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ABSTRACTS

Since mechanical properties of cast Al-Si-Mg alloys are directly influenced by
microstructural defects, understanding the characteristics of these defects and any
interactions between them is important for improving the properties of castings. This
research studied the effect of the most common defects normally found in cast
aluminium alloys namely, double oxide films, Fe-rich phase, and porosity. A different
level of each defect was introduced into the castings to investigate their effects on tensile
properties with the results analysed by Yate’s algorithm and Weibull statistical analysis
to determine their relative effects. The most important defect in this research was the
oxide film that had an effect on UTS and elongation of about 21 MPa and 0.9%
respectively and on the UTS Weibull modulus and elongation Weibull modulus of about
37 and 3 respectively. Increasing Fe content from 0.1 to 0.5 wt% influenced the tensile
properties of the castings by decreasing the UTS and elongation by about 28 MPa and
1.7 % respectively. Although Fe-rich phases produced the greatest effect on tensile
properties, their relatively high Weibull modulus showed that the reliability of the
castings was at least predictable compared to the effects associated with oxide films. The
porosity defects caused by an increase in hydrogen content from 0.1 to 0.45 ml/100g

metal were the least detrimental to tensile properties.

The most important interaction found in this research was the interaction between oxide
films and porosity suggesting a mechanism for porosity formation in which entrained
oxide film acted as initiation sites for pore formation in the castings. The main factor in
the formation of porosity was hydrogen and shrinkage, since both could encourage the
expansion of the oxide film defects to become gas porosity or shrinkage porosity in the
castings. The other interaction between the microstructural defects observed in this
research was that oxide films were found to be substrates for the nucleation and growth
of Fe-rich phases, particularly the B-AlsFeSi phase. An interaction between all three
defects were also observed and it further influenced the tensile properties of the cast Al-
Si-Mg alloys by decreasing UTS and elongation by about 5 MPa and 0.5% respectively
and the UTS Weibull modulus and elongation Weibull modulus of about 8 and 0.6

respectively.
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CHAPTER 1

INTRODUCTION

Cast Al-Si-Mg alloys have excellent combinations of properties, for example, high
strength-to-weight ratio, good fluidity, and good corrosion resistance. These alloys,
therefore, find widespread applications in general engineering and meet the increasing

demands of the automotive and aerospace industries.

Nevertheless, the benefits of Al-Si-Mg alloys have been restricted since the mechanical
properties attainable in this alloy are influenced by several microstructural defects. Many
researches have shown that, among many defects occurring during the casting process,
the microstructural defects that have significant effects on mechanical properties are Fe-
rich intermetallic phases, porosity, and oxide films. Iron is well known as an undesirable
impurity in aluminium alloys and forms an intermetallic phase in the casting. The
morphology of Fe-rich phases, particularly B-AlsFeSi phase, which is the platelet- or
needle-like phase, plays an important role in reducing mechanical properties of the
castings. Porosity occurs during solidification by two primary causes, the evolution of
hydrogen and the inadequate feeding of the volume contraction during the phase change.
This kind of defect can be detrimental to mechanical properties of castings due to a
decrease in the load bearing area. Finally, oxide films or double oxide film defects,
caused by the entrainment of the surface oxide of the melt during casting and which is
carried into the final microstructure, play a major role in the control of properties since
they act as cracks inside the casting. It has been reported that the reliability and
reproducibility of cast aluminium alloys is also influenced by oxide film defects due to
the variety of shape and sizes. In addition, the difficulty of measurement of oxide film
defects with any non-destructive testing methods has hindered understanding of how the

defects may be removed.

Besides their individual effects on mechanical properties produced by these defects, their

interrelationships have been suggested by many authors. A number of researches have



reported several interesting interactions between them, for example, the presence of
porosity defects in association with oxide films and Fe-rich phases. It has been suggested
that nucleation of pores in cast aluminium alloys is unlikely to occur in practice in the
case of both homogeneous and heterogeneous nucleation due to the extremely high
pressure required. Oxide films and Fe-rich phases therefore might lead to the formation
of pores in the castings. Several authors also suggested another interaction between the
microstructural defects, that the oxide films acted as nucleation sites for Fe-rich phases.
However, there has been no work to date that clearly describes the interrelationships

between these defects.

