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Abstract
The reduction of mechanical properties by oxide films has been documented and studied for
decades. Among these studies, Campbell proposed that tangled thin oxides created during the
filling of a mould become flattened or acquire a spherical shape because of several processes:
the penetration of dissolved hydrogen from the liquid aluminium into the bifilm during
solidification, the pushing of oxides by dendrites during solidification, the growth of
heterogeneously nucleated intermetallic faces upon the wetted oxide side, and shrinkage that
pulls oxides. This proposal has been argued from a theoretical standpoint; however, there is
no direct experimental evidence to support it. This work attempts to build an experimental
procedure to obtain experimental evidence for the proposal.
To obtain aluminium bifilms smaller than 3 mm in 12-mm diameter specimen bars, an oxide
generator was designed using a gating system. Micro X-ray tomography (Skyscan 1702) was
used to establish the best specimen diameter and scanning conditions, including exposure
time, magnification, rotation angle and rotation-step angle. Following scanning, the
specimens were re-melted for 1, 2, 3, 4 and 5 minutes at 745 °C, and then quenched in the air
until solidified. They were then re-scanned to establish the changes in their defect
morphologies.
In the experiments, the maximum scanning exposure time, minimum rotation step angle,
maximum magnification, minimize specimen size and centring of the specimen on the
specimen holder were important to obtain the best detail in the topographical results. In
addition, adjusting the threshold level had an important effect on the volumetric analysis.
This research could not use a re-melting method. However, in a comparison before and after
re-melting processes, the surface connected defects did not change their shape. Hydrogen
penetration and intermetallic effects could not be observed in this experiment. However,
dendrite pushing and shrinkage could be observed.
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Chapter 1
Introduction

As part of the growing desire for and trend towards creating lightweight, high strength
materials, the application of high strength aluminium alloy casting products has been
increasing for decades. The automotive and aerospace industries are especially desirous of
substituting lightweight aluminium castings for those of ferrous materials. However, much
research is still required to fully understand the aluminium oxides and gas porosity generated
during filling and solidification. To minimize gas porosity and aluminium oxide in castings,
degassing and melt cleaning techniques have been developed; these techniques give the
highest quality liquid aluminium condition prior to the filling process [1–3].

The problem is that the high quality liquid aluminium prepared for casting is again prone to
the generation of oxides within the mould during this filling process. In the liquid condition,
aluminium has a high affinity for oxygen. Oxidation occurs in milliseconds when the
aluminium surface contacts atmospheric oxygen and humidity [4]. If the liquid velocity
during casting is high enough (typically more than 0.5 m/s at the ingate), the liquid flow
becomes surface turbulent [5]. Surface turbulence folds and entangles new oxide films. These
double oxide layers contain trapped air and Campbell defines these oxide layers as bifilms [4].

Bifilms are important because the liquid aluminium and air within them react to produce
further aluminium oxides and aluminium nitrides prior to and during solidification [6]. These
- 10 -

chemical reactions consume the gas phase, while buoyancy effects may transport the bubbles
in bifilms during casting [7, 8]. Moreover, some phases can be produced on the wetted oxide
side [9]. Campbell proposed that the tangled thin oxides created during the filling of the
mould could become flattened or spherical in shape due to four main factors [6]:

1. Penetration of dissolved hydrogen from the liquid aluminium into the bifilm
during solidification,
2. Oxides are pushed by dendrites during solidification,
3. Growth of heterogeneously nucleated intermetallic faces upon the wetted
oxide side, and
4. The oxides are pulled by shrinkage.

This proposal has been argued from a theoretical standpoint. However, there is no direct
experimental evidence to support these theories. To observe these furling phenomena, nondestructive scanning methods with a micrometer-scale resolution are required in order to fully
resolve the bifilm morphology, along with techniques for re-melting the volume. The 3-D
micro X-ray tomography technique may meet such requirements. Since the development of
tomography techniques for use in medical imaging, they have been applied in various fields
such as 3-D studies of paleontological specimens [10], the geosciences [11] and the paper
industry [12]. In addition, 3-D tomography has been applied to the following when
researching aluminium: the representation of aluminium foam, crack growth during tensile
tests, semi-solid forming, grain-boundary imaging [13], cavity coalescence during
superplastic deformation [14], 3-D imaging of pores and intermetallics [15] and 3-D
visualization of ductile fracture [16].
- 11 -

The research reported in this thesis sought to introduce an X-ray tomography technique to
observe the behaviour of bifilms during solidification in an aluminium casting. It first
introduced aluminium oxides and X-ray tomography techniques, and then developed
tomography and re-melting techniques for observations after solidification with the objective
of quantifying the effect of the liquid holding time on the bifilm morphology.

This work found the best conditions for X-ray tomography techniques. However, the details
of the oxide layer could not be obtained because of limited resolution. In addition, this
research could not accomplish a re-melting method. However, surface connected defects did
not change their shape in a comparison before and after re-melting processes. With these
defects, the hydrogen penetration and intermetallic effects could not be observed through this
experimental method. However, dendrite pushing and shrinkage could be observed.
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Chapter 2
Literature Review

2.1

Aluminium Oxidation

Aluminium oxidation occurs when aluminium comes into contact with oxygen or humidity in
the air and the reaction produces alumina (Al2O3). Aluminium in the liquid state reacts with
oxygen within milliseconds and produces a continuous alumina layer on its surface. This
oxide surface remains stable on the liquid surface because of the non-wetting behaviour
between Al2O3 and liquid aluminium under 950 ℃ [17–19]. The continuous nature of the
alumina on the liquid surface prevents direct contact with air, thus retarding further oxidation.

The initial oxide layer is too thin to sustain external or internal forces. In general, alumina is
thermodynamically very stable. When oxide-free liquid aluminium is exposed to air, a few
tens of nanometres of thin amorphous AlO3 (alumina) quickly cover the surface [20]. This
thin oxide layer starts to crystallize from amorphous to γ-Al2O3 after five to ten minutes [21,
22]. Crystallization is affected by the temperature of the aluminium, the exposure time and
the amorphous film thickness [21–23]. During crystallization, and the accompanying thermal
expansion and volumetric contraction, tensile transformation stresses are generated within the
film. Under the action of the tensile stress, local failure of the film generates surface cracks
[22, 24]. The newly exposed liquid between the cracks generates new amorphous layers and
these grow by the same process. After an extended period of time, a period of transformation
- 13 -

occurs on the liquid aluminium surface (this involves a further decrease in the volume of the
oxide), whereby γ-Al2O3 is transformed into α-Al2O3 (corundum). This reduction in volume
causes further cracks, again producing new amorphous bands [22]. This continuous growth
cycle continues until the films are thick enough to sustain the stresses developed at the
surface. During this growth process, other forms of oxidation also occur with other chemical
elements [7, 25].

2.1.1 Types of Oxides (old oxide vs. young oxide)

Campbell defined two different types of aluminium oxides, which are distinguished by their
thickness. These are ‘old oxide’ (thick) and ‘young oxide’ (thin) [6]. Old oxides develop from
the thickening of the oxide that originally exists on the surface of ingots during the melting
process and also during the transport of the liquid from a furnace to a crucible. As their name
implies, old oxides form under longer exposure times to an oxidizing atmosphere; so they
have time to grow thick. Such thick oxide films are often semi-rigid and thus less prone to
deformation under the action of free surface turbulence during the filling process. As a result,
they have fewer and coarser deformation wrinkles than a young oxide film observed at high
magnification using a scanning electron microscope (Figure 2.1) [26].

- 14 -

Figure 2.1: An SEM image of an old oxide surface [27].

The extremely rapid reaction of liquid aluminium with air can produce aluminium oxide
during the filling process [4]. During mould filling, the liquid metal free surface can be
unstable or expanding, exposing fresh liquid aluminium to air and humidity in the mould,
producing thin aluminium oxides called ‘young oxide’. However, unlike old oxide, young
oxide has an extremely short exposure time to air. Hence, young oxides are reported to be
amorphous Al2O3 with thicknesses of only a few nanometres [20]. These thin oxide layers
fold easily and may become tangled by the internal bulk flow turbulence once incorporated
into the liquid and remain as complex double oxide layers in the casting. The general shape
of a young oxide has many thin sharp edges (wrinkles), as shown in Figure 2.2. If held in the
liquid alloy, some of these oxides may bond or grow into each other. However, the majority
of young oxides trap air between their films [28]. These oxide layers containing air are
defined as bifilms. A detailed explanation of the formation and characteristics of bifilm
defects is given in the following sections.
- 15 -

Figure 2.2: A SEM image of young oxide [27].

2.1.2

Entrainment Defects

When in the liquid condition, aluminium and aluminium alloys are extremely reactive with
oxygen. Therefore, aluminium oxidises readily during the melting and filling processes. This
is often compounded by an increase in the surface area of the aluminium liquid during flow.
The first possible source of oxides in castings is the ingot metal itself, not only on the
aluminium ingot surface but also in the aluminium as internal defects. These aluminium
oxides remain stable in the molten aluminium. In addition, heating methods facilitate the
growth of oxides and air convection may bring inclusions such as ceramic particles from
furnace linings and large dust particles onto the surface of the aluminium [6]. If these
inclusions are heavy enough, they break through the oxide into the melt. These inclusions
attach to the oxide layers and may become incorporated into the melt as part of a bifilm
defect [6].
- 16 -

Figure 2.3: Description of surface turbulence generation: oxide films located between liquid
aluminium alloy and gas phase [6].

The amount of oxide entrained in the liquid metal during the filling portion of a casting
process depends on the degree of free surface turbulence that occurs. Free surface turbulence
can be considered to be the uncontrolled folding of the liquid metal surface onto itself or, in
more severe cases, the formation of metal drops by the disintegration of the liquid surface
(Figure 2.3).

Campbell defined ‘surface turbulence’ using a dimensionless flow quantity called the Weber
number, We [6]. The Weber number is the dimensionless ratio between the internal pressure
exerted upon the melt surface (ρV2/2) and the surface tension (2γ/r) of a hemispherical
deformation. Thus:
We = ρL V2/γ
where ρ: density of the liquid, V: velocity of the liquid, L: flow length, which can be
expressed as r (radius of the hemisphere) and γ: the surface tension of the liquid.
If the internal pressure acting upon the surface is less then that arising due to surface tension,
then We < 1 and no surface turbulence occurs [6]. However, when the internal pressure is
- 17 -

equal to (We = 1) or higher (We > 1) than the surface tension forces, surface turbulence will
occur. As the We value increases, the severity of the turbulence increases.

Figure 2.4: Balance of forces in the surface of a liquid [6].

