverse; medium green e) longitudinal and f) transverse and;
fine green ECAP g) longitudinal and h) transverse pure aluminium samples. The dark spots are

pores and effects of overetching.
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Table 4.10: The data for length, width and ECD of the grains after one pass of ECAP for all of the pure aluminium powder samples

Sample Length pum Width pm Aspect ratio ECD um
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse

Coarse green 215.98 = 225.75 = 106.26 = 139.85 0.49 0.62 140.77 = 164.67 =
123.59 114.24 51.7 71.89 67.18 78.17

Coarse sintered 195.12 + 231.34 £ 12213 129.49 + 0.56 0.63 143.33 £ 160.77 £
134.94 145.81 87.72 72.06 98.11 86.51

Coarse green - 358.81 + 237.79 = 62.49 + 170.82 = 0.17 0.72 140.29 £ 118.57 £
sintered > ECAP 138.27 130.36 24.47 85 49.27 56.22

Coarse green - 612.78 = 260.54 + 65.32 £ 180.93 = 0.11 0.69 176.65 + 136.67 £
ECAP 290.79 107.34 26.65 98.31 69 47.14

Medium green 53.72 + 67.58 + 33.29 44.66 + 0.62 0.66 40.66 5259 +
25.07 33.35 15.63 2211 17.88 24.55

Medium green - 146.33 + 80.59 + 30.18 + 56.86 + 0.21 0.71 61.31+ 51.03 +
ECAP 57.91 40.44 9.37 12.87 17.69 18.15

Fine green 44.67 35.69 + 27.08 + 23.64 + 0.61 0.66 31.82 2841 +
22.49 19.31 13.05 11.45 15.53 13.6

Fine green > 70.27 + 331+ 13.14 + 2471 + 0.19 0.75 285+ 21.22 +
ECAP 32.5 16.58 4.69 6.76 10.34 8.39
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4.1.4.3. Hardness of the ECAP samples

The Vickers hardness values for all of the samples processed by one pass of ECAP are

summarised in Table 4.11. After ECAP, the hardness improved for all size ranges. The

hardness of the coarse particles increased from 39.82 + 0.73HV25yq t0 49.34 £ 0.92HV 54 iN

the pre-compacted and ECAP samples respectively. The hardness of the pre-sintered coarse

particles increased from 20.11 + 0.44HV; 54 t0 47.80 + 1.60HV 54 after ECAP. The hardness

of the medium sized particles increased from 43.88 + 0.74HV 54 after cold compaction to

54.53 £ 1.15HV; 54 after ECAP. The hardness of the fine sized particles increased from

45.91 + 0.59HV, 544 after cold compaction to 55.58 + 2.62HV sq after ECAP.

Table 4.11: The Vickers hardness values for all of the samples.

Sample Longitudinal HVsq Transverse HV; sq
Coarse green 39.82+0.73 39.75+1.02
Coarse sintered 20.11+0.44 2147 £1.37
Coarse green - sintered > ECAP 47.80 +1.60 45.39 +1.00
Coarse green > ECAP 49.34 + 0.92 49.14 +1.28
Medium green 43.88 +0.74 44.04 £ 0.57
Medium sintered 23.42+1.33 24.21 + 0.54
Medium green - ECAP 5453+ 1.15 53.94+1.94
Fine green 4591 +0.59 4594 +0.31
Fine sintered 27.36 £0.75 27.36 £0.5
Fine green > ECAP 55.58 + 2.62 56.73+2.11
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4.2. Pure Aluminium particles Discussion

4.2.1. Starting powder

From section 4.1.1, a majority of the coarser starting powder particles had an irregular shape
and as the size decreased, particle morphology appeared to be more rounded from the SEM
images in Figure 4.1, Figure 4.2 and Figure 4.3 respectively. Cooling rates have a significant
influence on particle morphology in the chamber [4, 45, 50]. As the particles fall through the
atomisation chamber, they lose heat via several mechanisms, which are: radiation; heat flow
via the gas that is in contact with the melt; and particle collisions [49, 239]. Larger particles
have a smaller surface area, which means that the cooling rates are lower. Therefore the
droplet is in a liquid state for longer and the shape is influenced by air turbulence as it falls in
the chamber. Conversely, finer particles have a higher surface area and solidify much more

rapidly meaning that the shape is not influenced by air turbulence during free-fall [2, 49, 240].

Surface tension forces also affect the particle shape, and can lead to spheroidisation of
droplets that were initially irregular, if they have not solidified already, due to a reduction in
surface energy [49, 241]. The cooling rate affects the time available for the spheroidisation
process. Longer solidification times mean that the time required for spheroidisation is greater
as the droplets are liquid for longer. If the time for droplet spheroidisation is longer than the
time for solidification, then the particles will have an irregular shape and vice versa for

spherical particles [49, 241].
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4.2.2. Apparent density

From Table 4.2, the highest apparent density was achieved for the medium sized powder
particles at 48.27 £ 1.3%, compared to 37.12 + 0.52% for the coarse sized particles and
34.06 + 0.32% for the fine sized particles. Apparent density is a reflection of how well the
particles flow past each other as they are poured in to the container. The volume that can be
occupied by the mass of powder affects the ability of industrial presses to mass produce
compacts and is related to the characteristics of the particle, where shape, size and distribution

have a large influence on the efficiency of die filling [4, 62, 66, 68].

4.2.2.1. Coarse, “>150um”, sized particles

The coarse sized particles had a lower apparent density compared to the medium sized
particles due to the size and shape differences of the particles. From Table 4.1, the average
ECD of the coarse particles was 430 + 202.53um compared to 133.27 + 23.35um for the
medium sized particles. The irregular morphology of the larger particles leads to bridging
between neighbouring particles when they are poured in to the container, which creates voids.
The larger the particles, the larger the bridges and this in turn creates larger voids which
cannot be filled by the other coarse particles, hence a lower apparent density is seen as a result

of poor packing [4, 62].
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4.2.2.2. Fine, “<45um”, sized particles

The fine sized particle range had the lowest apparent density due to high friction between the
particles, despite the morphology of the finer particles being more regular. From Table 4.1,
the average ECD of the fine sized particles was 28.48 + 10.74um, which was considerably
finer than the medium sized particles. Finer particles have a higher specific surface, which
means that they have a larger area of contact with neighbouring particles [4]. The larger area
of contact means that the frictional forces of the powder particles increases, which
subsequently prevents adequate flow and filling of dies under gravity, hence a low apparent

density [35, 62, 69].

4.2.2.3. Medium, “>76um <105um?”, sized particles

The medium sized particle range had the highest apparent density. The reason for this may be
attributed to the particle size distribution, which can be seen in the histograms in Figure 4.4.
The minimum ECD from the histogram was 70um which is less than the minimum sieve size
used to collect the powders from and some ECD measurements were far greater than the
105um apertures in the sieve, with the maximum being 230um. This implies that there is a
wide range of particle sizes present in the medium sized particle batch and it is likely that the
smaller particles would fit in the voids that would be created by larger particles, which

increased the apparent density [4, 62, 68].
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4.2.3. Cold compacted powders
4.2.3.1. Density

From Figure 4.5, the density of the medium sized powder particles increased with compaction
pressure, from 2.39 + 0.025g/cm® at 50MPa to 2.64 + 0.024g/cm® at 400MPa, and began to
plateau. This trend was expected due to higher compaction forces deforming the powder
particles so they fill the voids created from die fill [77, 89]. A plateau began as the aluminium
particles could no longer move past each other or deform into the available space with higher
pressing forces [17, 87, 242]. Increasing the compaction pressure above 400MPa lead to
marginal increases in density although the risk of tool wear was also higher, thus adding to

the cost of manufacture if parts have to be replaced more frequently [77, 81, 242, 243].

It has been reported that densification occurs in a few stages, shown in Figure 4.30 [17, 42,
87, 88]. At the beginning of the compaction process, the primary mechanism for densification
is the movement and re-arrangement of the powder particles as they slide and rotate past each
other in to the optimum position [8, 76, 87, 90]. When the powders are loosely settled upon
die filling, there is an interconnected porous network. As densification proceeds, more contact
points are created between the powder particles, which subsequently causes isolated porous
networks in the compact and breaks down the bridges that were formed in die filling [8, 70,
71, 76, 90]. The asperities on the surface of the particles merge together and form bonding
surfaces between neighbouring particles, which develops several cold welding spots due to

the strong shearing along the contact surfaces [8, 76, 87, 90].
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Figure 4.30: The different stages of compaction [42].

In the second stage of compaction, densification mainly occurs by the localised elastic
deformation of particles [76, 87, 90]. The asperities of the particles in contact with each other
become deformed due to pressure and the deformation begins to spread through the contact
region, with the displaced material facilitating neck growth to isolate the network of pores
[71, 76]. As densification increases, the deformation at the contact points exceeds the yield
strength of the material, causing local plastic deformation at these regions. The material starts
to flow into the voids between the particles, which leads to further densification in the
homogenous deformation stage. Strain hardening occurs due to the plastic deformation of
particles, which increases the resistance to further deformation [71, 76, 88]. The final stage
generally occurs at very high pressures where plastic deformation cannot proceed due to a

lack of porosity and the compact behaves like a fully dense body [71, 76, 88].
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The deformation of the particles can be seen in the etched optical images from Figure 4.8 and
Figure 4.9 when compared to the starting powder particles from Figure 4.1, Figure 4.2 and
Figure 4.3. The location of the pores at the junctions of neighbouring particles was expected
as a result of the aforementioned densification mechanism [93]. Using higher compaction
pressure also leads to higher ejection forces and frictional effects on the material, which

causes cracking of the sample and is undesirable [71, 76, 88].

It is ideal to increase the green density as much as possible in order to optimise the final
mechanical properties; therefore the cold uni-axial compaction pressure remained at 400MPa
for all samples throughout. From Table 4.3, the coarse particles reached the same density as
the medium particles at 2.64 + 0.01g/cm® and the fine particles slightly lower at
2.59 + 0.001g/cm®. The lower green density for the fine powder particle size range can be
attributed to the high friction forces between the particles, which prevented adequate flow
during the first stage of densification [8, 17, 65, 87-90]. This meant that there was very little
movement of particles into the available space left by the voids from die filling. Therefore, the
second stage of densification, where the particles plastically deform, happened much sooner,
which increased the amount of contact points between particles and closed off some porous

networks [17, 65, 87-93].
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4.2.3.2. Microstructure

4.2.3.2.1. Porosity variation

From Figure 4.6, a region of high porosity existed at the edge of the samples compared to the
relatively low porosity at the centre. This region of increased porosity can be created by the
way in which the powder particles settle prior to compaction. From die filling, an area of
uniformly packed particles exists in the centre, whereas a more porous region occurs next to
the die wall [100]. Even after tapping the die to try and homogenise the distribution of
particles, this outer shell of porosity remains in the green compacts as a result of the higher
friction at the die wall, despite applying die wall lubricant in the form of Kenolube [72, 73,

83]. This prevented adequate flow from die fill and the non-uniform transmission of pressure.