Many techniques have been developed over the years to minimise the number of defects
in a casting, including gas content control, melt temperature control, microstructural
control by chemical addition and/or cooling rate, and improvements in mould design.
However, defects are still unavoidable in castings and limit the use of cast aluminium
alloys. Therefore it is important to understand the characteristics of these defects, their
formation mechanisms, and the interactions between them in order to obtain more

efficient use of the castings.

The aim of the present research, therefore, is to investigate the effects of oxide film, Fe-
rich phase, and porosity defects, (both hydrogen gas porosity and shrinkage porosity),
with respect to tensile properties in a cast Al-Si-Mg alloy. The formation of these defects
and their association with each other is also commented upon. The main purpose of the
study is to investigate whether 1) intermetallic compounds, particularly B-AlsFeSi phases,
nucleate on oxide films, 2) the formation of porosity is associated with oxide films and Fe-
rich phases, 3) porosity is associated with Fe-rich phases, and 4) whether all three defects

introduce any interrelationship.



CHAPTER 2

LITERATURE REVIEW

Cast Al-Si-Mg alloys, containing normally 7 wt% Si and about 0.25 to 0.7 wt% Mg,
have widespread applications especially in the aerospace and automotive industries.
These foundry alloys possess excellent tensile properties and good corrosion resistance.
The addition of silicon imparts excellent castability and resistance to hot-tearing in these
alloys. Also, since silicon leads to an increase in volume during solidification, the
susceptibility of the castings to shrinkage defects is reduced. Consequently, aluminium
alloys containing silicon are ideally suited for high volume production in the aluminium
foundry [Sigworth et al. 1989]. Magnesium is often added in automotive versions of the
alloy for strengthening and hardening purposes. Magnesium contents are typically less
than about 0.7% because increased additions impair fluidity and feeding [Narayanan et al.

1994, Samuel et al. 1998].

In general, the mechanical properties are controlled by the microstructural constituents
that precipitate upon solidification, depending upon the composition and solidification
conditions of the alloy [Samuel and Samuel 1992]. Also, the mechanical properties of
castings are strongly influenced by impurities and undesirable microstructural features
[Ravi et al. 2002]. To improve casting quality and produce reliable castings, several
techniques have been developed, and can be categorise as 1) control of the liquid metal
prior to casting, 2) control of the pouring of liquid metal into the mould and any
metal/mould reaction, and 3) control of casting microstructure and defects during
solidification. However, recent research has suggested that cast aluminium alloys are, at
best, only achieving and using one per cent of their potential mechanical properties,
particularly in terms of fatigue life, due to the presence of microstructural defects in the
castings [Cao and Campbell 2003]. A number of researchers have shown that the most
detrimental microstructural defects that are usually found in Al-Si-Mg alloy castings are

oxide films (a non-metallic inclusion), porosity, and Fe-rich intermetallic phase



[Backerud et al. 1990, Crepeau 1995, Samuel and Samuel 1992, Singh and Mitchell 2001,
Campbell 2003, Dai et al, 2003].

2.1 Oxide film defects in cast Al-Si-Mg alloys

The term ‘inclusion’ refers to undissolved foreign material present in a cast metal [Kaye
and Street 1982]. Inclusions are well known as a common feature of the alloy
composition that are normally introduced into the castings during the production process.
They can broadly be classified as solid inclusions, liquid inclusions (e.g., cryolite coming
from the alumina electrolyte), and fluxes that are suspended in the melt as a result of
previous fluxing treatments [Apelian 1998]. One of the most detrimental defects found in
cast aluminium alloys are non-metallic inclusions as they act as stress-raisers and cause
failure of castings [Makarov et al. 1999, Singh and Mitchell 2001]. Inclusions do not
only impair mechanical properties, but also adversely affect machinability, porosity and
corrosion resistance. Inclusions found in the casting vary by type and particle sizes range
from a few microns to several millimetres. Typical inclusions that may be present in cast

aluminium alloys are given in Table 2.1 [Makarov et al. 1999].