When the internal pressure is equal to the surface tension, the velocity at this condition can be
the critical velocity of surface turbulence [6]. Therefore, ρV2/2 = 2γ/r (Figure 2.4), such that
Vcrit = 2(γ/rρ)1/2.
Assuming ‘r’ to be half the sessile drop height, Campbell calculated the critical velocity of
liquid aluminium at an ingate to be close to 0.5 ms–1. Runyoro and Campbell designed an
experiment to determine the critical ingate velocity of aluminium alloys, and proved that the
critical gate velocity for the generation of surface turbulence was 0.5 ms–1 [29]. At velocities
greater than 0.5 ms–1 at the ingate, the turbulence increased the liquid aluminium surface
contact area with air and generated several types of oxidized surfaces such as a single surface
oxide layer and multiple entrained oxide layers that were tangled [30].

Aluminium oxide bifilms can also be produced as a result of the geometry of the mould.
During mould filling, some geometrics may cause the aluminium to fall to lower levels.
- 18 -

Falling leads to the formation of a tube of oxide around the liquid surface and this exists as
the lower level of the mould is filled. Periodically, this oxide tube may detach from the
stream, falling with it and becoming incorporated (entrained) within the liquid pool, which is
a consequence of the plunging metal jet [6]. During filling, such fluid falls also generate
surface turbulence and produce other aluminium oxides.

Air bubbles formed during filling also generate aluminium oxide on their surfaces. Air
bubbles are highly buoyant and float to the coasting surface. Campbell described how the
motion of entrained bubbles can lead to the formation of oxide strings, a defect for which he
coined the term bubble trails.

2.1.3

Bifilms

As described previously, the surface turbulence entrains folds and causes tangled networks of
thin aluminium oxides when filling a mould. These folded or tangled oxides consist of double
oxide layers with air in between. Because of the high sintering temperature of alumina, they
are un-bonded and act as cracks within the liquid that are frozen into the solid. Moreover, the
un-wetted rough surface oxides, particularly ‘old oxide’, cannot fold together perfectly and an
air gap remains between the rough surface layers. Examples of layers of aluminium oxide
defects (called ‘bifilm’) are shown in Figure 2.5 [31].
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Figure 2.5: Tangled bifilm and magnification of a portion of the bifilm [28].

Due to the imperfect joining of the oxide films, a layer of air is trapped between them. The air
inside the bifilm continues to react with gases such as oxygen and nitrogen to form Al2O3 and
AlN, causing the internal gas pressure to fall and bringing the films together [32]. Opposing
the collapse of the film through oxidation is the precipitation of hydrogen in the liquid, which
may make the bifilm expand [4]. Thus, it can be inferred that once formed, the nature or
characteristics of bifilm defects may continue to change or evolve while in the melt.
Compounding this may be the fact that the trapped gas confers buoyancy to the defects.
However, at the same time, the films may sink because the oxidation reaction consumes the
atmosphere [33]. Such expansion and contraction remain poorly understood and cannot be
modelled with great accuracy; thus, the positions of bifilms are hard to predict in a casting.

Raiszadeh and Griffiths observed the progressive reaction of air bubbles in liquid aluminium
[7]. They held a large air bubble in pure liquid aluminium and monitored its behaviour over
time. As a result, they showed the first reaction with oxygen to form alumina. After the
supply of oxygen was exhausted, the aluminium reacted with nitrogen and produced
- 20 -

aluminium nitride. As these reactions proceeded, the volume of the air bubble was reduced
[7]. This effect is shown in Figure 2.6.

Figure 2.6: The change in volume of the trapped air with the time for different alloys [7].

2.1.4

Morphological Evolution of Bifilm Defects

The high filling velocity that often arises during the casting of aluminium generates surface
and internal turbulence in the mould. While surface turbulence will entrain the aluminium
oxide film, the forces acting in various directions upon the film, which possesses negligible
strength, may cause it to be folded, tangled and sometimes broken into small pieces by
internal turbulent forces [4]. One effect on the bifilm shape can be to change it from the long
and wide oxide surface associated with surface folding into a small round shape that is highly
tangled (e.g. Figure 2.5). Campbell called this process ‘furling’ [6].
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Campbell also proposed a complementary ‘unfurling’ process that starts during solidification
with contributions from four main factors: hydrogen penetration, dendrite growth, shrinkage
volumetric contraction and intermetallic growth (Figure 2.7). Dissolved hydrogen penetrates
inside the tangled bifilm and fills the gap between the two oxide layers. This hydrogen
pressure pushes apart the surfaces of the oxide layers, inflating them and making them
spherical in shape. The growing dendrites push the tangled surfaces straight. In addition,
shrinkage opens up the two oxide layers and the intermetallics generate surface tension forces
on the wetted oxide surface, potentially contributing to un-furling.

Figure 2.7: (a), (b), and (c) Tangled oxide layers unfurling. (d) The oxide layers follow the dendrite
growing [4]
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2.1.4.1

Hydrogen Penetration

The hydrogen solubility in liquid aluminium is ten times higher than in solid aluminium, and
the solubility increases when the temperature increases (Figure 2.8) [34–36]. On cooling, the
solubility falls and the dissolved soluble hydrogen in the liquid aluminium achieves a
supersaturated condition and starts to dissolve as the temperature decreases during
solidification. This dissolved hydrogen penetrates into the interdendrite or granular liquid and
forms pores at grain boundaries or dendrite cell gaps [34, 37].

Figure 2.8 Hydrogen solubility in aluminium and two of its alloys.

Hydrogen penetration also occurs in bifilms during solidification. Campbell described the
unfurling model mechanism driven by hydrogen dissolved in the liquid (Figure 2.9). He
assumed that if the unfurling force is related to the viscosity of the liquid aluminium, then the
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unfurling occurs when the pressure inside the bifilm is the same or higher than the viscous
drag force resisting the motion [4]. Using Stokes’s law, the force resisting unfurling
(3πηRV/2) can be equated to the hydrogen penetration pressure (2PRh(h/2)) (Figure 2.9),
where P: hydrogen penetration pressure, η: viscosity of the liquid, R and h: width and height
of the pressure unfurling the bifilm’.
When the resistance force is the same as the hydrogen penetration pressure, the oxide starts
unfurling. Thus, when the forces acting on the average height (half of the height),
2PRh(h/2) = 3πηRV(R/2)
for the duration of unfurling (t), the velocity V can be substituted by πR/t:
t=(3π2/2)(η/P)(R/h)2.

Figure 2.9: Unfurling process by hydrogen penetration [4].

The solubility of hydrogen in liquid aluminium can be changed primarily by the melting
conditions, melt treatment or alloying and modification elements. During the process of
melting the aluminium, the liquid aluminium contacts and reacts with the humidity that is
present in or on the furnace, charge materials, fluxes and furnace tools. Hydrogen gas can
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dissolve during this chemical reaction between aluminium and humidity as 4/3Al + 2H2O →
2/3Al2O3 + 4H. Using a heating fuel that contains hydrocarbons can also increase the
hydrogen content of aluminium melts. Increasing the temperature and holding time can
increase the dissolved hydrogen content [38]. The solubility of the hydrogen will increase as
the temperature increases; the degassing time required to remove hydrogen from solution
doubles as the temperature increases by 60 °C [39].
The alloying and modification of aluminium alloys also affects the solubility of hydrogen. Cu,
Si, Zn and Fe can reduce the solubility of hydrogen, and Mg, Li and Ti can increase the
hydrogen solubility [35]. The effect of strontium on hydrogen solubility is still being
researched [40].

2.1.4.2

Dendrite Growth

During the solidification of aluminium alloys, the primary α-Al phase grows with a dendritic
structure [41]. When the growing dendrites impinge upon a bifilm, they cannot grow through
the film and their advance is arrested [4, 31]. According to Campbell, these primary and
secondary dendrites push against the oxide surface during solidification [4]. The pushed,
furled oxide turns into untangled or flattened oxide as it is pushed between dendrite
boundaries. It was suggested by Campbell that the many oxide layers observed at grain
boundaries prove this phenomenon (see Figure 2.7(d)) [6]. However, there is no direct
evidence to support this model.
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2.1.4.3

Shrinkage

As aluminium and aluminium alloys solidify, they undergo a volumetric contraction. Often, a
casting freezes from the outer surface to the interior. Feeding is used to overcome this
contraction in cases where there is a local deficit of feed metal. According to Campbell [4],
the force that is generated by the negative pressure arising in the liquid aluminium at the
solidification area acts on the entire surface area of a bifilm and separates the area of the two
oxide layers [6]. The shrinkage effectively drapes oxide films over the dendrite surface
(Figure 2.7(d)). Shrinkage forces may well assist a tangled oxide to unfurl.

2.1.4.4

Intermetallics

Inclusions come into the melt in various ways such as ceramic particles or sand from the
furnace, dust from the equipment and chemical reactions during the melting and holding
processes. Inclusions from the melting process can be effectively removed by the degassing
process and the use of filters in the mould [42]. Intermetallics are sometimes observed on the
wetted side of the oxide. Entrained aluminium oxide in liquid aluminium is comprised of a
dry surface contacting gas and a wetted surface contacting the aluminium liquid. The nonwetted surface reacts with the air inside the bifilms and produces oxide layers [7, 8]. Cao and
Campbell observed Fe-types of intermetallics, such as Al15(FeMn)3Si or Al15(FeMnCr)3Si2 on
the wetted surface [43, 44].

It has been suggested that the brittle intermetallics formed on a wetted oxide surface help
with the unfurling of bifilms. According to Campbell, growing intermetallics, especially the
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β-Fe plate, unfurl the tangled bifilm [6]. Initially, the intermetallics on an oxide surface are
thin enough to bend; however, their stiffness increases as their thickness grows. The
intermetallics try to have a flat shape, with their growth generating sufficient force to deform
and straighten the shape of the oxide.

2.1.5

2.1.5.1

Melt cleanliness

Degassing

The amount of hydrogen dissolved in the liquid aluminium can often define the amount and
size of the porosity defects [45]. To remove hydrogen from the liquid aluminium, a degassing
process is essential. Flux, purge gasses, vacuum degassing and ultrasonic vibration can be
used as degassing methods [3]. The most popular method is bubbling inert or reactive gases
from near the bottom of the furnace. The purge gasses are usually Cl2, SF6, Ar or some
mixture of these gases. During their passage through the melt, the bubbles, which are of low
initial hydrogen content, absorb hydrogen from the melt and then escape at the surface. The
melting temperature, size of the gas bubbles and gas composition are important factors for
this degassing method [39, 46]. The solubility of hydrogen doubles when the liquid
aluminium temperature increases by 60 °C [1]. The size of the gas bubbles determines the
area/volume ratio (A/V). For high degassing efficiency, the A/V should be maximised, and
bubble smaller than 5 mm are the most effective [46]. According to many researchers, rotary
impeller degassers (Figure 2.10) can produce metal virtually free of dissolved hydrogen [39,
42, 47]. In addition, this method of degassing can remove solid inclusions from the melt by
flotation when bubbles attach to them.
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Figure 2.10: Schematic diagram describing the various degassing steps [48].