For the fine aluminium particles, the region of higher porosity at the edge extended slightly
further in to the centre of the sample and is slightly more pronounced compared to the coarse
and medium sized particle ranges. This can be explained by the higher friction in smaller
particles as result of the increased surface area in contact with the die wall preventing
adequate movement of the particles as well as smaller particles being harder and more

resistant to plastic deformation, thus affecting the transmission of force.
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4.2.3.2.2. Grain size

From Table 4.4, it can be seen that the particle sizes decreased after cold compaction when
compared to the starting powder for the coarse and medium sized particle ranges. This
reduction in particle size was expected as a result of the compaction process and the
densification mechanisms. In the second stage of densification, after the particles have
re-arranged to their optimum position, they undergo plastic deformation when in contact with

other particles, which causes an associated reduction in grain size [76, 87, 90].

The fine sized particles did not show much change from the starting ECD of 28.48 + 10.74um
to 28.41 £+ 13.6um in the transverse section and 31.82 + 15.53um in the longitudinal section
of the cold compacted sample. Smaller grains have a higher hardness and are more resistant to
deformation, therefore less plastic deformation occurred in the latter stages of densification,
hence no significant change is seen in the grain size for the cold compacted fine aluminium

particles [10, 182].

4.2.3.2.3. Hardness

The hardness values for the different size ranges followed the trend from the Hall-Petch
equation, where the finer particle size range had the higher hardness of 45.94 + 0.31
compared to 44.04 £ 0.57 and 39.75 + 1.02 for the medium and coarse particles respectively.
In the second stage of densification, the particles were subjected to plastic deformation and

the work hardening effect contributed to the hardness of the compacts [77, 89].
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Smaller particles have a higher hardness as they restrict the movement of dislocations. These
dislocations move across slip planes until they reach a grain boundary, which prevents them
moving any further [190, 191]. The hardness of a material is determined by its ability to stop
dislocation movement and decreasing grain sizes increases the amount of grain boundaries.
As can be seen from Figure 4.18, the fine particles have a higher amount of grain boundaries
for a given area compared to the medium and coarse etched optical images and thus

preventing dislocation movement and increasing the hardness [190, 191].

4.2.3.2.4. Heckel relationship

This can be used to calculate the yield strength of a material using the density achieved at
various compaction pressures, which was shown in equation (2.2) [94, 95]. Graphs of lnﬁ

against P are shown in Figure 4.31 for all the size ranges of pure aluminium powder and the
gradient of the graph is the value for the constant ky. As ky is related to the yield stress by
equation (2.3), this can be re-arranged so that the yield stress, oy, iS on its own to give

equation (4.1) [79, 95].

1 4.1)
%= 3k,
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Figure 4.31: Heckel relationship for cold compacted pure aluminium medium sized particle range.
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The yield strength of the aluminium powders is summarised in Table 4.12. The optimum yield
strength of 66.15MPa was reached by the medium size range, which is comparable to a
wrought 1000 series aluminium alloy [192, 244-246]. The lower values for the fine and coarse
particle sizes are due to the gradient of the slope being slightly steeper than the medium size
range. From the Hall-Petch equation, smaller particles are harder to deform, thus there is a
resistance to plastic deformation during compaction and affects the densification behaviour,
thus increasing the gradient of the graph. Larger particles on the other hand are softer and

easier to deform, which decreases the yield strength from the Heckel plots.

Table 4.12: The approximate yield strengths of the different pure aluminium size ranges

Powder particle size range Approximate Yield strength (MPa)
Fine 52.64
Medium 66.15
Coarse 44.88
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4.2.4. Sintering response

4.2.4.1. Density

The density of the sintered powders did not show any improvement from cold compaction for
any of the pure aluminium size ranges as shown in Table 4.6. The lack of densification can be
explained by the stable oxide layer on the surface of the aluminium particles preventing
adequate contact between neighbouring particles [103, 111, 247]. This behaviour has also
been observed in an aluminium compact that underwent solid state sintering at 625°C for 2.5

hours and 620°C for 1h [21, 248].

4.2.4.2. Microstructure

The ECD of the sintered particles did not differ greatly when compared to the grain sizes from
the cold compaction, shown in Table 4.7. Optical images revealed a very similar
microstructure in the green compacts (Figure 4.9) compared to sintered samples (Figure 4.18
to Figure 4.20). This can be explained by the surface oxide layer preventing any metallurgical
bonding between neighbouring particles and so the effects of solid state sintering on the grain
size are not significant. Previous studies had shown that for sintering at 625°C for 2.5 hours
on commercially air atomised pure aluminium particles, there was an insignificant effect on

the grain size [248].
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However, the porosity variation seen in the cold compacted samples from the edge to the
centre appeared to have changed as a result of the sintering, as shown in Figure 4.6 and Figure
4.16 respectively. It is possible that there was some material transport towards the edge of the
sample where there is more porosity and therefore homogenised the pore distribution in order
to reduce the free surface energy [248, 249]. The interfacial energy between solid and vapour
is much higher than solid-solid. As the material is more porous in the skin region, there is
more solid-vapour interface between particles and pores. Thus, there is a drive to reduce the

interfacial energy at this region to create more solid-solid interfaces [248, 249].

4.2.4.3. Hardness

Table 4.8 showed that the Vickers hardness of the sintered pure aluminium particles reduced
to approximately half of the hardness for the cold compacted samples. This is likely to be a
result of the change in stored energy as the sample is heated from room temperature. During
deformation and work hardening from compaction, the powders absorb high amounts of strain
energy as dislocations form and become entangled, which increased the hardness [190-192].
When temperature is applied during sintering, the thermal energy allows the atoms to move
via the driving force of the strain energy [245, 250-252]. The entangled dislocations then
become re-arranged into low-angle grain boundaries that are relatively free of dislocations,
indicating recovery [245, 250-252]. The changes seen in the hardness are likely to be caused
by re-crystallisation, where new, non-deformed grains nucleate and grow into the rest of the
compact, reducing the dislocation density to the original value and reducing the hardness

[245, 250-252].
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4.2.5. ECAP samples
4.2.5.1. Density

From Table 4.9, after one pass of ECAP, all compacts showed an increase in density although
the sintered coarse particles size range showed the highest increase in density from
2.59g/cm® + 0.01 after sintering to 2.67g/cm® + 0.01 after ECAP. Densification is caused by
high shear strains to the material as it passes through the 90° channel. The severe plastic
deformation of the aluminium particles ruptures the oxide layer thus exposing fresh surfaces,
which bond together via back pressure from the samples in the die, as mentioned in section
2.5.5 [220, 221, 253-255]. In cold compaction, plastic deformation of the powder particles at
contact points causes the particles to begin closing off the porous network until the
compaction pressure is reached [8, 70, 71, 76, 90]. When severe plastic deformation occurs,
the isolated porous networks are almost eliminated as the particles spread in to them, which

subsequently leads to an increase in density [220, 221, 253-255].

The coarse particles reached a higher ECAP density compared to the other size ranges. From
the Hall-Petch equation, larger particles are softer and are able to deform more easily
compared to the fine and medium particles [10, 29, 182, 190, 191, 193]. When comparing the
Vickers hardness after cold compaction, the coarse particles had lower values compared to
that of the other size ranges, seen in Table 4.5. After sintering, the coarse particles were even
softer, hence severe plastic deformation had a greater effect during ECAP and this increased

the density as can be seen in Table 4.11.
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4.2.5.2. Microstructure

The grains on the transverse and longitudinal sections of the cold compacted samples were
generally equiaxed, with a relatively small difference between the width and the length of the
measured particles from Table 4.4. After ECAP, this difference drastically changed in the
longitudinal section, which is parallel to the shear plane, as can be seen in Table 4.10. The
severe plastic deformation from ECAP significantly elongated the grains in the longitudinal
section for all samples illustrated in Figure 4.29 a), c), €) and g). As was mentioned in section
2.5.5, the particles experience high plastic strains as they pass through the channel angle. This
exposes fresh surfaces and, with back pressure from samples left in the exit channel providing
the compressive force required for good contact between the particles, there is excellent

bonding between particles.

The transverse sections perpendicular to the shear plane showed relatively equiaxed grains
compared to the longitudinal sections seen in Figure 4.29 b), d), f) and h). The ECD of the
grain sizes in the transverse section are shown for all samples in Table 4.13. The average
ECD grain size measurement in the transverse section decreased with one pass of ECAP for
all particle size ranges, which is expected due to the severe plastic deformation refining the

grains after one pass.
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Table 4.13: A summary of the transverse ECD grain sizes for all of the pure aluminium samples.

Sample

ECD pm

Coarse starting

430.41 + 202.52

Coarse green

164.67 + 78.17

Coarse sintered

160.77 + 86.51

Coarse green > ECAP

136.47 +47.14

Coarse green - sintered > ECAP 118.57 + 56.22
Medium starting 103.27 + 23.35
Medium green 52.59 + 24.55
Medium green > ECAP 51.03 £ 18.15
Fine starting 28.48 + 10.74
Fine green 28.41 +13.6
Fine green > ECAP 21.22 +8.39

The coarse particles showed the largest refinement after ECAP, which can be linked to the

hardness of these particles after cold compaction in Table 4.5. Larger grains are easier to

deform when considering the Hall-Petch relationship, therefore the effect of ECAP on the

grain sizes of larger particles is much greater [10, 29, 182, 190, 191, 193]. For the medium

and fine sized particle range, the decrease in grain size is very small even after ECAP, which

is due to smaller grain sizes having higher hardness and therefore have a higher resistance to

plastic deformation.
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4.2.5.3. Hardness

The Vickers hardness increased in all samples after one pass of ECAP, as seen in Table 4.11.
One aforementioned factor is the reduction in grain size that can contribute to strengthening
via restriction of the movement of dislocations. The other factor is the slight increase in
density after ECAP, causing a reduction in porosity, therefore decreasing the number of sites

whereby cracks can be initiated from to weaken the material.