Among the inclusions in aluminium alloys, oxides are the most frequently found because
of the strong affinity of aluminium for oxygen. Aluminium oxides observed in the
casting can form in different types, ranging in specific gravity from 2.3 to 4, depending
upon oxidation temperature, time and thickness [Davis 1993, Jeurgens et al. 2002].
Oxide inclusions can appear at the beginning of melting since they arrive as oxide skins
on the surface of the charged material. When remelted in a furnace, its surface oxides
therefore become suspended in the melt. Also oxide inclusions can be present in the
casting if they were formed during preparation of the melt, transfer, or mould filling.
Finally oxides are found as massive, film-like, or dross-like inclusions in finished

castings [Campbell 2003].



Table 2.1 Classification of inclusions observed in molten aluminium [Makarov et al.,

1999].
Type Form Density Dimensions MP
(pp g/cm’) (pm) (O

Oxides
MgAl,0O4 (spinel) Particles, skins, flakes 3.60 0.1-100, 10-5000 2825
Al,O3 (corundum) Particles, skins 3.97 0.2-30, 10-5000 2047
MgO Particles, skins 3.58 0.1-5, 10-5000 2115
Si0, Particles 2.66 0.5-30 1650
CaO Particles 3.37 <5 2630
Carbides
AlC; Particles, clusters 2.36 0.5-25 2100
SiC Particles 3.22 0.5-5 2540
Borides
TiB, Particles, clusters 4.5 1-30 2790
AlB, Particles 3.19 0.1-3 2160
Nitrides
AIN Particles, skins 3.26 10-50 2227
Other
Chlorides and salts Liquid droplets 1.9-2.2 0.5-1 712-800
(CaCly, NaCl, MgCly)
Fluorides (cryolite) - 2.9-3.0 - 1000
Sludge Al(FeMnCr)Si - >4.0 - -
Ultrafine gas bubbles - - 10-30 -
Argon bubbles
N, bubbles

. Particles, clusters - 10-100 -
Intermetallics

(TiAls, TiAl, ,NiAl Ni;Al)

2.1.1 Formation of oxide films

Oxide films are formed on the surface of liquid metal when it is exposed to an

atmosphere containing oxygen [Sleppy 1961, Silva and Talbot 1988, Impey et al. 1988,

Jeurgens et al. 2002]. In pure aluminium, the initial oxide film formed on the molten

aluminium surface is an amorphous form of Al,O3 due to the randomly distributed atoms

of liquid metal. This amorphous oxide film is impermeable to diffusion of aluminium

metal and oxygen because of the lower mobility of charge carriers in amorphous



materials. This film, therefore, forms a protective layer over the molten aluminium [Silva
and Talbot 1988]. A further factor limiting the mobility of the diffusing species in an
amorphous material is the absence of preferred diffusion paths such as grain boundaries.
The amorphous film is unstable compared to the crystalline counterpart and will
transform by nucleation and growth of a crystalline form if given time and opportunity

[Silva and Talbot 1988].