2.1.5.2

Inclusion Removal

Inclusions such as aluminium oxide and MgAl2O4 (spinel) come from ingots or reactions
with oxygen in the air or humidity during melting and casting. Other inclusions are formed by
chemical reactions with alloy elements in the melt. Sedimentation, flotation and filtration in
the furnace are used by the foundry industries to remove these inclusions [3].

Aluminium oxides and magnesium oxides usually exhibit slow settling (no gas contained
between the oxides) or floating gas contained between oxides in the aluminium melt because
of their lesser or greater densities compared with the liquid aluminium. Buoyant low density
fluxes help bring such inclusions to the surface [2, 3]. Once at the surface, they can be
removed by skimming. However, these fluxes contain harmful elements such as Cl, F or P. In
addition, the humidity contained within the fluxes can actually add hydrogen to the melt. The
flux itself can be an inclusion in the casting if it remains in the melt after treatment.
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After cleaning during the melting process, a filter within the mould can help to remove
inclusions such as fluxes, ceramic particles or oxide film during the filling process [3, 47].
Inclusions can be trapped on the front or entry face of the filter, and build up filter cake layers
(Figure 2.11). These filter cake layers also act like filters [49, 50]. The filter types include
fibreglass cloth, steel gauze screen, wire wool and ceramic foam filters [3]. The most
effective of these is the ceramic foam filter because its three-dimensional network of pores
provides a non-linear flow path for filtering and smoothing the metal flow [51, 52]. The cloth
and screen types have a linear flow path, which has limited filtration ability, and may, in fact,
generate surface turbulence, entraining air [50].

Figure 2.11: Schematic illustration of filter medium and cake [53].

2.2

X-ray Imaging

Since the development of X-ray techniques, these have been used, not only in the medical
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field, but also in various sciences and engineering fields as a non-destructive inspection
method. In the aluminium casting field, radiography has been an essential method to observe
gas porosity and shrinkage inside castings. The development of real time radiography from
the film technique has made examination faster, and the method now allows the observation
of the inside of a mould during the pouring process in real time [54]. This has the potential to
reduce the cost and time needed to develop industrial filling systems. In addition, Micro Xray tomography methods make it feasible to observe micro-defects and their behaviours.

X-ray signals are electromagnetic waves with shorter wavelengths than visible light. X-rays
can be defined by their wavelengths, which lie in the range of 30 × 1015 Hz to 30 × 1018 Hz.
X-rays are generated by high voltage electrons inside a high vacuum tube containing
electrodes (cathode and anode). When high energy electrons impact and interact with a target,
X-rays are generated.

X-rays can be separated into continuous and characteristic. Continuous X-rays are also called
‘white radiation’ or ‘Bremsstrahlung’. Electrons are scattered in the strong electric field near
the nuclei of a material. When the incident electrons are decelerated by displacing electrons
from the inner shell of a metal atom (X-ray fluorescence), continuous X-rays are generated.

The characteristic X-ray spectrum (fluorescence) is not like the Bremsstrahlung. Instead,
when an electron in the K-shell is bombarded by an incident electron beam, it is able to
obtain enough energy to overcome the attraction of the nucleus. The amount of energy
required to escape from the nucleus is called the ‘binding energy of the K-shell’ or
‘absorption energy’ [55]. This energy value is dependant on the characteristics of the material
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and increases with the atomic number of the element. If one of the K-shell electrons obtains
this absorption energy, the electron is displaced, leaving an empty space in the K-shell. This
empty space is filled by an electron from one of the higher energy shells. During this filling
from the high energy level to low energy level, the replaced electron needs to emit energy.
The amount of emitted energy is the difference between the high energy level of the shell
donating the replacement electron and the low energy level of the shell with the vacancy.
Each material element has its own energy values. Hence, the X-ray wavelength depends on
the energy difference between two shells, which depends on the material.

2.2.1

3-D X-ray Tomography

Figure 2.12: X-ray tomography beam types: (a) cone beam, (b) fan beam and (c) synchrotron beam
[56].

The X-ray tomography technique was first developed in the 1970s by Hounsfield using a
computed tomography system for medical imaging [56]. This technique has since been
refined with more powerful and higher resolutions and shorter scanning times. Recently,
commercial high performance equipment has been developed that can reach a spatial
resolution of 1 μm with cone or fan beam algorithms (Figure 2.12) [56, 57]. In addition,
- 31 -

research equipment in The European Synchrotron Radiation Facility (ESRF) in Grenoble,
France can reach a spatial resolution of 0.7 μm as a beam resolution. However, this facility
can achieve voxels of up to 0.3 μm(a voxel is defined in Section 2.2.3) using their 0.7-μm
resolution beam with a magnification technique [58]. These high performance scanning
developments can be applied to various research fields such as archaeology, water, soil
science and the timber industries [59]. In particular, this non-destructive means of
determining a wide range of properties, along with the extremely high sensitivity of the X-ray
tomography technique, can be used to identify the characteristics of a metal by observing
phase contrast, intermetallics, porosity shape and the growth of cracks in aluminium and its
alloys [58, 60–64].

2.2.2

Principles of X-ray Tomography

The principle of X-ray tomography scanning is that X-ray information about multiple onedimensional layers is acquired from a linear array detector and used to reconstruct a twodimensional image; multiple two-dimensional images are then used to reconstruct a threedimensional image. A thin vertical X-ray beam passes through an object in the field of view,
X-rays are absorbed by the object and the transmission intensity decreases (Figure 2.13(i)). A
scintillation detector converts the transmitted X-rays into visible light. This visible light is
converted into digital data using a visible light charge coupled device (CCD) camera.
Multiple linear slices are obtained by rotating the specimen about the vertical axis through a
series of equal increment steps (around 0.9˚ or less per step) until the sample has rotated
through 180 or 360 degrees (Figure 2.13(ii)). The scanned one-dimensional information is
called a ‘shadow image’. To accurately locate a position within the object, shadow images
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with different angles of view are required. The intensity differences between the shadow
images in the memory are analyzed by a computer intensive reconstruction algorithm,
generating a series of two-dimensional images [66]. Each two-dimensional image is stored on
a device such as a hard drive. This scanning process is called ‘back projection’. Decreasing
the rotation step angle (which is the same as increasing the number of back projections) can
give a sharper image (Figure 2.13(ii)) [57].

Figure 2.13: General principle of X-ray tomography scanning: (i) data acquisition from top right to
top left of image; (ii) back projection and reconstruction from bottom left to bottom right of the
image [65].

Once the scan is complete, the two dimensional images are reconstructed using
reconstruction software and a cone beam or fan beam filtered back projection algorithm and
converted into a three-dimensional image [67]. These reconstructed images are saved as
cross-section images. This three-dimensional information can be converted into volumetric
three-dimensional images consisting of voxels using the volume graphics software. Detailed
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information about volume graphic images will be discussed in the next section.

2.2.3 Three-dimensional Images

N-dimensional digital images consist of spatial elements called ‘pixels’ in two-dimensional
images and ‘voxels’ in three-dimensional images. Each spatial element has a numerical code
called a grey code, consisting of integers ranging from 0 to 255 (black = 0 to white = 225)
[68]. In general, gray and coloured images are based on this grey code. From these grey and
coloured images, one can easily distinguish the edges or sharp objects. However, to avoid the
intermediate shades of grey that may occur, grey values of the set [0,1] are used for accurate
image analysis [69]. This grey code uses 0 (switch on = white) and 1 (switch off = black) and
is called the binary image. The black voxels indicate that the object is considered in the
foreground of the image, whereas white voxels act as the background of an image. The
computer indicates ‘0’ and ‘1’ as background and objects from binary images. Threedimensional images are built up using stacks of these binary images. For the observation of
void defects in materials, the options of ‘0’ and ‘1’ needed to be changed to 0 = object and 1 =
background (note: some programs have an ‘inverse’ option).

The grey code threshold that is used to binarise data generates a 3-D volumetric image. The
use of a low level of grey code can reduce the noise in a 3-D structure; however, it can also
generate holes in the surface of the structure or reduce the volume from the original volume
[69]. A high level of grey code can add more volume to the structure, but at the expense of
more noise from unwanted signals.
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2.2.4

Spatial Resolution and Noise Control

Collecting only a limited number of X-rays with the X-ray detector generates unwanted
uncertainty in the image signals, called noise. This noise is strongly related to the spatial
resolution and exposure time [70]. In addition, noise can be affected by specimen geometry
and size, rotation step angle and possibly magnification [56, 57].

Figure 2.14: 3-D images with different voxel values: Scanned images are top row: 5 (left), 10
(centre) and 15 (right) μm voxels. Artificially degraded images are bottom row: 10 (left), 20 (centre)
and 40 (right) μm voxels [71].

The spatial resolution affects detail discrimination and the quantitative analysis of volumetric
3-D images. Therefore, achieving the smallest possible spatial resolution is an important
factor for X-ray tomography scanning (Figure 2.14) [71]. The spatial resolution unit for
volumetric image analysis is called a ‘voxel’. The voxel size (Vox) is related to the field of
view (FOV) of the detector and the number of X-ray elements that the detector can detect.
The equation for this relationship is VOX = FOV / number of detections. The field of view is
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the width and height of the scanning area. The specimen needs to be centred and inside of the
FOV. If the specimen is not inside the FOV or centred in the rotator of the specimen holder,
some part of the specimen will be in and another out of the scanning area, which can cause
mismatched signals during the rotation (Figure 2.15) [57]. Furthermore, if the specimen is not
on the centre of the FOV, specimen wobble and rotation axis misalignment can be generated
during the reconstruction. Hence, it is important to locate the specimen inside the FOV in the
centre of the specimen holder to get accurate results with less noise.

Figure 2.15: Field of view (FOV) for a specimen: (a)~(b) Situations where the target objects are not
in the FOV, (e) right position between FOV and the specimen and (f) field of view with the
interesting section [57].

The specimen geometry is also an important factor for spatial resolution and noise reduction.
A cylindrical specimen geometry with a minimum specimen size can help improve the
resolution of the scan. Since the scanning field is a cylinder pattern, a symmetrical shape for a
specimen can reduce the noise during rotational scanning [11]. In addition, if a specimen has
edges, these generate worse streaking during angular scanning [57]. Minimizing the specimen
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size can help to improve the resolution [71]. A small specimen can result in a stronger signal
during the scan, thereby reducing the noise signal.