4.2.6. Summary

In the literature review, research on the ECAP of pure aluminium had been reported including
the use of bimodal distribution of nano-powders with micron sized particles. However, nano-
particles are more expensive to produce than coarser micron sized particles and the important
finding from this section of the thesis is that ECAP is able to improve hardness and, to some
degree, density, regardless of the size of the particles used. Therefore to keep the costs down,
coarser particles can be used and be processed by ECAP in order to improve hardness of net

shape parts.
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4.3. Al-20Sn-7Si-1Cu bearing alloy
4.3.1. Starting powder
4.3.1.1. Size and morphology

The starting powder of the gas atomised Al-20Sn-7Si-1Cu particles is shown in the back
scattered SEM image in Figure 4.32. The particles were mainly spherical in shape and the
average particle diameter by mass (Dsg) was 21.70um as supplied by AIPoCo, which is shown
in the sieve analysis in Table 4.14. The compositional analysis by AlIPoCo is shown in Table
4.15. The apparent density was 1.49g/cm® + 0.47g/cm®, which is 34% of the theoretical

(3.08g/cm?), the calculation of which is shown in Appendix 6-15.

Figure 4.32: A back scattered SEM image of the starting Al-20Sn-7Si-1Cu particles where each
particle had the composition as specified in Table 4.15.
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Table 4.14: Particle size fraction for the as-supplied AIPoCo powder.

Size Fraction Average Size pm
Do 6.46
Dso 21.70
D100 54.36

Table 4.15: Certificate of Analysis (COA) of the as-supplied AlPoCo powder.

Sn (%) Si (%) Cu (%) Al (%)
Specification 19-21 6-7 0.75-1.25 Balance
COA analysis 22.2 7.52 1.13 Balance

4.3.1.2. Hardness

The microhardness of the particle sizes between 60-80um was measured as

77.7THV o 15 + 1.71.

4.3.2. Cold compacted specimens
4.3.2.1. Density and compressibility curve

The compressibility curve for the cold compacted Al-20Sn-7Si-1Cu powders is shown in
Table 4.16 and Figure 4.33 for compaction pressures ranging from 100MPa to 500MPa. A
compaction pressure of 400MPa was used for all other pressings to reduce tool wear. The
density began to plateau with increasing compaction pressure from 2.19 + 0.00g/cm® at
100MPa to 2.76 + 0.01g/cm®at 500MPa. The density at 400MPa was 2.67 + 0.04g/cm®, which

IS 86.76 + 1.16% of the theoretical density.
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Table 4.16: The densities obtained at different compaction pressures for the Al-20Sn-7Si-1Cu alloy

Compaction Pressure MPa Green density g/cm® Green density %
100 2.19+0.00 71.18+0.14
200 2.38+0.11 77.37 £ 3.59
300 2.53+0.01 82.15+0.19
400 2.67+0.04 86.76 £ 1.16
500 2.76+0.01 89.51 + 0.30

Density curve for cold compacted Al-20Sn-7Si-
1Cu pre-alloyed powder
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Figure 4.33: The compressibility curve for the Al-20Sn-7Si-1Cu cold compacted samples
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4.3.2.2. Microstructure of the cold compacted samples

Macro images were taken of the two sections of the as-pressed material and these are shown
in Figure 4.34. An outer region or skin surrounding the core of the sample is seen on the
surface of both sections. The optical micrographs of the skin and core region of the
longitudinal section of the cold compacted Al-20Sn-7Si-1Cu are shown in Figure 4.35. The
region close to the edge in the skin region appears more porous than that in the centre of the
sample. The transverse section also shows a similar trend with the skin region showing a more

porous microstructure shown in Figure 4.36.
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Figure 4.34: Macro images of the as-pressed Al-20Sn-7Si-1Cu a) longitudinal and b) transverse
sections
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Figure 4.35: Unetched optical images of the longitudinal a) edge and b) core regions of the Al-20Sn-

7Si-1Cu green compacts.
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36: Unetched optical images of the transverse a) edge and b) core regions of the Al-20Sn-

7Si-1Cu green compacts.
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The etched optical images of the cold compacted longitudinal and transverse sections are
shown in Figure 4.37. The data for the length, width and equivalent circular diameter of
discrete particles are shown in Table 4.17. The ECD of the particles ranged from

12.43 £ 7.25um in the longitudinal section to 13.9 + 8.65um in the transverse section.

A back-scattered SEM image and EDX analysis is shown in Figure 4.38. The dark grey
regions represent aluminium; the bright phases are tin, which appear in localised pools from
the atomised powder; and silicon and copper are dissolved throughout the matrix. The spread
of data measured for the longitudinal and transverse sections can be seen in the length, width

and ECD histograms in Figure 4.39 and Figure 4.40 respectively.
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Table 4.17: The length, width and ECD for the cold compacted Al-20Sn-7Si-1Cu samples

Sample Length pum Width pm Aspect ratio ECD pm
Longiudinal | Transverse | Longiudinal | Transverse | Longiudinal | Transverse | Longiudinal | Transverse
Green compact | 14.65+8.7 | 16.49+10.86 | 11.3+6.75|12.42+7.96 0.77 0.75 1243 +£7.25 | 13.9 +8.65
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Figure 4.37: Etched optical images of the cold compacted Al-20Sn

b) transverse section.
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Figure 4.38: EDX of the green compact; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map where dark green represents Al, lighter
green represents Si and blue/white represents Sn.
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Figure 4.39: Histograms for the longitudinal section of as-pressed Al-20Sn-7Si-1Cu powders.
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Figure 4.40: Histograms for the transverse section of as-pressed Al-20Sn-7Si-1Cu powders.
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4.3.2.3. Hardness of cold compacted samples

The Vickers hardness of the cold compacted Al-20Sn-7Si-1Cu powder is shown in Table 4.18
and it ranged from 60.19 + 2.27HVj5q t0 62.2 + 1.95HV;5 in the longitudinal and

transverse sections respectively.

Table 4.18: The Vickers Hardness values for the Al-20Sn-7Si-1Cu cold compacted samples

Sample HV2 5k

Longitudinal Transverse

Green compact 60.19 £ 2.27 62.2+£1.95

4.3.3. Sintering response

Different temperatures were tested at one hour in order to have a compact with suitable
strength to withstand ECAP. This is because the samples crumbled when they were not
sintered prior to ECAP. At 300°C 1h in an atmosphere of nitrogen, the samples were very
fragile and did not have sufficient strength as they crumbled when attempting ECAP. At
500°C for 1h in an atmosphere of nitrogen, the samples developed sufficient strength to be
passed through ECAP without fragmenting. Therefore the sintering temperature remained at
500°C for a minimum of one hour, with 10h also used to test the effect of longer sintering
times on the microstructure of this alloy. A temperature of 550°C for one hour was also
studied. Tin exuded out of the sample as shown in Figure 4.41 and also held together after

ECAP. The sample sintered at 500°C for 1h is shown in Figure 4.42.
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Figure 4.41: Tin sweating out of the sintered samples at 550C for 1h in nitrogen atmosphere

Figure 4.42: The Al-20Sn-7Si-1Cu sample sintered at 500°C 1h in a Nitrogen atmosphere

4.3.3.1. Sintered density

The density of the sintered samples is summarised in Table 4.19. After sintering for 500°C 1h,
the density remained the same as the cold compacted density at 2.67 + 0.01g/cm®. After
sintering at 500°C for 10h, the density decreased marginally to 2.66 + 0.01g/cm® and

decreased further to 2.60 + 0.01g/cm?® for the sample sintered at 550°C for 1h.

Table 4.19: The density of the sintered Al-20Sn-7Si-1Cu samples

Sintering condition Density g/cm® Density %
500°C 1h 2.67£0.01 86.53 + 0.28
500°C 10h 2.66 +0.01 86.44 + 0.09
550°C 1h 2.60 +0.01 84.51 +0.13
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4.3.3.2. Sintered microstructure

Macroscopic images were taken of the longitudinal and transverse sections of the sintered
samples, which are shown in Figure 4.43 to Figure 4.45 for the samples sintered at 500°C for
1h, 10h and 550°C for 1h respectively. There is a smaller skin region compared to the green
compact for all sintered samples. Unetched optical images of the samples sintered at 500°C
for 1h & 10h and 550°C are shown in Figure 4.46 to Figure 4.48 respectively, with a higher

magnification of the skin region.

Etched optical micrographs of the longitudinal and transverse sections of all sintered samples
are shown from Figure 4.49 to Figure 4.51 to attain aluminium grain size measurements. The
length, width and ECD of the aluminium grains are shown in Table 4.20. The aluminium
ECD after sintering at 500°C 1h was 9.83 + 5.95um and 12.77 + 8.07um for the longitudinal
and transverse section respectively. The ECD of the sample sintered at 500°C for 10 was
13.48 + 6.47um and 15.32 + 6.68um for the longitudinal and transverse sections respectively
and for the sample sintered at 550°C for 1h, the ECD was 15 + 8.62um and 16.26 + 8.38um

in the longitudinal and transverse sections respectively.

The histograms of the length, width and ECD of the aluminium grains in the longitudinal and
transverse sections of the sample sintered at 500°C for 1h are shown in Figure 4.52 and
Figure 4.53 respectively. The corresponding histograms for the samples sintered at 500°C for

10h and 550°C for 1h are shown in Appendix 6-16 to Appendix 6-19.
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SEM images, including EDX, of the samples sintered at 500°C 1h & 10h and at 550°C for 1h
are shown from Figure 4.54 to Figure 4.59 for the longitudinal and transverse sections. On the
EDX images, the light white phase is tin, the dark grey phase is aluminium and the lighter
grey regions are copper for all sintered samples. Tin moved out of the pre-alloyed particles
and settled around the aluminium grains and silicon particles formed during heat treatment.

These characteristics appeared in all sintered samples.

The silicon maps from the EDX were used to attain the length, width and ECD data for the
silicon particles, which is shown in Table 4.21. The ECD of the silicon particles after
sintering at 500°C for 1h was 3.51 + 1.1um and 3.86 + 1.14um in the longitudinal and
transverse sections respectively. This increased to 4.5 £ 1.15um and 4.3 = 1.41um in the
longitudinal and transverse sections respectively for sintering at 500°C at 10h and further
increased to 4.89 + 1.96um and 5.52 + 2.19um in the longitudinal and transverse sections

respectively for sintering at 550°C for 1h.

Histograms for the length, width and ECD of the silicon particles are shown in Figure 4.60
and Figure 4.61 for the samples sintered at 500°C 1h. The corresponding histograms for the
samples sintered at 500°C for 10h and 550°C for 1h are shown from Appendix 6-20 to

Appendix 6-23.
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Figure 4.43: The macroscopic image of the longitudinal (top) and transverse (bottom) sample
sintered at 500°C 1h in a nitrogen atmosphere. The white dots on the sample are hardness indents.