After an incubation time of 5-10 minutes at 750 °C, the amorphous film may develop to a
crystalline form of y-Al,O3 or n-Al,Os film [Haginoya and Fukusako 1983, Impey et al.
1991]. The transformation of amorphous to crystalline alumina nucleates and grows
rapidly at the melt/oxide surface [Dignam 1962, Impey et al. 1991]. Werfers and Misra
[1987] assumed that the crystalline alumina grew laterally and vertically by the further
continuous oxidation of metal, not by recrystallization of the amorphous film. Therefore,
oxygen must be supplied from the atmosphere. At a temperature of around 700 °C, the
rate of lattice diffusion in refractory oxides such as Al,Oj is too slow to provide enough
oxygen, therefore, open pathways between the atmosphere and the melt are required to
maintain the reaction between aluminium and oxygen. Agema and Fray [1989] proposed
that oxidation resulted from the transportation of matter (oxygen) through the continuous
pathways which penetrated the oxide film. The pathways in the oxide films at the surface
of the melt could be cracks, pores, or zones of loose structure inherent in the films, or
formed by the volume change associated with conversion of metal to oxide. Another
mode proposed by Sleppy [1961] was oxidation achieved by the diffusion of aluminium
ions through the oxide film. However, the difficulty for this model was that the oxide
was almost impermeable to the diffusion of both metal and oxygen. Campbell [2000]
suggested that fresh supplies of metal arrive at the surface of the film not by diffusion,
which is slow, but by flow of the melt along capillary channels, which is, of course,

much faster.

It was reported that, after crystalline y-Al,O3 or n-Al,O; film were formed, they would
be subject to further transformation to a-Al,Os crystal or corundum with time and at
temperature. Wilson and Connell [1980] suggested that the transformation from y-Al,Os3

to a-Al,O3 was difficult to bring about in the practice since total conversion occurred on



heating above 1200 °C for more than one hour. The crystallization of a-Al,O3, however,
has been reported to be achieved at a temperature of 750 °C after an incubation time of
about 5 hours in industrial grade 319 alloy (Al-6Si-3Cu alloy) [Impey et al. 1988].
Traces of a-Al,O; have been identified even at early stages of melting. This
transformation results in a 24% reduction in oxide volume and is thought to cause film
rupture further exposing the liquid metal beneath to oxidation. Therefore the
development and growth of oxide films on liquid Al alloys results from local penetration
of the thin, first-formed oxide film by liquid metal which has exuded through the film.
The melt then will contact the atmosphere where it reacts with oxygen to form alumina

on the existing Al,O; film [Impey et al. 1991].

When aluminium alloys contain magnesium, the oxidizing tendency of the molten metal
increases rapidly with magnesium content. The melt oxidation is expected to form pure
MgO or magnesia when the magnesium content of the alloy is raised to above 2 wt % in
aluminium, since MgO has a lower free energy of formation than Al,O; [Makarov 1999].
At intermediate magnesium levels of between 0.005 and 2 wt % a mixed oxide
MgO.AlL;Os, known as spinel, is formed [Campbell 2000]. Depending on the magnesium
content in aluminium alloys the oxidation reaction path possibly starts with the formation
of amorphous MgO, or MgAL,O4, or Al,O3, that then transforms to crystalline MgO, or
MgAl,O4, or y-AlLO; film. With the progressive depletion of magnesium at the oxide-
melt interface the oxide films change from magnesia, to spinel and finally to alumina. As
a result of the volume change, the oxide film is subject to the build up of considerable
local stress and is, therefore, inclined to deform or crack. Liquid metal may exude to the
surface through the crack which will, of course, develop a new oxide envelope. When the
magnesium concentration at the melt-oxide interface falls to below a critical level,
localised nucleation and formation of MgAl,O4 is favoured by preferential breakaway

oxidation.

The nucleation and growth of oxide films is controlled by many factors, for example,
temperature, alloying elements, and ambient humidity. Temperature was reported to be
the most important factor since it accelerated the oxidation of molten aluminium [Sleppy

1961]. Different alloying elements have different effects on the strengths and the



oxidation reaction rates of oxide films, depending on their contribution to the density of
the oxide film layer, or their influence on the mobility of ionic transport in the oxide
[Thiele 1962]. Cu, Fe, Si, Mn have a minimal effect on the oxidation of molten
aluminium, whereas Mg, Na, Se, and Ca enhance the rate of oxidation [Thiele 1962,
Agema 1989]. It was found that the strength of the oxide film increased with an increase
of temperature and time. Also, Mg, Na, Se, and Ca had increased the strength of their
oxide films whereas additions of Be, Si, Ta, and Sr decreased its strength [Agema 1989].