Increasing the exposure scanning time and reducing the specimen rotation angle can reduce
the noise signals [72]. When the X-ray beam passes through the target specimen, the total
number of X-rays that comprise the image depends on the exposure time. When the exposure
time increases, the noise signal decreases. The exposure time can increase the contrast level
because of the amount of X-rays received. Furthermore, decreasing the specimen rotation
angle produces more detailed information about the inside of a specimen, making the image
sharper and more accurately positioned [57]. If the rotation angle is decreased to half the size
of the original angle, the scanning information and scanning time will double.

Magnification is also a good method to improve spatial resolution. The concept of
magnification is related to the distance between the specimen and the X-ray source. Cone and
fan beams come from a single point source (P in Figures 2.12(a) and (b)) toward the detector
area (D in Figures 2.12(a) and (b)). When the specimen is close to the point source, the
scanning area will be smaller, but the scanning magnification will increase. Therefore, greater
magnification occurs when a specimen is moved towards the X-ray source. When the
specimen moves towards the X-ray source, the spatial resolution decreases with a decrease in
the cone angle.

2.2.5

Beam Hardening and Ring Artefacts

Beam hardening is the most common artefact in X-ray tomography scanning. Hardening
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means that the energy absorption rate of lower energy photons is higher for the target object
than higher energy photons. The lower energy absorption increases when the beam passes
through a specimen. When the X-ray beam passes through the specimen, the centre of the
specimen observes lower energy than the edge of the specimen. Thus, the beam hardening
occurs at the centre of the specimen. This hardening effect makes the specimen appear to be
less dense in the centre [70]. Beam hardening can be reduced using an attenuation filter, a
smaller sample and correction during image reconstruction [73]. An illustration of beam
hardening and ring artefacts is shown in Figure 2.16.

Figure 2.16: Beam hardening and Ring artefacts: (a) Upper level of the picture has no hardening
corrections and lower level is after hardening corrections (b) Ring artefacts [70].

A ring artefact is the other common artefact that is produced by local defects in the detection
device. Defects in the scintillator or other devices generate continuously erroneous readings
at each rotational scanning angle, and appear as a ring. The level of reinforcement increases
from the edge to the centre of the specimen. Ring artefacts can be removed by scanner
calibration and software corrections [74].
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2.3 Summary

During aluminium casting, the liquid aluminium is highly reactive with oxygen and generates
an aluminium oxide film in the mould within milliseconds. These oxide films are often
responsible for the failure of castings. If the filling velocity is faster than 0.5 ms–1, the
turbulent flow generates more oxide films, which are composed of two thin oxide layers that
trap air between them by folding. Such oxide layers are called bifilms. Entrained films are
thin enough to be furled by turbulent flow during the filling process. It is thought that a furled,
thin bifilm may be unfurled by the four main factors of hydrogen precipitation, dendrite
pushing, shrinkage and inclusion. However, there is no experimental evidence for this
unfurling phenomenon.

A non-destructive method based on micrometer size-resolution measurements is required to
observe this unfurling phenomenon. Micro X-ray tomography is a suitable technique because
the micrometer-scale X-ray scanning resolution, with its 3-D reconstruction ability, is
sufficient for observations of the defects in the specimens from various viewpoints. For the
best results, the spatial resolution size should be as small as possible in order to minimize the
noise signals and artefacts. To achieve the best conditions, it is important to use the smallest
specimen with a cylindrical shape, a longer X-ray exposure time, a smaller rotation step angle
and artefact corrections in the reconstruction program.

The unfurling phenomenon is important because it can affect and reduce the mechanical
properties. The unfurling phenomenon causes the bifilm to grow larger than its initial size,
and the larger size of the bifilm should have a greater negative effect on the mechanical
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properties. The objectives of the series of experiments reported are as follows:
1. To establish an experimental method for producing aluminium oxide in a mould
and capturing these oxides in cylindrical specimens,
2. To optimise the parameters of a 3-D micro-X-ray tomography technique for
different-diameter cylindrical specimens in order to obtain the most realistic 3-D
representations of oxide shape and structure,
3. To develop a re-melting technique to facilitate the controlled holding of bifilm
defects in a liquid aluminium alloy for different times, and
4. To utilise the above methods to observe the changes that occur in bifilm
morphology and the differences between the re-melted specimens and initial oxide
shapes.
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Chapter 3
Experiment Procedure
3.1

Materials

Commercial aluminium 2L99 was used for this experiment and its chemical composition is
listed in Table 3.1.
Table 3.1: Chemical elements of Aluminium alloy.

2L99

3.2

3.2.1

Si
7.03

Mg
0.36

Fe
0.08

Mn
0.01

Ni
0.01

Ti
0.13

Be
0.0012

Oxide Generation in the Mould and Specimen Preparation

Mould Design

To attain reasonable tomography resolution (less then 5-μm voxels) with the 3-D X-ray micro
tomography equipment (SKYSCAN 1072), the bifilm defects needed to be contained in
specimens with diameters of less than 5 mm. A casting technique was developed to make 5mm diameter specimens containing bifilms. A gravity–filled, chemically bonded sand casting
route was selected. The sprue was square (to avoid vortex generation) and tapered, with a top
dimension of 30 mm x 30 mm and a bottom dimension of 30 mm x 15 mm (height 200 mm).
To minimise oxide generation during pouring and remove oxides in the ingot material, a
basin conforming to the specifications of Campbell and a 50 mm x 50 mm x 20 mm 10 pores
per inch (ppi) ceramic foam filter (Foseco Sivex FC) were used [30]. To generate oxides
inside the mould, an ‘oxide generator’ was used to initiate a hydraulic jump [75]. A 2-mm
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deep section in the runner after the filter generated a high velocity flow, and at some point
during filling, a back flow developed with severe entrainment at the counter directional flow
stream boundary. The oxide generator was located at a point 8 mm towards the specimen
from the ceramic foam filter. An ingate was designed to produce balanced filling for each of
five 12-mm diameter, 135-mm test bar specimens so that the oxides could be distributed
evenly to the specimens.

Figure 3.1: Mould design for the oxide generation in the mould.

3.2.2

Melting

2-kg charges of aluminium ingot were melted in a SiC crucible in an induction furnace until
the melting temperature reached 750 ˚C.
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3.2.3

Sand Mould

The sand used for the mould was Chelford HST60 with Ashland Pepset Resin 5112 and 5230
(ratio of resins, 1:1). The amount of each resin added was 0.6% of the sand weight, and each
component was mixed for 1 minute. The core was removed from the tool 15 to 20 minutes
after the cold box was filled with the sand mix.

3.2.4

Real Time X-ray Observation of Mould Filling

A series of castings were poured using a numerically controlled pouring system and the flow
was imaged using real-time flow radiography. The details of this method have been reported
elsewhere [76]. To pour the liquid aluminium into the mould, a crucible manipulator was
used at the full pouring speed. After the crucible location on the robot arm reached a
temperature of 750 ˚C, there was a delay of 17 seconds before pouring. Real time X-ray flow
imaging was used to observe the in-mould flow behaviour, along with the defect formation
and transport. The specifications for this real time X-ray imaging are listed in Table 3.2.
Table 3.2: The conditions of the real time X-ray machine.

Voltage:

120~140 kV

X-ray Condition

Amperage:

4.5~7.1 mA

Image Intensifier

Magnification:

1

Frame Rate:

60 fps

Shutter Speed:

1X

Exposure Time:

16666 μsec

Live Resolution:

Full Frame (800 X 600)

Video Recording
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3.2.5

Locating Oxide Defect and Specimen Preparation

After casting, the surface of each specimen was cleaned with sandpaper to remove the sand
spots and rough surfaces and two orthogonal X-ray films were taken of each test bar. The Xray film images were taken with the bar rotated through 90 degrees about its longitudinal axis.
The conditions for these X-ray shots followed the British Standard: BSEN 12681. If there
was a defect on a film and no defects in the other films at the same height, it was assumed
that the defect was on the surface of the specimen. By measuring the defect positions from
the center of a specimen, the locations of the defects were determined. Defects located in the
center of specimens within 3, 4, 5 and 8-mm diameters were machined to round samples
using a lathe.

3.3

3.3.1

3-D Micro X-ray Tomography Set- up

X-ray Tomography Scanning Set-up

For bifilm scanning, microtomography equipment (Skyscan 1072 desktop X-ray
Microtomography) was used in this study. Skyscan 1072 consists of a microfocus X-ray tube,
high voltage power supply (20–100 kV), specimen stage, precision manipulator, CCD camera
(1024 X 1024 pixels), computer and colour monitor (Figure 3.2, left) [72]. The specimen
stage can rotate the specimen and adjust the distance between the specimen and X-ray source.
X-rays that passed through the specimen were collected by a CCD camera viewing an X-ray
scintillator screen for selected exposure times. Scans were performed using the rotation step
angles of 0.9 and 0.45 degrees and an object rotation angle of 180 degrees to determine the
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optimum scanning conditions. Each image was saved as a ‘*.tif’ file. To determine the
optimum conditions, several different scanning conditions were used in this experiment. The
scan settings were as detailed in Table 3.3.

Figure 3.2: Skyscan 1702 (left)(www. Skyscan.be) and schematic of the scanning system (right)
[77].

Table 3.3 Optimum conditions of tomography scanning.
Power and Ampere
Magnification
Rotation angle
Rotation step angle
Exposure time
Filter

100 kV and 96 μA
depending on the size of specimens
(3, 4, 5 and 8 mm)
180 degrees
0.90 and 0.45 degrees
2, 5, 7 and 10 sec per scan
1 mm aluminium filter

After the best settings were determined, all of the scans for the 3, 4, 5 and 8-mm diameter
specimens were performed using 0.90 and 0.45 degree rotation step angles with a 180 degree
rotation angle. The exposure time was 10 seconds (maximum exposure time in Skyscan
1072). An aluminum filter was used for every scan. The level of magnification was
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determined by the FOV. A specimen was moved until it fully filled in the FOV. During this
magnification, if any part of the specimen was out of the FOV during a trial specimen
rotation of 90 degrees, the magnification was reduced. Since the spatial resolution was
adjusted by the magnification, it was important to have the highest magnification possible.
Once the size of the specimen was determined, the exposure time (2, 5, 7 and 10 sec per scan)
was studied with a 4-mm specimen. In addition, the rotation angle test was performed with
0.90 and 0.45 degree rotation steps. Exposure time and rotation angle tests were performed to
optimize the image quality while achieving a feasible and acceptable maximum scanning
duration of 3 hours.