) ';' a N m.(cv.ak-w. ReciE S UL R

Figure 4.44: The macroscopic image of the longitudinal (top) and transverse (bottom) sample
sintered at 500°C 10h in a nitrogen atmosphere. The white dots on the sample are hardness
indents.
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Figure 4.45: The macroscopic image of the longitudinal (top) and transverse (bottom) sample
sintered at 550°C 1h in a nitrogen atmosphere. The white dots on the sample are hardness indents.
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Figure 4.46: Optical micrograph showing the skin and the core of the longitudinal section of a
sample sintered at 500°C 1h in an atmosphere of nitrogen.
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Figure 4.48: Optical micrograph showing the skin and the core of the a) longitudinal and b)

transverse section of a sample sintered at 550°C 1h in an atmosphere of nitrogen.
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Figure 4.49: Etched optical micrograph of the a) longitudinal and b) transverse sections of the
sample sintered at 500°C 1h used to attain aluminium grain size measurements.
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Figure 4.50: Etched optical micrograph of the a) longitudinal and b) transverse sections of the

C 10h used to attain aluminium grain size measurements.

sample sintered at 500°
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Figure 4.51: Etched optical micrograph of the a) longitudinal and b) transverse sections of the
sample sintered at 550°C 10h used to attain aluminium grain size measurements.
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Table 4.20: The length, width and ECD of the aluminium grain sizes for the sintered samples.

Sample Length um Width pm Aspect ratio ECD um
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
Sintered 1191+ 15.64 + 8.6 = 11.38 + 0.72 0.73 9.83+ 12.77 +
500°C 1h 7.42 10.76 5.44 7.61 5.95 8.07
Sintered 16.36 = 18.87 £ 12.38 £ 14.03 £ 0.76 0.74 13.48 + 1532+
500°C 10h 8.06 8.63 5.97 6.44 6.47 6.68
Sintered 19.07 + 20.69 + 13.17 + 14.46 + 0.69 0.70 15+ 16.26 +
550°C 1h 11.43 11.13 8.03 7.91 8.62 8.38
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Figure 4.52: Histograms for the length, width and ECD of the aluminium grains in the longitudinal
section of samples sintered at 500C for 1h.
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Figure 4.53: Histograms for the length, width and ECD of the aluminium grains transverse section
of samples sintered at 500C for 1h.
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Figure 4.54: EDX of the longitudinal section of samples sintered at 500C 1h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.
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Figure 4.55: EDX of the transverse section of samples sintered at 500C 1h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.
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Figure 4.56: EDX of the longitudinal section of samples sintered at 500C 10h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.
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Figure 4.57: EDX of the transverse section of samples sintered at 500C 10h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.

207



Sn La1 h 40um o CuKa1 h 40um o h 40um

Figure 4.58: EDX of the longitudinal section of samples sintered at 550C 1h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.
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Figure 4.59: EDX of the transverse section of samples sintered at 550C 1h; a) SEM; b) Al map; c) Si map; d) Sn map; e) Cu map; f) Coloured map
where dark green represents Al, lighter green represents Si, blue/white represents Sn and light brown represents Cu.
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Figure 4.60 Histograms for length, width and ECD of the silicon particles in the longitudinal section
of samples sintered at 500C for 1h.
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Figure 4.61: Histograms for length, width and ECD of the silicon particles in the transverse section

of samples sintered at 500C for 1h.
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Table 4.21: The silicon particle sizes for the sintered samples.

Sample Length um Width um Aspect ratio ECD um
Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse | Longitudinal | Transverse
Sintered 500°C 4.06 £ 455 + 293+ 321+ 0.72 0.71 351+ 3.86 £
1h 1.47 1.64 0.99 1.01 1.1 1.14
Sintered 500°C 4.44 + 5.05+ 334+ 3.64+ 0.75 0.72 45+ 43+
10h 1.57 1.89 1.06 1.26 1.15 141
Sintered 550°C 6.08 + 6.59 + 399+ 4.65 0.66 0.71 4.89 + 552+
1h 2.94 2.86 1.68 1.97 1.96 2.19
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4.3.3.3. Sintered hardness

The hardness values for the sintered samples are shown in Table 4.22. The hardness of the
sintered samples decreased from the cold compacted hardness of approximately 61HV 7 sq to
33.68 £ 1.2HV;5 and 34.8 £ 0.99HV.54 in the longitudinal and transverse sections
respectively of the sample sintered at 500°C for 1h. The hardness reduced slightly to
32.43 £ 0.69HV25¢ and 32.6 £ 0.71HV.5 in the longitudinal and transverse sections
respectively for the sample sintered at 500°C for 10h. The hardness reduced further to
24.6 = 1HV, 54 and 26.3 + 0.6HV, 54 in the longitudinal and transverse sections respectively

for the sample sintered at 550°C for 1h.

Table 4.22: Vickers hardness values of the sintered samples.

Sample Hardness HV; 51
Longitudinal Transverse
500°C 1h 33.68+1.2 34.8£0.99
500°C 10h 32.43£0.69 326+0.71
550°C 1h 2461 26.3+0.6
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4.3.4. ECAP response
4.3.4.1. Density of ECAP samples

The densities of the samples after one pass of ECAP are shown in Table 4.23. The density
increased from the cold compacted density of 2.67 + 0.04g/cm® to 2.96 + 0.01g/cm?®,
3.03 + 0.02g/cm®and 3.04 + 0.01g/cm?® for the samples pre-sintered at 500°C for 1 & 10 hours

and 550°C for 1h respectively.

Table 4.23: The density measurements of the sintered samples after one pass of ECAP

Sample Density g/cm® Density %
500°C 1h - RT ECAP 2.96 £ 0.01 96.16 £ 0.37
500°C 10h - RT ECAP 3.03+0.02 98.4+0.84
550°C 1h - RT ECAP 3.04+0.01 98.57 £ 0.24

4.3.4.2. Microstructure of ECAP samples

Macroscopic images of the ECAP samples are shown in Figure 4.62 to Figure 4.64. Two
distinct regions developed after one pass, which can be seen as a reflective region, termed the
“skin” and a lighter grey, matte region which appeared towards the centre of the sample,

termed “core”. Both of these regions appeared in the transverse and longitudinal sections.
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Etched optical micrographs of the ECAP sample pre-sintered at 500°C 1h & 10h and 550°C
for 1h in the longitudinal and transverse sections are shown in Figure 4.65 to Figure 4.70 for
measurement of aluminium grain sizes. For the longitudinal section, the aluminium grains
appear elongated in the core region compared to the relatively equiaxed grains of the skin
region. For the transverse section, the aluminium grains are relatively equiaxed in both the
skin and the core region. Another observation from the core region was the existence of
‘whiskers’ of material extruding from the surface. EDX revealed these features to be tin as
shown from Figure 4.71 to Figure 4.82. These tin whiskers were seen in all of the ECAP
samples after one pass in the core region. The silicon maps from EDX were used to measure

the silicon sizes.

The length, width and ECD of the aluminium particles after one pass of ECAP are shown in
Table 4.24 and there is a large scatter of data around the mean. For comparative purposes, the
transverse section gives a better representation of grain size changes. After ECAP, the
samples pre-sintered at 500°C 1h had an ECD of 8.94 £ 4.05um in the skin region and
7.77 £ 4.24um in the core region. For the samples pre-sintered at 500°C for 10h, the ECD was
6.92 + 4.21um in the skin region and 6.59 + 3.86um in the core region. For the samples
pre-sintered at 550°C for 1h, the ECD was 11.08 £ 5.26um and 11.22 + 5.11um for the skin
and core region respectively. Histograms for the length, width and ECD of aluminium grain
sizes in the longitudinal skin and core regions of the 500°C 1h ECAP sample are shown in
Figure 4.83 and Figure 4.84 respectively and for the transverse section in Figure 4.85 and
Figure 4.86 respectively. The corresponding aluminium grain size histograms for the samples

pre-sintered at 10h and 550°C 1h are shown in Appendix 6-24 to Appendix 6-31 respectively.
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The length, width and ECD of the silicon particles after one pass of ECAP are shown in Table
4.25. After ECAP, in the skin region of the sample pre-sintered at 500°C for 1h, the silicon
ECD was 3.19 + 1.06pum and 2.99 + 1.09um in the longitudinal and transverse sections
respectively. In the core region, these were 2.83 + 1.12um and 2.9 £ 1.09um in the
longitudinal and transverse section respectively. In the skin region of the sample pre-sintered
at 500°C for 10h, the silicon ECD was 2.95 = 1.21um and 2.86 £ 1.28um in the longitudinal
and transverse section respectively. In the core region of this sample, the ECD was
2.81 +1.24um and 3.04 £ 1.34um in the longitudinal and transverse section respectively. In
the skin region of the samples pre-sintered at 550°C for 1h, the silicon ECD was
3.69 £ 1.44um and 4.04 £ 1.86um in the longitudinal and transverse sections respectively. In
the core region of the samples pre-sintered at 550°C for 1h, the silicon ECD was
3.77 £ 1.72um and 4.45 + 2.24um in the longitudinal and transverse sections respectively. It
is also observed that the silicon particles remained relatively equiaxed and embedded in the
aluminium matrix after one pass of ECAP, whereas the tin is more elongated between the

aluminium grains.

Histograms for the length, width and ECD of silicon sizes in the longitudinal and transverse
skin and core regions of the 500°C 1h ECAP sample are shown in Figure 4.87 to Figure 4.90
respectively. The corresponding histograms for the samples pre-sintered at 500°C for 10h and

550°C for 1h are shown in Appendix 6-32 and Appendix 6-39.
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Figure 4.62: Macroscopic image of the 500C 1h sample processed by one pass of ECAP showing the
brighter, skin region and matte core region. The transverse section is on the left and the
longitudinal on the right.

Figure 4.63: Macroscopic image of the 500C 10h sample after one pass of ECAP. The transverse
section is on the left, the longitudinal on the right.

217



Figure 4.64: Macroscopic image of the 550 C 1h sample after one pass of ECAP. The transverse
section is at the bottom and the longitudinal at the top.
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Figure 4.65: Etched optical micrograph of the longitudinal section of the 500C 1h sample after one

a) is the "skin" region from Figure 4.62 and; b) is the "core" region from Figure

pass of ECAP where;

4.62.
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Figure 4.66: Etched optical micrograph of the transverse section of the 500C 1h sample after one
pass of ECAP, where; a) is the “skin” region from Figure 4.62 and; b) is the “core” region from
Figure 4.62.
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Figure 4.67: Etched optical micrograph of the longitudinal section of the 500C 10h sample after one
pass of ECAP where; a) is the "skin" region from Figure 4.63 and; b) is the "core" region from Figure
4.63.