3.3.2

2-D to 3-D Reconstruction Set-up

For reconstruction, the program NRecon (Skyscan, Belgium) was used. A plan utilising a
maximum of 974 sections (ranging from section 24 at the bottom to section 998 at the top, in
single step increments) was used. In addition, automatic post alignment and the maximum
level of ring artefact reduction (a value of 20) were used for the parameter set-up. However,
different beam hardening levels were investigated (0, 20, 50, 70 and 100%).

3.3.3

Volumetric Image Reconstruction Set-up.

ANT visualization software, which is provided by Skyscan in Belgium, was used in this study
to build 3-D volumetric images. Various contrast levels (grey code) were used, depending on
the scanning conditions (the range was 70 to 140) to determine the best grey code level for
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building volumetric images and its effect on the images. Because of the volumetric image file
size, the region of interest (ROI) and customized file stocks (depending on the height of the
defects) were used for the volumetric images.

3.4

Re-melting Process of Specimens

In order to observe the behaviour of a bifilm in liquid aluminium, a re-melting process was
developed. Two techniques were used for this study. After re-melting, the specimens were rescanned by Skyscan 1072 to observe the shape of the oxides.

3.4.1

Quartz Glass Tube with Argon.

A quartz glass tube (Multi-lab LTD, UK) with an argon environment was used to test the remelting techniques. The external and internal diameters of this quartz glass tube were 10 and 8
mm, respectively. The pressure of the argon was 273 mbar, which was the maximum amount of
gas to prevent an explosion at 750 °C. Before sealing the tube with the argon gas, the aluminium
specimen was placed at the centre of the tube. Once the re-melting furnace reached 750 °C, the
sealed glass was put into the furnace. The furnace used was produced by Pyro Thermo Furnace.
The quartz glass tube was observed at 5 minute intervals until the specimen was fully melted.

3.4.2

Ceramic Mould with Air Environment

The other melting technique that was applied in this experiment was the use of a ceramic
mould with an open environment, which is close to many real foundry environments. A
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ceramic mould was designed as shown in Figure 3.3. The cylindrical form of the top 25-mm
was used to insert and hold specimens, while the bottom of the cylinder was blocked. The
internal diameter of this mould was 5 mm and the specimen diameter used was 4 mm, which
made it easy to insert specimens into the mould at a temperature 745 °C. The rapid ceramic
mould technique [78] was used to produce the ceramic moulds. Once the furnace temperature
reached 750 °C, the ceramic mould was put into the furnace for 2 hours to soak the mould at
temperature. The specimens were put into the mould for different durations: 1, 1.5, 2, 3, 5, 10,
15, 20 and 30 minutes.

Figure 3.3: A drawing of the re-melting ceramic mould.

3.5

Optical Microscopy

An electronic optical microscope was used to observe the polished surfaces of the cast
specimens and the test specimens re-melted for different melting times.
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3.6

SEM and EDS

To establish the defect types and the amount of oxide in the cast specimens, scanning electron
microscopy (SEM) and energy dispersive X-ray (EDS) observations were made on polished
sections. Polished ingot specimens and the portions of the aluminium specimens above the
filter were observed before the cast metal passed though the filter. The parts of the specimens
that fractured during machining were also observed. After re-melting, the specimens were
sectioned, the defects of interest were polished and the oxides were observed to ensure that
they were not old films and to determine their chemical behaviour after re-melting. This
study used a JEOL 7000 FEG SEM fitted with an Oxford Inca EDS.
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Chapter 4
Experimental Results

4.1

Flow Behaviour and Entrainment Oxide in the Mould

Figures 4-1(a) to (f) show real-time X-ray images of the filling process, including images
taken from a typical casting, which filled in two seconds. No gas bubbles were observed
passing through the ceramic foam filter into the oxide generator. The hydraulic jump structure
can be observed at the bottom of the runner (Figures 4-1(d) and (e)). These figures represent
the counter-direction flow filling a runner before filling a specimen. Additionally, Figures
4.1(c) and (d) display images of the surface turbulence developed inside the ingate.

Figure 4.2 shows the results for test bars X-rayed using a real-time digital imaging system.
There were only two defects detectable in the specimens. These were approximately 1 and
2.5 mm in diameter (circled in Figure 4.2).
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Figure 4.1: Real-time X-ray flow images during the filling process.

Figure 4.2: Observation of defects using a real-time X-ray machine. Defects of approximately 1 and
2.5 mm diameter are circled.

4.2 X-Ray Film

To improve upon the limited resolution problem of real-time X-ray images, X-ray film was
used. Compared with real-time X-rays images, X-ray film images allowed smaller defect
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sizes to be observed in casting specimens (Figures 4.3(a) to (d)). General observations of
these X-ray film images revealed that most of the defects were distributed near the tops of the
specimens (Figure 4.3). In a comparison of 0- and 90-degree X-ray images, some defects
appeared in only one image, not both (Figures 4.3(a) and (b) or (c) and (d)). Some defects
that were located in the centre of the specimen in one image were located far from the centre
in the other image.

(a)

(b)

(c)
(d)
Figure 4.3: Film X-rays of 12mm diameter casting specimens before machining observed at two
different orientations: 0° (left) and 90° (right).
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After machining the specimens, the positions of the defects were near the surfaces of the
specimens in both images (Figure 4.4).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.4: X-ray film images from two different angles, 0° (left) and 90° (right), after machining
to 8-mm diameter ((a), (b), (e) and (f)) and 5-mm diameter ((c) and (d)).

4.3

Metallographic Imaging of Film X-Ray Defects

The ability of the film technique to detect bifilm filling defects was confirmed by
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metallography (Figures 4.5 and 4.7). Most defects had complicated geometric structures
consisting of bubbles and thin, double layers of oxide (see Figures 4.5 and 4.7). The linear
dimensions of the oxide defects were as large as 1.5 mm, and they commonly developed
trapped gas bubbles. The bifilms were separated by air gaps of 2 μm to 20 μm (see Figures
4.5 and 4.7). It was easy to determine that bifilms were always associated with eutectic
phases, as shown in Figures 4.6(c) and 4.7(b).

(a)

(b)

(c)

Figure 4.5: Metallographic sections through defects in the X-rays of Figures 4.3 and 4.4: (a) gas
hole structures with oxides, (b) small gas hole structure with thin double oxide layers and (c) gas
holes with thin double oxide layers that were tangled together.
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(a)

(b)

(c)
Figure 4.6: Different magnifications of oxide films that were detected after polishing but not
identified on the X-ray film.

(a)

(b)

Figure 4.7: Different magnifications of bifilms that were detected after polishing but not identified
on the X-ray film.
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4.4

SEM and EDS Results for Ingot and Casting Specimens (before re-

melting) and Fractured Surfaces Caused by Machining

4.4.1

SEM and EDS Results of Ingot

The ingot specimens showed many defects containing young and old oxides, shrinkage
porosity and intermetallics (Figure 4.8(a)). Many thick, crusty, untangled oxides (i.e. old
oxides) were observed inside the defects (Figure 4.8(b)). The EDX results indicated that the
oxygen levels of features resembling oxides ranged from 30 wt% to 40 wt% (Figures 4.8(c)
and (d)).

(a)

(b)

(c)

(d)

Figure 4.8: SEM images ((a) and (b)) and EDS analysis ((c)and (d)) of old oxide found within
ingot samples.
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4.4.2

SEM and EDS Results of Casting Specimens

Figures 4.10 and 4.11 show images of young oxide films in casting specimens. A thin, tangled
oxide film fully covers the internal surfaces of the defect in Figure 4.9. Shrinkage porosity
associated with oxide films was also observed; an example is shown in Figure 4.10(a). A
higher magnification view (Figure 4.10(b)) (with indicated EDS analysis points) shows the
aluminium oxide film (5.53 wt% oxygen) in Figure 4.10(c) and aluminium (100 wt%) in
Figure 4.10(d).

Figure 4.9: Young oxides in an aluminium casting specimen
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(a)

(b)

(c)

(d)

Figure 4.10: Shrinkage porosity of oxide layers in the casting specimens: (a) and (b) shrinkage
porosity with oxide, (c) Al 100 shrinkage porosity with thin oxide layers (02 5.53 wt%) and (d)
shrinkage porosity with pure aluminium(%).

4.4.3

Fractured Test Piece Surfaces.

Through SEM and EDS observations of samples fractured during machining, it was
determined that the failures were caused by oxide layers and shrinkage pores. In Figure
4.11(a), the failure during machining initiated from a large shrinkage pore that extended
across much of the surface and was connected to an oxide film. In the centre of the shrinkage
pore (Figure 4.11(b)), there were pieces of oxide (inside the red circle), which had not been
observed on any other surfaces, and a layer of oxide could be observed at the bottom part of
the pore (Figure 4.11(c)). A normal brittle fracture through Si eutectic phase cleavage can
also be observed in Figure 4.11(c). Observation of the oxide under high magnification
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revealed that the oxide was comprised of thin wrinkled films (Figure 4.11(d)), and an EDS
analysis showed that the oxygen peak was less pronounced than the oxygen peaks obtained
from the oxides in the ingots (Figure 4.11(e)).

(a)

(b)

(c)

(d)

(e)
Figure 4.11: (a) - (d) SEM and (e) EDS images of fracture surfaces with porosity showing
reduced oxygen signal.
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Another specimen, shown in Figure 4.12(a), displayed a fracture that initiated from the defect
in the centre of the specimen. Through observations of both sides of the normal brittle
fracture in the Si eutectic phase, it was discovered that the young oxide film (the thin and
wrinkled film shown in Figure 4.12(c)) covered nearly the entire fracture surface. EDS
analysis showed oxygen levels that were lower than those of the old oxides found in the
ingots.

(a)

(b)

(c)

(d)

Figure 4.12: SEM images (a) to (c) and EDS analysis (d) a surface of fractured during machining
with young oxide.

- 60 -

4.5

4.5.1

Micro-focus X-ray tomography

Relationship Between Spatial Resolution and Specimen Sizes

To determine the casting specimen size that would be best for scanning, specimens of
different diameters were tested. The spatial resolution depended on the magnification and the
field of view (FOV). The FOV occupied a full section of the screen in the volumetric
reconstruction program. The sizes of the specimens were determined by their minimum
machining abilities. Specimens less than 3 mm in diameter broke easily, and only a few
specimens with 3-mm diameters could be created. The limited accuracy of the machining
method, however, produced specimens with irregular diameters of 3 ± 0.2 mm. Therefore, the
magnification of the 3-mm diameter specimens could not be greater than 54.59 times (for a
spatial resolution of 5 μm/voxel) because samples that had diameters of nearly 3.2 mm were
out of the FOV. Specimens that were 4, 5 and 6 mm in diameter also had the same spatialresolution limitations as the 3-mm diameter specimens. The minimum spatial resolutions and
magnifications for specimens of different diameters are presented in Table 4.1. The other
problem with the 3-mm diameter specimens was that many were broken during machining.
Eventually, it was decided that 4 mm was the minimum diameter that could be machined and
still produce a reasonable yield.
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Table 4.1: Specimen diameter with spatial resolutions and magnifications of Skyscan 1702.