221



Figure 4.68: Etched optical micrograph of the transverse section of the 500C 10h sample after one
pass of ECAP where; a) is the "skin" region from Figure 4.63 and; b) is the "core" region from Figure
4.63.
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Figure 4.69: Etched optical micrograph of the longitudinal section of the 550C 1h sample after one

' region from Figure

"core

b) is the

region from Figure 4.64 and;

pass of ECAP where; a) is the "skin'

4.64.
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Figure 4.70: Etched optical micrograph of the transverse section of the 550C 1h sample after one
pass of ECAP where; a) is the "skin" region from Figure 4.64 and; b) is the "core" region from Figure
4.64.
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Figure 4.71: EDX analysis of the sintered 500C 1h sample after one ECAP pass in the core region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.72: EDX analysis of the sintered 500C 1h sample after one ECAP pass in the skin region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.73: EDX analysis of the sintered 500C 1h sample after one ECAP pass in the core region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.74: EDX analysis of the sintered 500C 1h sample after one ECAP pass in the skin region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.75: EDX analysis of the sintered 500C 10h sample after one ECAP pass in the core region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.76: EDX analysis of the sintered 500C 10h sample after one ECAP pass in the skin region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.77: EDX analysis of the sintered 500C 10h sample after one ECAP pass in the core region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green

representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.78: EDX analysis of the sintered 500C 10h sample after one ECAP pass in the skin region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.79: EDX analysis of the sintered 550C 1h sample after one ECAP pass in the core region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.80: EDX analysis of the sintered 550C 1h sample after one ECAP pass in the skin region of the longitudinal section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.81: EDX analysis of the sintered 550C 1h sample after one ECAP pass in the core region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green

representing aluminium, lighter green representing silicon and the light brown representing copper.
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Figure 4.82: EDX analysis of the sintered 550C 1h sample after one ECAP pass in the skin region of the transverse section, where; a) is the SEM
image; b) is the Al map; c) is the Cu map; d) is the Si map; e) is the Sn map and; f) is the colour map with blue/white representing tin, dark green
representing aluminium, lighter green representing silicon and the light brown representing copper.
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Table 4.24: The length, width and ECD for the aluminium grains of the ECAP samples. The spread around the mean values is quite large, indicating
a large scattering of the data.

Sample

Length um

Width pm

Aspect ratio

ECD pum

Longitudinal

Transverse

Longitudinal

Transverse

Longitudinal

Transverse

Longitudinal

Transverse

Skin region

13.99 +£11.03

10.28 + 6.74

4.9 +3.42

5.34 +£3.42

0.35

0.52

7.79+£5.43

8.94 +4.05

Core region

18.68 +£10.15

11.62 £ 7.27

4.86 £1.92

5.78+£3.13

0.26

0.50

7.08 £4.38

7.77+4.24

Skin region

13.28 + 8.66

10.07 £ 6.42

6.95+4.22

5.19+3.32

0.52

0.51

9.2+5.58

6.92 +£4.21

Core region

15.16 +9.8

9.92 +6.33

4.23+1.97

4.67+238

0.28

0.47

7.46 £ 3.74

6.59 + 3.86

Skin region

31.33+20.14

17.5+95

11.72 +5.03

9.53+5.2

0.37

0.54

14.53 +6.02

11.08 + 5.26

Core region

21.6+£10.14

15.73 +7.36

8.86 + 3.76

9.1+4.66

0.41

0.58

14.2 +6.48

1122 £5.11
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Table 4.25: The length, width and ECD of the silicon particles after one pass of ECAP of the sintered specimens.

Sample

Length um

Width pm

Aspect ratio

ECD pum

Transverse

Longitudinal

Longitudinal | Transverse

Longitudinal | Transverse

Transverse

Longitudinal

Skin region

3.7+1.46

3.45 +1.47

2.61+0.96

2.19+£0.96

0.71

0.63

3.19+£1.06

2.99 +£1.09

Core region

3.21+1.46

3.37+£1.47

2.33+1.05

2.45+0.98

0.81

0.73

2.83+1.12

29+1.09

Skin region

3.3+1.53

3.34+1.71

246+1.1

2.29+1.13

0.75

0.69

295+1.21

2.86 £1.28

Core region

3.22+1.63

3.53+1.74

229+11

25+121

0.71

0.71

281+124

3.04 +£1.34

Skin region

4.3+2.05

4.87 +2.43

3.05+1.25

3.25+1.63

0.71

0.67

3.69+144

4.04 +1.86

Core region

5.43+3.19

3.65 +1.96

441+22

3.13+1.56

0.81

0.86

3.77+1.72

4.45+224
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Figure 4.83: Histograms for length, width and ECD of aluminium grains in the skin region of the

longitudinal section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Figure 4.84: Histograms for length, width and ECD of aluminium grains in the core region of the

longitudinal section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Al-20Sn-7Si-1Cu 500°C 1h RT ECAP transverse
Al skin region length histogram
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Figure 4.85: Histograms for length, width and ECD of aluminium grains in the skin region of the
transverse section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Al-20Sn-7Si-1Cu 500°C 1h RT ECAP transverse
Al core region length histogram
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Figure 4.86: Histograms for length, width and ECD of aluminium grains in the core region of the

transverse section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Figure 4.87: Histograms for length, width and ECD of silicon particles in the skin region of the

longitudinal section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Figure 4.88: Histograms for length, width and ECD of silicon particles in the core region of the

longitudinal section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.

244



Al-20Sn-7Si-1Cu 500°C 1h RT ECAP transverse
Si skin region length histogram
120 -~
100 -
g 80
S 60
2 a0
20 +
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Length pm
Al-20Sn-7Si-1Cu 500°C 1h RT ECAP transverse
Si skin region width histogram
150 ~
g 100 -
:% 50 - I
o | mmm . . . . — — . . . .
1 2 3 4 5 6 7 8 9 10
Width pm
Al-20Sn-7Si-1Cu 500°C 1h RT ECAP transverse
Si skin region ECD histogram
200 -~
> 150 -
§_ 100 -~
£ I I
0 ; ; ; ; . — - —
1 2 3 4 5 6 7 8 9 10
ECD um

Figure 4.89: Histograms for length, width and ECD of silicon particles in the skin region of the
transverse section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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Figure 4.90: Histograms for length, width and ECD of silicon particles in the core region of the
transverse section after 1 pass of ECAP of samples pre-sintered at 500°C 1h.
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4.3.4.3. ECAP hardness

The hardness after one pass of ECAP in the skin and core region is shown in Table 4.26. After
ECAP, the hardness of the skin region in the sample pre-sintered at 500°C for 1h was
69.3 +4.7HV,5, and 68.3 = 8.5HV,s5 in the longitudinal and transverse sections
respectively. This increased to 76.9 + 0.97HV, 5 and 77.9 + 1.53HV; 54 in the core region of
the longitudinal and transverse sections respectively. The hardness of the skin region in the
sample pre-sintered at 500°C for 10h was 74.26 + 1.05HV; 54 and 73.66 £ 0.97HV; 54 for the
longitudinal and transverse sections respectively. In the core region, the hardness increased to
78.08 + 1.22HV,5¢ and 76.7 £ 1.77HV,s¢g in the longitudinal and transverse sections
respectively. For the sample pre-sintered at 550°C for 1h, the hardness of the skin region after
ECAP was 70.12 + 2.71HV;5¢g and 74.46 = 2.05HV; 54 in the longitudinal and transverse
sections respectively. In the core region, this increased to 79.12 + 1.2HV;sy and

76.26 + 1.03HV 54 in the longitudinal and transverse sections respectively.

Table 4.26: The Vickers Hardness of the samples after one pass of ECAP in the transverse and
longitudinal sections of the skin and core regions.

Sample Longitudinal HV 5 Transverse HV sig

Sintered at 500°C 1h

Skin 69.3+4.7 68.3+8.5

Core 76.9 +0.97 77.9+1.53
Sintered at 500°C 10h

Skin 74.26 £ 1.05 73.66 £ 0.97

Core 78.08 +1.22 76.7+1.77
Sintered at 550°C 1h

Skin 70.12+2.71 74.46 + 2.05

Core 79.12+1.2 76.26 £ 1.03
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4.4. Al-20Sn-7Si-1Cu bearing alloy discussion

4.4.1. Powder and compacted microstructure

4.4.1.1. Starting powder

The back scattered electron image of the starting material in Figure 4.32 showed that the
pre-alloyed powders are mainly spherical with a Digo size of 54.36um. The spherical
morphology of the powders was a result of the gas atomisation process and depends on
cooling rate and surface tension [4, 38, 42, 43, 45]. The cooling rate in gas atomisation is
much lower as a result of the lower surface tension of the particles, which allows time for

spheroidisation of the particles to occur during solidification [4, 45, 50, 139, 240].

As cooling progresses, the dendritic microstructure of Al-Si cells seen in Figure 4.37 forms
via nucleation and growth of solid phases from the liquid droplet [4, 256]. On the surface of
particles larger than 40um diameter, protrusions of tin appear, observed in Figure 4.32. This is
a result of tin having the lowest melting point of the elements in the alloy causing it to remain
liquid as the other constituents solidify [103, 154, 155, 165]. As the other parts of the droplet
solidify, they apply a slight compressive force on the liquid region and squeeze it out of the
particle, which then solidify to leave the particle structure as shown in Figure 4.32 [4, 50, 52,

256, 257].
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4.4.1.2. Density and Heckel relationship

The compressibility curve in Figure 4.33 shows the same trend as that seen with the pure
aluminium samples, where the density increases with increasing compaction pressure before it
plateaus. The reason for this is similar to the pure aluminium compaction trend, where by
densification happens sequentially. The fundamental stages of densification involve particle
re-arrangement, followed by plastic deformation of the particles until the compaction pressure

is reached, which has been explained previously in section 4.2.3.1 [8, 17, 65, 87-90].

Using the Heckel relationship the yield strength of the Al-20Sn-7Si-1Cu compact can be
determined. A graph of lnﬁ against P is shown in Figure 4.91 and the gradient of the graph

is 0.002576, which gives a yield stress of 129.4MPa. This is lower than the yield stress of
~210MPa of an Al-20Sn-7Si-1Cu thermally sprayed coating that has been heat treated for 30
minutes at 300°C [165, 258]. This can be attributed to the low density of the green compact
containing porosity, which weakens the microstructure [19, 23-25]. Furthermore, the particles
are quite fine, which means that they are more resistant to plastic deformation and do not
deform in to the voids left behind during die fill. This subsequently reduces the density and

increases the gradient of the Heckel plot, thus lowering the calculated yield strength.
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Figure 4.91: The Heckel relationship for the cold compacted Al-20Sn-7Si-1Cu samples

4.4.1.3. Porosity variation

The AI-20Sn-7Si-1Cu as-pressed samples also exhibited non-uniform transmission of
pressure with the development of skin and core regions in Figure 4.34. This was
approximately 3mm in the longitudinal section compared to up to 0.2mm in the longitudinal
section of the pure aluminium samples shown in Figure 4.6. Under optical microscopy, the
outer skin region contained higher amounts of porosity compared with that of the central core
region, seen in Figure 4.35. This variation in porosity has been attributed to the high friction
at the die wall, preventing adequate die fill when compared to the centre, even when die wall
lubricant was applied [72, 73, 83, 100]. The transmission of the force through the powder is

therefore non-uniform and hence these regions are seen.
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Furthermore, the starting powder particles were relatively fine with a Dy 0f 54.36um. As
was noted in the pure aluminium samples, finer particles have higher frictional forces due to
large surface areas and are harder to deform according to the Hall-Petch equation, thus do not
transmit the compaction force efficiently [35, 62, 69]. Also, the Al-20Sn-7Si-1Cu particles
had higher yield strength from the Heckel relationship of 129.4MPa than the coarse, medium
and fine pure aluminium samples of 52.64MPa, 66.15MPa and 44.88MPa respectively. The
aluminium matrix is supersaturated with silicon and copper as a result of solid solution
strengthening and dispersion hardening, which increased the hardness of the materials and
thus the transmission of force through the particles is less effective due to inability of particles

to deform into voids, consequently leading to a thicker porous region [72, 73, 83].

4.4.1.4. Grain size and shape

After compaction, the ECD of the particles decreased from the Doy of 54.36um to between
12.43 £ 7.25um and 13.9 + 8.65um in the longitudinal and transverse sections respectively.
The reason for this decrease in particle size can be attributed to the plastic deformation of the
particles during the compaction process, which was mentioned in more detail in section
4.2.3.1. The second stage of densification involves plastic deformation of the particles,
therefore an associated reduction in grain size was expected as compaction pressure is applied

[76, 87, 90].
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When compared to the difference in grain size after compaction of the fine pure aluminium
particles, the bearing alloy material is finer than the fine size range. From the sieve analysis
supplied by AlPoCo in Table 4.14, it can be seen that the Dsg is 21.70um and Dyp is 6.46um.
When analysing the longitudinal and transverse ECD histograms of the cold compacted
bearing alloy powder in Figure 4.39 and Figure 4.40 respectively, the majority of the particles
sizes are seen between 5-13um. With the fine pure aluminium powders, the ECD in the
longitudinal and transverse sections was 31.82 + 15.53um and 28.41 + 13.6um respectively as
shown in Table 4.4. The spread of these measurements for the fine aluminium powder is seen
in Appendix 6-3 for the longitudinal section and Appendix 6-4 for the transverse section. The
majority of the ECD measurements are between 13-49um for the longitudinal section and
between 10-51um in the transverse section. Therefore there are a greater number of finer
particles in the bearing alloy compared to that in the fine size range of the pure aluminium

leading to a smaller average particle size.

4.4.1.5. Grain structure

The cold compacted cross-section is shown in an optical image in Figure 4.37 and EDX
analysis in Figure 4.38, which reveals an Al-Si dendritic structure and isolated regions of Sn.
The formation of the AI-Si dendrite structures occurs first during cooling. The formation of
this phase repels the liquid tin, creating pools in various regions of the particle, identified by
the light phase in the backscattered image in Figure 4.38 [151, 165]. Due to tin having the
lowest melting temperature of the constituents of 232°C, it is the last material to solidify [103,

154, 155].
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EDX mapping of the cold compacted sample also showed that a few pure aluminium particles
were present in the supplied powder with a majority of the pre-alloyed powder containing Sn
phases. There was a uniform distribution of Si phase observed in the EDX analysis, thus
suggesting that, during atomisation, the silicon was dissolved in the aluminium matrix due to
the formation of a supersaturated solid solution from the rapid solidification process [4, 50,

52, 165, 256, 257].

4.4.1.6. Hardness

The hardness of the cold compacted samples was between 60.19HV;sq + 2.27 and
62.2HV. 5 = 1.95 for the longitudinal and transverse sections respectively, which was lower
than the 77.7HVy15¢ £ 1.71 for the as received powder. Even though the grain size was
reduced as a result of plastic deformation, the green compact contained a few soft pure
aluminium particles, which decreased hardness. In addition, the pre-alloyed powders are
supersaturated with silicon in the aluminium matrix, which increased the hardness of the
powders via solid solution hardening [165, 259]. Finally, porosity had an influence on the
hardness of the material by increasing stress concentrations leading to facilitation of crack
propagation [19, 23-25]. As porosity existed in the green compact, due to it being only
86.76 + 1.16% of the theoretical density, it is likely that the presence of pores also lowered

the hardness to below that of the starting powder.
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The hardness of the cold compacted pure aluminium particles was ~39.8HV 54 for the coarse
size range, ~44HV;sq for the medium size range and ~46HV; sy for the fine size range.
These values are lower than that seen for the cold compacted bearing alloy hardness of
~61HV, 5. One reason for this is that the average measured ECD of the bearing alloy
particles is much smaller than that of the pure aluminium particles, which, according the to
the Hall-Petch equation, means that the yield strength and hardness of the bearing alloy
particles is higher due to restriction of movement of dislocations in the finer particles.
Another reason is because of the addition of silicon and copper, which are supersaturated in
the aluminium matrix, causing hardening by solid solution strengthening and thus increasing

the hardness.

4.4.2. Sintering response — the effect of sintering temperature
4.4.2.1. Density

The density of the bearing alloy before and after sintering was shown in Table 4.16 and Table
4.19 respectively. The density of the cold compacted sample was 2.67 + 0.04g/cm®, which
remained at 2.67 + 0.01g/cm? after sintering at 500°C for 1h and decreased to 2.6 + 0.01g/cm®
after sintering at 550°C for 1h. As was illustrated in Figure 4.41, tin exuded out of the sample
at the elevated sintering temperature of 550°C for 1h, whereas tin remained in the sample
sintered at 500°C for 1h. The exuded tin meant that pores were left behind at the aluminium
grain boundaries as shown in Figure 4.59, which reduced the density, whereas the tin
remained in the sample sintered at 500°C for 1h and so the density was higher at this sintering

temperature.
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The reason that the tin was exuded out of the sample sintered at 550°C for 1h was due to the
liquid being less viscous at this temperature compared to 500°C for 1h. It was discussed in
section 2.3.3 that the wetting angle is important as it relates to the equilibrium between solid,
liquid and vapour phases in sintering, shown in equation (2.4) [102, 103, 107]. Decreasing the
contact angle between the liquid and the solid causes the liquid to spread and encourage
capillary forces, which attract particles together and enhance the densification mechanisms.
However, increasing the contact angle between the liquid tin and the solid aluminium
particles causes the liquid to retreat from the solid and when the viscosity of the liquid was
low enough, it was exuded out of the sample as was the case for the 550°C sintered sample

[102, 103, 107].

Furthermore, the aluminium oxide layer has a negative effect on sintering as it prevents good
wetting behaviour and as tin was unable to wet the aluminium, there was no improvement in
density [102, 108, 109]. It was discussed in section 2.4.2.3 that tin prevents aluminium nitride
formation as it moves to the surface of the aluminium particles. AIN creates a pressure
difference between the pores and the gaps between the particles, which aids pore filling and it
is likely that the formation of AIN was prevented, therefore the density did not improve [115,

156, 157].
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4.4.2.2. Aluminium grain size

It could be argued that there is a slight increase in average aluminium particle ECD with
sintering temperature from 9.83 + 5.95um and 12.77 + 8.07um in the longitudinal and
transverse section respectively to 15 + 8.62um and 16.26 £+ 8.38um in the longitudinal and
transverse section respectively of the samples sintered at 500°C 1h and 550°C for 1h
respectively. It was discussed in section 2.3.7.5 that increasing sintering temperature causes
the viscosity of the liquid phase to decrease, meaning that the rate of material transport is
increased due to higher diffusion rates [141, 143, 144]. It is possible that in the 550°C sintered
samples, the material from neighbouring aluminium grains is transported and deposited more

rapidly, which lead to the marginal increases in grain size.

On the other hand, when comparing the sintered aluminium ECD to the cold compacted
aluminium ECD in Table 4.17, they are within the spread of data for all samples where the
cold compacted ECD is 12.43 £+ 7.25um and 13.9 + 8.65um in the longitudinal and transverse
sections respectively, implying that the effect of sintering on the aluminium grain size was
negligible. As mentioned in sections 2.3.3 and 4.4.2.1, the wetting angle is significant for
densification and causing particles to be attracted together. A high wetting angle caused the
liquid tin to move away from the aluminium grains and, from Figure 4.54 and Figure 4.55 of
the sample sintered at 500°C 1h and Figure 4.58 and Figure 4.59 of the sample sintered at
550°C 1h, the EDX images show that tin flowed out of the pre-alloyed powder particle and
around the aluminium grain boundaries. Therefore, the tin was unable to wet the aluminium
sufficiently, which did not break down the oxide layer and prevented the liquid phase

sintering Kinetics mentioned in section 2.3.4 from occurring [115, 156, 157].
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4.4.2.3. Silicon growth

After sintering, discrete silicon particles were observed, which formed in and around the Al
grains as shown in Figure 4.54 and Figure 4.55 of the sample sintered at 500°C 1h and Figure
4.58 and Figure 4.59 of the sample sintered at 550°C 1h. The growth of silicon from the Al-Si
dendritic structure in the pre-alloyed starting particles is usually seen in heat treatments in

both casting and P/M processing [145, 260, 261].

For the samples sintered at 500°C for 1h, the silicon particles grew to between 3.5um + 1.21
and 3.86um £ 1.14 in the longitudinal and transverse sections respectively and after sintering
at 550°C for 1h, they grew to between 4.89um + 1.96 and 5.52um £ 2.19 in the longitudinal
and transverse sections respectively. The driving force for the silicon particles to form in this
way is to reduce the free energy and they form via Ostwald ripening, where the smaller
particles grow at the expense of the larger ones, a phenomenon that has been observed during
sintering of Al-Si alloys [102, 146, 262, 263]. The silicon particles appear to be slightly
coarser in the sample sintered at 550°C for 1h compared to sintering at 500°C for 1h. The
higher sintering temperature increases atomic activity, meaning that the silicon is able to
move faster through the material and grow at a faster rate compared to the lower sintering
temperature. Hence larger silicon sizes are seen at higher sintering temperatures [141, 143,

144].
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4.4.2.4. Hardness

After sintering, the hardness of the compacts had decreased from the cold compacted hardness
to between 33.68HV;s5¢q + 1.2 and 34.8HV;s¢q + 0.99 in the longitudinal and transverse
sections respectively of the samples sintered at 500°C for 1h and a further reduction to
between 24.6HV;s5 + 1 to 26.3HV,5 £ 0.6 for the samples sintered at 550°C. Prior to
sintering, the silicon was evenly dispersed throughout the pre-alloyed particle microstructure,

which resulted in a high hardness value as a result of solid solution strengthening.