3mm
4mm

Minimum Spatial Resolution
(μm voxel)
5.0
5.0

5mm

6.5

32.29

8mm

11.0

24.83

Specimen Diameter

4.5.2

Magnification
54.59
54.59

Data Acquisition Parameters with Different Exposure Times and

Rotation Step Angles.

Once the specimen size was set at 4 mm, the best scanning condition needed to be determined.
Figure 4.13 illustrates the effect of exposure times of two and seven seconds. When the
exposure time was two seconds, it was impossible to produce 3-D images (a). With an
exposure time of seven seconds, the targeted oxide with porosity could be observed, but
substantial noise was still present (b). When reducing the noise as shown in Figure 4.13, the
defect volume was decreased from 0.464 to 0.036 mm3, as seen in Table 4.2.

(a)

(b)

Figure 4.13: 3-D images with different exposure times—(a) 2 and (b) 7 seconds with a rotation
step angle of 0.90 degrees and a grey code level of 80
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Figure 4.14 shows the benefit of reducing the step angle to 0.45 degrees, as compared to the
results obtained with a 0.90 degree step angle (Figure 4.13(c)). The resulting volume
increased, as compared to the 7-second scanning result displayed in Table 4.2. When using
the 0.45 degree angle, however, the scanning time and data collection more than doubled. The
smaller rotation step angle also increased the reconstruction time by increasing the ratio of
reducing step angles. The effects of the scanning parameters on the defect volume are shown
in Table 4.2.

Figure 4.14: 3-D image obtain with an exposure time of ten seconds, a rotation step angle of 0.45°
and a grey code level of 80

Table 4.2 Volumes of different rotation step angles and exposure times
Rotation step angle
(degree)
0.9
0.9
0.45

exposure time
(sec)
2
7
10
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Volume
(mm3)
0.464
0.036
0.043

4.6

Image Reconstruction Parameters

Hardening and ring artefacts were the most common artefacts discovered during scanning,
but they were controlled during reconstruction. The following section presents the results
obtained during the optimisation of the reconstruction parameters.

4.6.1

Hardening Correction Effects.

Figure 4.16 shows the effects of selecting different levels of hardening correction on 4-mm
specimens with identical grey codes. When there was no hardening correction (Figure
4.15(a)), the solid parts showed only the defect areas and the surrounding area of the
specimen’s edges. As the hardening correction level increased to 20%, 50%, 70% and 100%,
the solid (red and black) areas increased in the centres of the specimens. The volume of the
targeted objects also increased as the correction level increased, as seen in Table 4.3. During
the correction, the volume increased slowly until correction level 20; after that level, the
volume increased rapidly.
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(a)

(b)

(d)

(c)

(e)

Figure 4.15: Volumetric reconstructed images with a binary grey code value of 130 (threshold
value): (a) no hardening correction with no ring artefact correction, (b) 20% hardening correction,
(c) 50% hardening correction, (d) 70% hardening correction and (e) 100% hardening correction.
Table 4.3 Hardening correction level and volume of the targeted defects.
hardening correction
0
20
50
70
100

4.6.2

Volume of the defect
0.188
0.243
0.745
1.738
3.123

Ring Artefact Correction

Figure 4.16 shows the effects of different correction levels for ring artefact correction. Before
ring artefact correction (Figure 4.16(a)), blurring could be seen clearly. The blurring was
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reduced as the correction level increased (from 0 to 20, in 5 unit steps). The best setting was
level 20.

(a)

(b)

(e)

(c)

(f)

Figure 4.16: Different ring artefact correction levels: images with three different sections (the lines
indicate where blurring occurs) at correction levels (a) 0, (b) 5, (c) 10, (d) 15, and (e) 20.

4.7

4.7.1

Volumetric Images

Threshold Effect on Volumetric Images

During the building of the 3-D volumetric images, some grey code-level errors needed to be
resolved. Inside the defects depicted in the X-ray images shown in Figures 4.17(a) and (c),
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there were some solid structures (indicated by arrows) that did not appear solid. The crosssections of the 3-D volumetric images (Figures 4.17(b) and (d)) clearly show that no internal
structures can be seen in the X-ray images. The volume changes, with different threshold
levels, are presented in Table 4.4. The volume rapidly increased when the thresholds
decreased from 160 to 140, and there were significant noise reductions. When the threshold
level decreased from 140 to 70, however, the volume slowly decreased, and details of the
targeted object became less clear.

(a)

(b)

(c)

(d)

Figure 4.17: Reconstructed X-ray microimages indicating the volumetric image area ((a) and (c))
and cross sections from 3-D images, including the volumetric selection area ((b) and (d)).
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Table 4.4 Effect of threshold level on the volume result of target object.
Volume of a defect (mm3)
0.368
0.259
0.210
0.183
0.163
0.146
0.130
0.115
0.102
0.090

Threshold level
160
150
140
130
120
110
100
90
80
70

4.7.2

3-D Images of Pores with Aluminium Oxides

Pores associated with oxides in a casting of A356 alloy, visualized as 3-D images, are shown
in Figure 4.18. These images were generated with 5.0-μm size voxel data sets that were
obtained using ten-second exposure times and 0.45 degree rotation step angles. No hardening
effects or maximum ring artefact corrections were used for the reconstructions. The range of
the maximum defect lengths was between 1.10 and 2.114 mm (each individual length is
reported in Figure 4.18). The results for the number of defects per volume and the volume of
the targeted defects are displayed in Table 4.5.
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(a)

(c) 1.347 mm

1.22 mm

(b) 1.10 mm

(d) 1.77 mm

(f) 2.114 mm

(e) 1.3 mm

(g) 2.216 mm

Figure 4.18: 3-D volumetric images before re-melting, including cross-section views: (a) 3 mm,
sp1; (b) 4 mm, sp1; (c) 4 mm, sp2; (d) 4 mm, sp3; (e) 4 mm, sp4; (f) 4 mm, sp5; and (g) 5 mm, sp1;
the figure beside each caption identifier denotes the maximum linear defect length.
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Table 4.5 The number of defects per unit volume scanned and the volumes of targeted defects.

Specimen
ID

4 mm

3 mm
5 mm

4.8

4.8.1

sp1
sp2
sp3
sp4
sp5
sp1
sp1

Before melting
Number of defects per volume
Volume of target defect
(number / mm3)
(mm3)
0.354
0.049
0.442
0.186
0.378
0.393
0.322
0.157
0.521
0.451
0.311
0.131
0.234
0.737

Development of Re-Melting Techniques

Quartz Glass Tube with Argon Sealing

In a melting experiment, in which a quartz glass tube was used at 745 ℃, it was observed
that the tube could not hold its shape (cylindrical; see Figure 4.19) at such a temperature.
Additionally, during the re-melting process, molten aluminium wetted the tube. Pores
associated with oxides moved to specimen surfaces. Hence, it was impossible to track
individual defects throughout the re-melting procedure. After the intermetallic parts were
polished, SEM and EDS results indicated that SiO2 particles had penetrated and filled the
oxide network (Figures 4.20(a) and (b)). The weight percentages of the oxygen and silicon in
the intermetallics were 47 wt% and 39.19 wt%, respectively, aligning with their respective
atomic percentages of 54.4 atomic% (oxygen) and 25.65 atomic% (silicon).
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Figure 4.19: Reconstructed X-ray images after melting a quartz glass tube at 750 °C for 40
minutes; the arrow indicates the top of the specimen.

(a)

(b)

(c)
Figure 4.20: SiO2 particle inclusions, identified after re-melting inside a quartz glass tube: (a) and
(b) SEM images of SiO2 particles with oxide networks and (c) EDS result indicating SiO2 particles.
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4.8.2

Ceramic Mould in an Open Environment

4.8.2.1

Re-Melting with Different Melting Times

Different melting times were tested using 4-mm diameter specimens in order to discover the
best melting time (Figure 4.21). Before melting, the test specimens did not have pores larger
than 100 μm associated with oxides. Full melting occurred within 1 to 1.5 minutes. The
amount of gas porosity did not change significantly, but increases in the size and number of
small pores and in the amount of rounded hydrogen pores could be observed after five
minutes. After more than ten minutes, gas pores larger than 100 μm could be observed near
the edges of the specimens.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.21: Re-melting 4-mm diameter test specimens at 745 Ԩ with different holding times: (a)
one minute, (b) two minutes, (c) three minutes, (d) five minutes, (e) 10 minutes, (f) 15 minutes, (g)
20 minutes and (h) 30 minutes.
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4.9

Micro Tomography Scanning After Re-Melting

After re-melting was conducted, including air cooling, within a ceramic mould at different
melting times of 1, 1.5, 2, 3 and 5 minutes at 745 ℃, the specimen shapes changed, with the
bottom thickness increasing to a diameter of 5 mm. The top thickness, however, remained at a
diameter of 4 mm. The specimens were fully melted after 1 to 1.5 minutes.

Two different defect motions and behaviours could be identified after melting the specimens.
First, defects that were connected with a specimen’s surface did not change their positions,
and their shapes did not change significantly (Figures 4.22, 4.23(a) and 4.18(a)).

(a)

(b)

Figure 4.22: Comparing surface connected defect position (a) before and (b) after 5minutes
melting, in a 4mm diameter specimen.

Second, most pores associated with oxides that were in the bulk of the specimens originally
either floated or sank. Figures 4.23(b) and (c) show pores associated with oxides at the top
and bottom of a specimen, respectively. In Figure 4.23(e), a defect with shrinkage defects can
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be found at the top of the specimen. This defect, however, had the same shape as it did prior
to melting. The main body of this pore did not change from its initial shape, as seen in Figure
4.22. Except for the pore displayed in Figures 4.23(a) and (e), it was impossible to track pores
that were scanned before melting in the centre of specimens because their shapes and
positions changed. The number of defects per unit volume and the volume of the targeted
pores associated with oxides are presented in Table 4.6. However, because the targeted pores
changed their positions and shapes, relatively few oxide volumes could be measured.