After sintering, this microstructure had been replaced by aluminium with tin located at the
boundaries as well as formation of distinct silicon particles. Therefore, the solid solution
hardening mechanism had been removed from the compact and thus reduced the hardness

[102, 146, 262, 263].

Another factor contributing to the lower hardness was recovery and re-crystallisation effects,
which was mentioned in section 4.2.4.3. The powders absorb strain energy as they are
plastically deformed in cold compaction, creating dislocations that become entangled thus
increasing the hardness [190-192]. During heating, the thermal energy allows the atoms to
move via the driving force of the strain energy [245, 250-252]. The entangled dislocations
then become re-arranged into low-angle grain boundaries that are relatively free of

dislocations, indicating recovery [245, 250-252].
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The changes seen in the hardness are likely to be caused by re-crystallisation, where new,
non-deformed grains nucleate and grow, reducing the dislocation density to the original value
and reducing the hardness [245, 250-252]. Additionally, at 550°C the hardness was slightly
lower than the samples sintered at 500°C due to a lower density. The tin was exuded out of
the compacts at the higher temperature, leaving porosity where the tin was situated, thus

decreased the hardness values [19, 23-25].

4.4.3. Sintering response — the effect of sintering time
4.4.3.1. Density

The density of the cold compacted sample was 2.67 + 0.04g/cm®, which remained at
2.67 + 0.01g/cm?® after sintering at 500°C for 1h and marginally decreased to 2.66 + 0.01g/cm?
after sintering at 500°C for 10h. The minimal change in density between 1h and 10h indicates
that sintering for longer times does not provide any benefit towards densification of this alloy.
As has been mentioned in sections 2.3.3 and 4.4.2.1, the wetting angle is important as it
relates to the equilibrium between the solid, liquid and vapour phases in sintering, which was
shown in equation (2.4) [102, 103, 107]. The tin is unable to wet the aluminium grains as the
oxide layer is a barrier to sintering therefore there is no densification of the alloy even with

increased sintering time.
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The effect of sintering time was described in section 2.3.7.4 and it is important to allow
adequate time for sintering mechanisms to take place. The majority of densification occurs in
the first 20 minutes, with longer times aiding further pore elimination [110]. Conversely,
having too long a sintering time can lead to microstructural coarsening and decrease in the
strength of the final sintered material [110]. However, there was no densification of the
material after sintering for any length of time as a result of the tin being unable to wet the

aluminium.

4.4.3.2. Aluminium grain size

Again, it could be argued that there is a slight increase in average aluminium ECD with
sintering temperature from 9.83 + 5.95um and 12.77 + 8.07um in the longitudinal and
transverse section respectively of the sample sintered at 500°C 1h to 13.48 + 6.47um and
15.32 + 6.68um in the longitudinal and transverse section respectively of the sample sintered
at 500°C for 10h. This may be due to the 10h condition allowing more time for the transport
of material from neighbouring aluminium grains, which lead to the marginal increases in

grain size.
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However, a similar observation to the comparison of sintering temperature was seen when
evaluating the sintered aluminium ECD and the cold compacted aluminium ECD in Table
4.17. The measurements are within the spread of data for all samples where the cold
compacted ECD is 12.43 £ 7.25um and 13.9 + 8.65um in the longitudinal and transverse
sections respectively, implying that the effect of sintering time on the aluminium grain size
was also negligible. This has been attributed to a high wetting angle between the liquid tin
and the solid aluminium particles, which caused the liquid to be pushed away from the
aluminium grains. EDX of the sample sintered at 500°C for 1h in Figure 4.54 and Figure 4.55
and of the sample sintered at 500°C 10h in Figure 4.56 and Figure 4.57 show a very similar
microstructure where tin flowed out of the pre-alloyed powder particle and around the
aluminium grain boundaries. The tin was unable to wet the aluminium sufficiently regardless
of sintering time and did not break down the oxide layer, which prevented the liquid phase

sintering kinetics mentioned in section 2.3.4 from occurring [115, 156, 157].

4.4.3.3. Silicon growth

Silicon particles were also observed in and around the Al grains as shown in Figure 4.54 and
Figure 4.55 of the sample sintered at 500°C 1h and Figure 4.56 and Figure 4.57 of the sample
sintered at 500°C 10h. The growth of silicon from the Al-Si dendritic structure in the pre-
alloyed starting particles is usually seen in heat treatments in both casting and P/M processing

[145, 260, 261].
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After sintering at 500°C for 1h, the silicon particles grew to between 3.5um £ 1.21 and
3.86um * 1.14 in the longitudinal and transverse section respectively and after sintering at
500°C for 10h, they grew to between 4.5um £ 1.15 and 4.3um = 1.41 in the longitudinal and
transverse sections respectively. The driving force for the silicon particles to form in this way
is to reduce free energy and they form via Ostwald ripening, where the smaller particles grow
at the expense of the larger ones [102, 146, 262, 263]. The silicon particles appear to be
slightly coarser in the sample sintered at 500°C for 10h compared to sintering at 500°C for 1h.
Sintering for longer meant that there was more time for the silicon particles to move and
coalesce as the free energy of the material is reduced. Hence a larger silicon size is seen at

longer sintering times [140, 141].

4.4.3.4. Hardness

After sintering, the hardness of the compacts decreased from the cold compacted hardness to
between 33.68HV, 5 = 1.2 and 34.8HV; 514 + 0.99 in the longitudinal and transverse sections
respectively of the samples sintered at 500°C for 1h. There was a slight reduction to
32.43HV;5¢ £ 0.69 to 32.6HV25¢4 *+ 0.71 in the longitudinal and transverse sections
respectively for the samples sintered at 500°C for 10h. Prior to sintering, the pre-alloyed
powders contained a dendritic Al-Si composition, which resulted in a high hardness value as a
result of solid solution strengthening. However, after sintering, this dendritic microstructure
had disappeared and been replaced by an aluminium matrix with tin located at the grain
boundaries as well as dissolution and formation of silicon particles at boundaries. Therefore,
the solid solution hardening mechanism had been removed from the compact and thus a lower

hardness was observed [102, 146, 262, 263].
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Similar to the discussion of the effect of sintering temperature, the lower hardness is likely to
be a result of recovery and re-crystallisation effects, which was mentioned in section 4.2.4.3.
The dislocation accumulation from plastic deformation during compaction is removed when
temperature is applied during sintering, which decreases the hardness to below that seen from
cold compaction [245, 250-252]. At 500°C for 10h, the hardness was slightly lower than those

samples sintered at 500°C for 1h due to a slightly lower density [19, 23-25].

4.4.4. Aluminium-copper precipitates

The EDX images revealed copper rich regions in all sintered conditions. This was expected as
aluminium-copper precipitates commonly form in aluminium alloys containing small amounts
of copper [150]. After silicon and tin have moved out of the original particles during sintering,
the only phases left are copper and aluminium. From the magnified region of the Al-Cu phase
diagram in Figure 4.92, it can be seen that at the sintering temperatures of 500°C and 550°C,
the Al-1%Cu exists as a solid solution, given by a. There is a decrease in solid solubility of
the a-phase (Al-1%Cu) as the temperature is decreased and once the temperature cools to
below approximately 375°C, the Al-Cu (0) precipitates form separately from the a-phase

[220, 221, 253-255, 264]
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Temperature (°C)

Weight percent copper

Figure 4.92: Magnified Al-Cu phase diagram [264]

4.4.5. ECAP response
4.45.1. Density

After one ECAP pass, the density had significantly improved from both sintering and cold
compaction to approximately 3g/cm? for all ECAP samples as shown in Table 4.23. This is a
result of the shear strain applied to the material as it is pushed through the die. The strain
imposed caused severe plastic deformation of the softer aluminium particles and tin phases,

leading to the closure of pores created from cold compaction [220, 221, 253-255].
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As was mentioned in section 2.5.5 and 4.2.5.1, the oxide layer was broken down as a result of
the severe plastic deformation of the aluminium particles, which exposed fresh particle
surfaces that bonded together with back pressure from the samples in the die [8, 70, 71, 76,
90]. In cold compaction, plastic deformation of the powder particles at contact points causes
the particles to begin closing off the porous network until the compaction pressure is reached
[220, 221, 253-255]. When severe plastic deformation occurs, the isolated porous networks
are almost eliminated as the particles spread in to them, which subsequently leads to an
increase in density [72, 73, 83]. The effect of sintering temperature and time prior to ECAP

had no effect on the final density achieved after ECAP.

4.4.5.2. Macro and microstructure

After one pass of ECAP, the macro images revealed two distinct regions as shown in Figure
4.62 to Figure 4.64. This non-uniform microstructure showed; a reflective skin region where
there were no elongated grains in the longitudinal sections of the samples and; a matte core
region where EDX revealed the protrusion of fine ‘whiskers’ of tin in both longitudinal and

transverse sections, with elongation of the aluminium particles in the longitudinal section.

The cause of these two regions can be attributed to the non-uniform densification resulting
from the cold compaction stage. As mentioned in section 4.2.3, more friction occurs at the die
wall in compaction, leading to increased areas of porosity at the edges of the sample and
higher density at the central core region [220, 221, 253-255]. Sintering did not have a
significant influence on the homogenisation of the microstructure after one pass of ECAP,

therefore the two distinct regions remained.
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In the longitudinal section of each sample processed by ECAP, the core region showed
elongation of aluminium grains, indicating that they underwent severe plastic deformation.
However, in the skin region, this was not the case as the particles seemed to be relatively
equiaxed, indicating that the strain from ECAP caused pore closure and densification. Despite
the different regions after ECAP, a reduction in the ECD of all the pre-sintered samples was
seen in the transverse sections, which is expected due to the severe plastic deformation

imposed on them [4, 79, 265].