(a)

(b)

(d)

(c)

(e)

Figure 4.23: Scanned defects, with cross-section images, after re-melting specimens with different
melting times: (a) 3-mm diameter specimen for three minutes with a cross-section image, (b) 4-mm
diameter specimen for 1.5 minutes, (c) 4-mm diameter specimen for three minutes, (d) 4-mm
diameter specimen for five minutes and (e) 5-mm diameter specimen for five minutes.
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Table 4.6 Number of defects per volume in specimens and the volume of targeted oxides

Specimen ID

4 mm

3 mm
5 mm

4.10

sp1
sp2
sp3
sp4
sp5
sp1
sp1

After melting
Number of defects per volume
Volume of defect
(Number/mm3)
(mm3)
0.163
N/A
0.107
N/A
0.147
N/A
0.115
0.119
0.044
N/A
0.127
0.182
0.048
N/A

SEM and EDX Oxide Results in Re-Melted Specimens

Figures 4.24 and 4.25 show SEM images of polished sections, viewed through various defect
positions. When young oxide films were observed by EDS, only low-oxygen counts were
measured (Figure 4.24(c) and Figure 4.25(d)). The tangled defect in Figure 4.25 shows that
pure aluminium was present between double oxide layers that had complex convoluted oxide
network shapes.
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(a)

(b)

(c)
Figure 4.24: Different magnification SEM images of a re-melting specimen (a)and (b); (c)
represents the EDS results of 02 (10.82 wt%), Al (76 wt%), and Si (12.54 wt%)

(a)

(b)

(c)

(d)

Figure 4.25: (a) and (b) SEM images of the defect in a polished metallographic section, (c)
intermetallics and (d) EDS result.

- 76 -

Chapter 5
Discussion of Results

5.1 Technique for Developing Oxide Films Inside a Mould

A ‘furling’ process inside the mould is required to produce tangled bifilms in cast specimens
[4]. The amount of surface turbulence in the mould is an important factor in generating and
driving this furling process. In this experiment, an oxide generator, which could produce a
hydraulic jump inside the mould, was used to generate surface turbulence. A 2-mm-deep
section in the runner generated a liquid stream that was sufficiently fast and shallow to
produce a hydraulic jump that generated surface turbulence. In addition, back flow helped
increase the surface area in contact with air inside the mould (Figures 4.1(d) and (e)). The
aluminium oxide films could be generated in milliseconds [4]; during back flow, almost all of
the surface area that contacted air might be expected to produce oxide films.

The SEM and EDS results confirmed the presence of young oxides that were generated inside
the mould. The thick, ‘crusty’ and unwrinkled shape of the oxides, the intermetallics and the
relatively high weight-percentage of oxygen in the oxide (30–40 wt%) in the ingot specimen
supports the conclusion that these oxides were old oxides. If there had been similar old oxides
and intermetallics in the casting specimens, then it would have been clear that the oxides
were not produced inside the mould. Based on the fracture surfaces that occurred during
machining, both in the castings and after re-melting the specimens, the non-ingot specimens,
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in comparison to oxides from the ingot, had thinner and more winkled oxide surfaces with
complex 3-D geometry networks. In addition, the EDS results showed that the oxide content
ranged from 5 wt% to 12 wt%, while the old oxides measured 30 wt% to 40 wt%, which
supports the hypothesis that the oxides in the casting specimens were bifilms that had been
produced during mould filling. The absence of old oxides in the cast specimens also indicates
that the incorporation of a ceramic foam filter in the running system was an effective means
of removing old oxides, as reported previously by Lai [80].

The oxide-developing technique (i.e. using an oxide generator in the gating system) worked
in this experiment, which provides evidence of young oxides in casting specimens. According
to Tables 4.5 and 4.6, the defect volume ratio was higher in casting specimens than re-melted
specimens; therefore, this result also demonstrates that the defects inside specimens were not
generated during the re-melting process.

5.2 Techniques for Applying X-ray Microtomography

5.2.1 Scanning Parameter

To obtain detailed descriptions of the aluminium porosity associated with bifilms, it is
necessary to determine the smallest voxel size free from noise. The specimen must be at the
centre of its holder. It is important to use cylindrical specimens with the smallest radius in
order to acquire the smallest voxel size without noise signals.

The thickness of a thin aluminium oxide layer is approximately 3–4 nm (Storaska and Howe)
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[81]. Therefore the film itself cannot be resolved, but merely the gap between bifilms. For
this reason, it is important to use the smallest resolution possible in order to obtain a detailed
description of the bifilm shape. The size of specimens significantly affects the spatial
resolution in micro X-ray tomography scanning because the highest magnification produces
the highest resolution and the most detailed images (Cooper et al.) [71].

This experiment also demonstrated that the resolution is limited by the size of the specimen.
As the size of the specimen decreases, it becomes more likely that it will remain in the field
of view (FOV) when increasing the magnification. Lower resolutions, however, produce
more blurring and less sharp material edges. Nevertheless, the best resolution possible is
important to observe bifilms with the best detail. Table 4.1 shows that the minimum spatial
resolution is dependent on the diameter of the specimen. When the size of the specimens was
decreased, the spatial resolution increased. In addition, as Table 4.1 shows, 3-mm and 4-mm
diameter specimens achieved the same resolutions in this experiment. Some parts of the 3mm diameter specimens, with ±0.2 mm differences caused by machining error, could not fit
into the FOV during magnification. To observe the entire specimen, the level of
magnification had to be reduced and the 3-mm diameter specimen had to be treated like the
4-mm diameter specimen. The 3-mm diameter specimen, however, also had fracture
problems during machining. The defects inside casting specimens initiated fractures during
machining, as presented in Figures 4.11 and 4.12; the normal brittle fractures through the Si
eutectic phase could be observed growing from the pores or defects to the edge of the
specimen. These figures show that the fractures in specimens were caused by defects inside
the specimens. Therefore, the 4-mm diameter specimen size is a reasonable machining size,
and such a specimen still attains the highest spatial resolution: 5 μm/voxel.
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The maximum exposure time and the smallest step angle are required to minimize noise and
obtain detailed images. Short exposure times, such as a two-second exposure, can cause
significant noise problems in aluminium specimens, as portrayed in Figure 4.13. The volume
also decreased the noise signals in proportion to an increase in the exposure time (Table 4.2).
Increasing the exposure time, however, had only a limited effect on improving the noise
signals. Decreasing the rotation step angle also helped to reduce noise signals and improve
the detail of defect shapes. A comparison of Figure 4.14 and Table 4.2 reveals that a small
rotation step angle results in clear images with higher volumes, compared to the 7-second
exposure time and 0.90 degree rotation angle. This means the smaller rotation step angle
allows for more detailed descriptions of the targeted specimen area. Unlike decreasing the
exposure time, however, decreasing the rotation step angle resulted in more data files and an
increase in the scanning time. For example, changing from a 0.90 degree rotation step angle
to a 0.45 degree rotation angle doubled both the number of files and the scanning time.
Increasing the rotation step angle doubled the reconstruction time. Therefore, techniques to
adjust the exposure time and rotation step angle can help minimize noise signals and make
scanning more efficient.

5.2.2 Reconstruction parameter

The hardening artefact, which was caused by different characteristics of low-energy and highenergy photons, generated an image of the specimen that was denser at its edges than at its
centre. In this study, a 1-mm aluminium filter was used. However, minor hardening artefacts
were seen, which affected the volumetric analysis. In order to reduce these hardening
artefacts, hardening correction was used to reduce the density of the image, which
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correspondingly reduced its gray code level. There was a volume change in response to the
hardening correction. As seen in Table 4.3, a correction level of 0–20 increased the volume to
0.055 mm2, with this increase in volume rapidly increasing after a correction level of 20.
Therefore, hardening correction can be used, if necessary, but not at a correction level higher
than level 20. The hardening correction level also reduced the density of images in the centre
(Figure 4.15). Therefore, hardening correction significantly affects the volumetric data for
surface-connected defects, especially in the targeted object, which is near the surface area of
a specimen.

Ring artefacts, which were caused by defects in the scanning equipment or by a wrong
specimen position on the specimen holder, could easily be seen in the scanned images. Ring
artefact correction is based on the concept that the average intensity value of each concentric
annulus can be removed from the pixels of the scanned image [82]. Increasing the ring
artefact correction level helps reduce a ring artefact without any damage to the original image
(Figure 4.16). Increasing the accuracy of ring artefact correction, however, leads to an
increase in the reconstruction time.

5.2.3 Volumetric Imaging

The influence of the threshold is significant when building a 3-D volumetric image. The
detail and volumetric data can change based on the threshold level and the 3-D volumetric
image. The volumetric data and the image detail can increase as the threshold level increases
(see Table 4.4). If the threshold level is too high, the 3-D image-building program includes
the noise as part of the structure of the target object. At a threshold level of 130, the volume
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rapidly increased from 0.024 to 0.19 mm3 because noisy signals were picked up (Table 4.4).
If the threshold level is too low, however, then the volume of the targeted object and detailed
shape descriptions will decrease.

The threshold level also affects the resolved defect structure of the 3-D image. Thin oxide
defect structures were observed inside the selected area (the blue line indicates the defect area
in Figures 4.17(a) and (c)). The thin section displayed a different intensity than that of the
aluminium specimen body’s. In addition, since the thickness of the oxide structures was less
than the spatial resolution of 5 μm, the structures in the images may be responsible for the
blurring of the images. The 3-D image-building program recognized the thin structures in the
defects as empty space, as shown in Figures 4.18(b) and (d). Before building a 3-D image, it
is important to make a decision regarding the defect range, which means either including the
thin oxide structures (only air gaps) or excluding them as defects.

Issues were encountered in generating 3-D images of the pores associated with oxides, as
shown in Figures 4.7 and 4.25, because the oxide was thinner than 5 μm. Because the oxide
films were so thin relative to the voxel size, they could not be resolved directly in the images
or reconstruction, and only the gas layers separating the two defects could be resolved. Even
when this was seen, the gas gap was often less than one voxel when seen in polished sections.
Thus, the ability to resolve the defects was still limited. Thin oxide layers can be more
sensitive to their environment, so the ‘unfurling’ effect was more likely to be observed.
However, thinner oxide layers could not be constructed with the minimum spatial resolution
of 5 μm. Therefore, it was impossible to build the 3-D structure of a thin oxide. However, this
technique can still be used to build a structure consisting of pores and oxides.
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5.3 Techniques for Re-melting Bifilms in the Specimens

To develop a re-melting technique, this experiment tested a sealed quartz glass tube
containing argon gas and a ceramic mould in an open-air environment. Problems arose when
using the quartz glass tube at 745 °C. The liquid aluminium was melted and wetted the heated
glass tube. During this wetting period, SiO2 particles were transferred from the heated glass
tube into the liquid aluminium specimens (Figure 4.20). The quartz glass tube changed its
internal shape from cylindrical to irregularly round. The specimens’ irregular shapes reduced
their scanning resolutions and generated noise signals.