The protrusion of tin in the core region can be explained by the increase of internal stresses
resulting from the deformation and elongation of the aluminium grains compared to the skin
region. These internal stresses were higher in the matte region than the reflective region. Tin
is softer and more ductile than aluminium and it surrounded the aluminium grain boundaries
after sintering. When ECAP was applied, the internal stresses increased due to the aluminium
grains deforming in the matte region, therefore when the samples were sectioned, the tin
moved to the outside of the surface [191, 192]. These tin whiskers did not appear in the
reflective region of the sample as there was less deformation at the skin due to frictional
effects. It should also be noted that these tin protrusions could be wiped away without

reoccurrence even after polishing.
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The ECD of the silicon particles sizes were not significantly reduced after one pass of ECAP
for all pre-sintered samples, which indicates a resistant to fracture. This is expected as the
silicon phase is a harder material and the SEM and EDX analysis indicates that ECAP caused

the softer aluminium and tin phases to deform around the harder silicon phase.

4.45.3. ECAP Hardness

After one pass of ECAP, the hardness of the samples was higher than that observed for the
sintered compacts. Furthermore, the hardness in the core region of the sample was slightly
increased although the difference is not so significant in the samples pre-sintered at 500°C
10h. This higher hardness in the core region compared to the skin region is due to the higher
deformation seen in the aluminium particles. A reduction in grain size via severe plastic
deformation causes an increase in hardness by restricting the movement of dislocations [115,

158].

One possibility for the hardness of the sample pre-sintered at 500°C for 10h not varying as
much as the other pre-sintered samples between the core and skin region is that the time was
longer for the tin to be more homogenously distributed throughout the compact during
sintering. This would cause a slightly more uniform microstructure and when comparing the
grain sizes in the core and skin region of the 500°C 10h ECAP sample, there is very little

difference between the length, width and ECD in the longitudinal section.
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5. CONCLUSIONS & FUTURE WORK

5.1. Conclusions

ECAP has been demonstrated to consolidate pure aluminium and aluminium bearing alloy
powders with grain refinement and improvements in density and hardness after one pass as a

secondary process.

Cold compaction produces a non-uniform distribution of density, with a more porous region

on the outside of the samples as a result of increased die wall friction.

Solid state sintering of pure aluminium is not effective for densification due to the oxide layer
preventing adequate particle to particle contact. ECAP caused elongation of the grains in the
longitudinal section and a relatively equiaxed microstructure in the transverse section. The

grains were refined and density and hardness was increased.

For the AI-20Sn-7Si-1Cu material, sintering at 500°C between 1 and 10 hours did not
improve density as the liquid tin is unable to wet the aluminium. Instead it remained at the
particle boundaries, weakened the material and did not homogenise the microstructure.
Increasing sintering temperature to 550°C for 1h only caused the liquid tin to be exuded from
the sample due to lower viscosity at higher temperatures. Silicon particles developed from the

pre-alloyed powder into sizes between 3-5um due to Ostwald Ripening.
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After ECAP, there were two distinct regions; a denser, deformed core region and a more
equiaxed skin region. The core region had tin whiskers protruding from the surface and the

skin region showed pore closure.

5.2. Future work

Developing the Al-20Sn-7Si-1Cu alloy would be essential so that liquid phase sintering can
be optimised. Research of alloying additions such as magnesium to break down the
aluminium oxide layer and aid sintering would be beneficial for this alloy. Also, investigating
the effects of sintering temperature and time would provide more insight in to how the
behaviour of the alloy changes under these conditions. Quenching could also be applied to the
alloys to see if Al-Cu precipitates form during cooling at slow rate or if they can be prevented
using high cooling rates. Varying the amount of magnesium in the Al-20Sn-7Si-1Cu-xMg to

optimise the properties of the sintered alloy could be another future investigation.

Other powder consolidation methods such as cold isostatic pressing and hot isostatic pressing
could be considered. These processes might overcome density variation from uni-axial
compaction, which would help in optimising the final mechanical properties and
microstructures in this particular alloy. Also applying these methods to the alloy with the

addition of magnesium for comparative purposes would be beneficial.
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The scaling up of ECAP has been mentioned in the literature review section. Another
potential study would be to scale up ECAP of this and the magnesium containing alloy to an
industrial level, where larger parts, up to 40-60mm diameter, can be passed and then

machined afterwards. This would require careful die design to ensure longevity of parts.
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6. APPENDIX
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Appendix 6-1: Length, width and ECD histograms for the pure aluminium fine starting powder
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Appendix 6-2: Length, width and ECD histograms for the pure aluminium coarse starting powder
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Appendix 6-3: Histograms for length, width and ECD of the pure aluminium fine particles in the
longitudinal section
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Appendix 6-4: Histograms for length, width and ECD of the pure aluminium fine particles in the

transverse section
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Appendix 6-5: Histograms for length, width and ECD of the pure aluminium coarse particles in the
longitudinal section
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Appendix 6-6: Histograms for length, width and ECD of the pure aluminium coarse particles in the

transverse section
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Appendix 6-7: Longitudinal length, width and ECD histograms for the coarse aluminium particles

pre-sintered at 620C 1h after one pass of ECAP
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Appendix 6-8: Transverse length, width and ECD histograms for the coarse aluminium particles pre-

sintered at 620C 1h after one pass of ECAP.
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Appendix 6-9: Longitudinal length, width and ECD histograms for the coarse aluminium particles

pre-compacted then subject to one pass of ECAP.
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Appendix 6-10: Longitudinal length, width and ECD histograms for the coarse aluminium particles
pre-compacted then subject to one pass of ECAP.
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Appendix 6-11: Longitudinal length, width and ECD histograms for the medium aluminium particles
pre-compacted then subject to one pass of ECAP.
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Appendix 6-12: Transverse length, width and ECD histograms for the medium aluminium particles
pre-compacted then subject to one pass of ECAP.
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Appendix 6-13: Longitudinal length, width and ECD histograms for the fine aluminium particles pre-
compacted then subject to one pass of ECAP.

283



Pure Al fine green > RT ECAP
Transverse length histogram

30
>
2 20
g
g 10
0
TN ERY223bRREE5839ERARL2EG
Length um
Pure Al fine green > RT ECAP
Transverse width histogram
80 -

Frequency
B D
o o
1 1

N
o
1

o
1

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Width pm

Pure Al fine green > RT ECAP
Transverse ECD histogram

A U
o O O
1 1 )

Frequency
N W
o O
1 1

[any
o
1

o
I

MY AL DN A A AD A ok A ® R PP D PP
ECD pm

Appendix 6-14: Transverse length, width and ECD histograms for the fine aluminium particles pre-
compacted then subject to one pass of ECAP.
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Appendix 6-15: Calculation of theoretical density

Using equation (6.1), the density of the alloy can be calculated:

_m
p_v

Where p is the density, m is the mass and v is the volume. For a mass of 100g, the volume can

be worked out from the densities of the alloying elements shown Appendix Table 1.

Appendix Table 1: Mass and density of given elements in the Al-20Sn-7Si-1Cu pre-alloyed powder.

Mass Density
Maluminium = 729 Paluminium = 2.7g/cm3
Miin = 209 p tin = 7.365 glem’
mSi"COI’] = 79 psilicon = 2329 g/CI’n3
mcopper = 19 pcopper = 894 g/CI’n3

The total volume of the alloy can be calculated as follows:

_m_72 20 7 1
VT T 277 7365 " 2329 " 8.94

v =26.6+ 2716 +3.01+0.11

~v=23251cm3
100
P=3251

This gives a theoretical density for the Al-20Sn-7Si-1Cu alloy of 3.08g/cm®.

285




Al-20Sn-7Si-1Cu Press & Sinter 500°C 10h Al
longitudinal length histogram

30 ~
25 -
g 20 -
$ 15 -
g0
5 4
O .
1 3 5 7 9 11131517 192123252729 313335373941434547495153555759
Length pm
Al-20Sn-7Si-1Cu Press & Sinter 500°C 10h Al
longitudinal width histogram
40 -~

Frequency
N w
o o
1 1

=
o
1

o
I

1234567 8 910111213141516171819202122232425262728293031323334
Width pm

Al-20Sn-7Si-1Cu Press & Sinter 500°C 10h Al
longitudinal ECD histogram

Frequency

10 -

12345678 910111213141516171819202122232425262728293031323334353637
ECD um

Appendix 6-16: Histograms for the length, width and ECD of the aluminium grains of the
longitudinal section of samples sintered at 500C for 10h.
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Appendix 6-17: Histograms for the length, width and ECD of the aluminium grains of the transverse
section of samples sintered at 500C for 10h.
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Appendix 6-18: Histograms for the length, width and ECD of the aluminium grains in the
longitudinal section of samples sintered at 550C for 1h.
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Appendix 6-19: Histograms for the length, width and ECD of the aluminium grains in the transverse
section of samples sintered at 550C for 1h.
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Appendix 6-20: Histograms for the length, width and ECD of the silicon particles in the longitudinal

section of samples sintered at 500C for 10h.
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Appendix 6-21: Histograms for the length, width and ECD of the silicon particles in the transverse
section of samples sintered at 500C for 10h.
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Appendix 6-22: Histograms for the length, width and ECD of the silicon particles in the longitudinal
section of samples sintered at 550C for 1h.
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Appendix 6-23: Histograms for the length, width and ECD of the silicon particles in the transverse

section of samples sintered at 550C for 1h.
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Appendix 6-24: Histograms for length, width and ECD of the aluminium grains in the longitudinal

section of the skin region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-25: Histograms for length, width and ECD of the aluminium grains of the longitudinal
section of the core region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-26: Histograms for length, width and ECD of the aluminium grains of the transverse

section of the skin region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-27: Histograms for length, width and ECD of the aluminium grains in the transverse

section of the core region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-28: Histograms for length, width and ECD of the aluminium grains in the longitudinal

section of the skin region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-29: Histograms for length, width and ECD of the aluminium grains in the longitudinal

section of the core region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-30: Histograms for length, width and ECD of the aluminium grains in the transverse
section of the skin region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-31: Histograms for length, width and ECD of the aluminium grains in the transverse

core region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-32: Histograms for length, width and ECD of the Si particles in the longitudinal section
of the skin region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-33: Histograms for length, width and ECD of the Si particles in the longitudinal section
of the core region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-34: Histograms for length, width and ECD of the Si particles in the transverse section of
the skin region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-35: Histograms for length, width and ECD of the Si particles in the transverse section of
the core region of the samples pre-sintered at 500°C 10h and subject to ECAP.
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Appendix 6-36: Histograms for length, width and ECD of the Si particles in the longitudinal section

of the skin region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-37: Histograms for length, width and ECD of the Si particles in the longitudinal section
of the core region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-38: Histograms for length, width and ECD of the Si particles in the transverse section of
the skin region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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Appendix 6-39: Histograms for length, width and ECD of the Si particles in the transverse section of
the core region of the samples pre-sintered at 550°C 1h and subject to ECAP.
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