In overcoming the problems associated with re-melting in the quartz tubes, the melting times
in air posed a problem when using ceramic tubes. The liquid aluminium in a 5-mm diameter
ceramic mould could easily react with and pick up hydrogen from the air. Although any effect
is inconclusive at this early stage of developing the technique, Raiszadeh and Griffiths
produced a model that suggests that dissolved hydrogen can substantially affect the rate of
oxidation and at high enough levels lead to pore growth [7]. Therefore, changes in the
melting times affected, not only the reaction time of the bifilms, but also the dissolved gas
content. Based on the results of melting 4-mm diameter specimens with different melting
times, more small gas pores with fully spherical shapes could be observed after a five-minute
melting time (Figure 4.21). Therefore, in order to minimize hydrogen penetration into the
liquid aluminium, re-melting needs to occur within five minutes. The shape of the specimens
was determined by the 5-mm diameter ceramic mould. The specimens stood in the ceramic
mould during the melting process. Gravity caused some of the liquid aluminium to settle to
the bottom of the mould; as a result, the bottom of the mould had a diameter of 5 mm and the
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top of the mould had a diameter of 4 mm. In addition, gravity produced banding in the
centres of the specimens. Hence, some of the specimens were not straight. The changes in the
diameters and shapes of the specimens generated noise signals and spatial resolutions ranging
from 5 μm to 6 μm. Therefore, techniques for retaining the shape of the specimens need to be
developed to facilitate better resolution after the re-melting process.

5.4 Bifilm Behaviours after the Re-melting Process
According to the defect volume ratio results shown in Tables 4.5 and 4.6, the specimens
contained more pores associated with oxides before melting than after melting. The beforemelting defect ratio was two to eleven times greater than the after-melting ratio. Therefore,
despite the absorption of hydrogen, the defects were apparently changed or lost during the
melting cycle.

A buoyancy motion calculation was applied in order to predict the changes in the defect ratio.
Using Stoke’s law, the velocity of the defect motion was calculated with Vs = 2(ρa–ρal)gR2/9μ
and the distances travelled during the different melting times were calculated using a value
for gravity of 9.81 m/s2, ρa (density of air) of 1.2 kg/m3, ρal (density of aluminium) of 2343.75
kg/m3 at 750 °C and μ (viscosity of liquid aluminium) of 1.038 mPa·s at 750 °C [83, 84].
Additionally, it was assumed that the defect shape was spherical and that the diameter (2R) of
the sphere was the longest defect length.
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Table 5.1 The floating velocity and drag force of targeted bifilms and the fracture force of oxide
films.

Defect size
(mm)

Velocity
(m/s)

Force
(N)

4 mm sp1

1.22

–1.83

–2.18 x 10–5

Maximum drag
force
(N)
36.89

4 mm sp2

1.1

–1.51

–1.6 x 10–5

40.91

Specimen ID

4 mm sp3
4 mm sp4
4 mm sp5
3 mm sp1
5 mm sp1

1.347
1.77
1.3
2.114
2.216

–2.23
–3.85
–2.08
–5.50
–6.04

–5

33.41

–5

25.42

–5

34.62

–2.94 x 10
–6.67 x 10
–2.64 x 10

–5

21.29

–5

20.31

–11.37 x 10
–13.09 x 10

According to Table 5.1, if the buoyancy was the only motion, the defects would float on the
top of the specimens within three seconds. Using the velocity of the defects, the drag forces
from the equation Fd = 6πμRVs were also calculated, as presented in Table 5.1. These forces,
however, did not reach the level of the force resulting from the hoop stress calculation, P = σt
/ R, with a theoretical strength of 4 GPa for the oxide film and an oxide thickness (t) of 3 nm
[81].

During this procedure, with the exception of the surface-connected defects, the defects
targeted for measurement changed their locations. The targeted defects could not be identified
on either the tops or bottoms of the specimens. Therefore, something caused the defects to
change their shapes.

Unlike the defects in the specimens, the surface-connected defects displayed no significant
changes. These defects were in exactly the same positions as prior to the re-melting process
(Figure 4.23(d)), and their shapes and volume were not significantly altered (Figures 4.19(a)
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and 4.24(a) and Tables 4.5 and 4.6). This indicated that there was a pinning or tethering effect
due to the connection of the internal defect to the surface defects.

The surface-connected defects were thus open to the air, so were not prone to inflation by
hydrogen precipitation. Likewise, there was no inflation of the surface connected bifilms due
to internal shrinkage during solidification. Therefore, of the four mechanisms of bifilm
straightening and inflation proposed by Campbell, only those of intermetallic nucleation and
growth on the wetted back surface and the pushing of the films by dendrite growth had the
potential to change the film morphology. The surface defects on the tops and bottoms of
specimens locally changed their shapes by shrinkage (see Figure 4.23(e)), which further
supports another of Campbell’s proposed mechanisms.

Through observations of the bifilms before re-melting, as Campbell proposed, the
phenomenon of furling during the filling process was observed using the X-ray
microtomography technique (Figure 4.18). However, within the limited sample of defects that
were imaged both before and after re-melting, evidence of bifilm unfurling and dendrite tip
pushing was not obtained. If the dendrite pushing and consequential unfurling process
proposed by Campbell occurred, both the internal and surface connected bifilms should have
been affected during solidification. However, the shape of the surface connected bifilms was
unchanged by re-melting. Similarly, despite the presence of iron in the alloy and the
formation of iron intermetallics during solidification, the convoluted folded bifilm
morphology did not undergo any significant change during re-solidification. Therefore, from
the limited number of cases studied in this project, the dendrite pushing and intermetallic
mechanisms suggested by Campbell have either minor or no effect on the unfurling process.
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Unfortunately, the effect of hydrogen penetration on the unfurling process could not be
observed in this experiment because it was hard to track the targeted bifilms after the remelting process due to their substantial buoyancy and measurements were not made of the
dissolved hydrogen content before initial casting nor after re-melting. Calculations by
Riaszadeh and Griffiths (2008) suggested that a 5-μm-thick film may completely oxidize the
internal trapped atmosphere in only seven seconds [85]. If this were the case, in these
experiments the entire transformation (oxidation and nitridation) would have been completed
during the initial solidification of the test bar castings. However, it was noted that if the
hydrogen content of the gas film trapped between the bifilm was less than that of the liquid
metal, the diffusion of hydrogen into the gap could lead to a delay in the closure via oxidation.

While the results obtained offer some insight into the morphological evolution of bifilms in
liquid aluminium, we did not succeed in generating a large number of specimens from which
measurements could be made. One way in which the frequent loss of bifilms during remelting may be overcome in the future would be to cast a metal matrix composite, rather than
a pure aluminium alloy. Particles with a density similar to that of the entrained bifilms might
be used to restrict bifilm motion during re-melting. A candidate second phase is B4C, with a
density of 2.51 g/cm3 [86], which has previously been processed and cast as a metal matrix
composite [87].
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Chapter 6
Conclusions
1. The oxide generator, which was a 2-mm deep channel in the gating system, could
produce a high defect density in test bars poured in sand moulds. In addition, internal
turbulence led to the furling of the thin young bifilms.
2. Specimen size, centring of the specimen in the field of view and magnification are
important factors for obtaining the smallest spatial voxel size. A small specimen size can
achieve a higher magnification because a small specimen is more likely to fit in the field
of view. Under high magnification, placing a specimen in the centre of the specimen
holder can help to increase the magnification because it makes it more likely to be in the
field of view.
3. Using a longer scanning exposure time and a smaller rotation step angle can help
researchers obtain more accurate data. When the exposure time during the scanning
increases, the noise signal is reduced. The smaller rotation step angle not only reduces the
noise signals but also allows for more detail descriptions. The optimum scanning
conditions were found to be the minimum rotation step angle and the longest possible
exposure time.
4. Adjusting the threshold level applied during volume reconstruction can affect the
resolved morphology of 3-D structures. A higher threshold level allows for more detailed
descriptions of 3-D structures but also generates greater noise signals.
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5. When using the ceramic mould re-melting technique, it was difficult to control the pores
associated with oxides inside specimens, but it was possible to observe surface-connected
defects. Bifilm buoyancy effects resulted in floating to the upper specimen surface within
a few seconds. Defects that floated to the tops of specimens suffered from shrinkage, so it
was not possible to differentiate the targeted bifilms from the shrinkage. Surfaceconnected defects retained their original positions.
6. Surface connected defects were not prone to hydrogen precipitation or shrinkage driven
inflation. However, the remaining mechanisms of dendrite pushing and intermetallic
growth could not be seen to produce any unfurling effect on the surface connected
defects. Therefore, dendrite pushing and intermetallic growth have either minor or no
effect on bifilm defects.
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Chapter 7
Future Work
1. Using spatial voxels that are as small as possible is an important factor in this X-ray
tomography technique for obtaining detailed information without noise signals.
Skyscan 1072 can achieve a spatial resolution of less than 3 μm, if the specimen size
can be reduced to less than 3 mm. A laser or plasma-cutting machine may be suitable
for the preparation of specimens smaller than 4 mm in diameter.
2. Using the ceramic re-melting technique led to bifilm motion and precluded a
determination of a specimen’s position after re-melting. To solve this problem, local
heating techniques such as equipment that can heat an area with dimensions smaller
than 2 mm might help to reduce the possibility of losing the position.
3. Degassing with different hydrogen levels in the liquid aluminium would help prove the
hydrogen-penetration effect during holding and solidification that Campbell proposed
and Raiszadeh and Griffiths (2008) calculated. If the hydrogen affects the unfurling,
then different hydrogen levels will show different levels of unfurling.
4. It would also be good to conduct tests using different levels of iron in the aluminium
alloy. In this experiment, the iron level was low, so the effect of iron intermetallics was
minor. Experimenting with different levels of iron content would facilitate
understanding the relationship between intermetallics and the unfurling effect.
5. For a more accurate measurement of the volume of targeted objects, a program called
Amira should be used. The programs used in this experiment, such as the programs
from Skyscan and the Voxel Counter Function in the image J program, require
untrimmed reconstructed images. Thus, some results contained noise signals and other
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defects in the region of interest (ROI). Amira, however, uses 3-D imaging, which can
trim images before measuring targeted objects. Therefore, the morphology data result
would be more accurate.
6. Using Synchrotron microCT would be another challenge for obtaining detailed
morphology information. In this experiment, the maximum spatial resolution reached 5
μm, which was still larger than 3–4 μm. The synchrotron microCT, however, can reach
smaller spatial resolutions, even as small as 0.3 μm voxels. This ability would facilitate
the observation of more detailed defect shapes.
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