2.1.2 Morphology of oxide films

Oxide films exhibit a variety of appearances because of their different chemical
compositions, thickness, strength and interaction with the melts. Figure 2.1 shows an
example of oxide film observed on the fracture surface of a cast Al-SMg alloy. Campbell
[2000] described the morphology of oxide films as young and old oxide films to
differentiate the behaviour of the oxide film according to their different thickness. The
thickening of the oxide film was early observed by Thiele [1962] who reported that, after
5 seconds at 700 °C, the measured oxide film thickness on the surface of a melt was 24
nm and it increased to 900 nm when the melt was held for 1 hour at the same
temperature. Campbell [2000] estimated the rate of thickening of the oxide film in
aluminium alloy holding furnaces by measuring the weight of oxide film on surface of
melt and showed that the growth of oxide film was approximately 7x107 (kg/m?)/s,
which was an order of magnitude faster than rates of growth of protective films on solid

metals.

Thickness measurements are broadly divided into two methods. The first method
employs scanning electron microscopy to image the film. By estimating the width of the
smallest wrinkle or crease, w, the thickness of the film can be approximated to be w/2
(see Figure 2.1). This method may be accurate only for sharp folds that contain little or
no trapped metal. Alternatively in some cases, an edge-on view of an oxide film will
reveal the thickness of the film directly. In the second method, the oxide layer of a

molten alloy is scraped away and the interference colours that form over time noted.



Using the corresponding wavelengths of light and correcting for reflected radiation the

oxide thickness can be calculated [Agema 1989].

Figure 2.1 The SEM image showing the wrinkled nature of oxide film defect observed
on the fracture surface of a cast Al-5Mg alloy [Campbell 2003]

Young films are characterized by their very thin thickness, some hundreds of nanometres
thick. The fine wrinkled nature of young oxide films is related to the dynamics of the
liquid metal immediately after their formation. Therefore, young oxide films are formed
during pouring or mould filling since this process normally takes several seconds to tens
of seconds [Campbell 2000]. Given time, young oxide films will thicken and turn into
old oxide films (see Table 2.2). The necessary conditions are further reactants i.e.,
oxygen, aluminium or magnesium, and sufficient temperature. The thickness of old
oxide films varies greatly, and has been estimated to be from several microns to a
millimetre [Campbell 2000]. Many authors [Green and Campbell 1994, Cao 2001]
studied a difference of oxide films using Energy dispersive X-ray analysis (EDX) and
showed that, compared to young films, the old oxide films had a significantly higher
peak of oxygen showing greater amount of oxide or thicker characteristic of the old
oxide film. Old oxide films may have formed at different stages in the melting process.
They may originate from the original ingots (formed in the electrolytic cells used in the

Hall-Heroult process), or from reaction between the melt and the atmosphere or the



refractory lining during melting, holding and transfer, etc. Moreover, old oxide films can
be observed in a casting with a long solidification time. Old oxide films are stable and if
care is not taken to remove them, they can be carried through the entire life of the molten

alloys until discovered in the end product, the casting.

Table 2.2 Characteristics of oxide films formed in the castings process.

Type of Growth  Thickness Description Reference
film time (um)
<0.01 s 0.056 —  Observed only as change in ~ [Agema 1989]
0.127 apparent colour of melt
Young surface
oxide films 0.01-1 s 0.05 - Delicate, transparent, thin [Divandari and
' 0.50 film, with sharp creases or ~ Campbell 2001]
wrinkles
10 s to 10 Flexible, extensive films [Campbell 2000]
1 min
Old 10 min to 100 Thicker films, less flexible  [Campbell 2000]
oxide films 1 hr.
10 hr. to 1000 Rigid lumps and plates [Campbell 2000]
10 days

2.1.3 Entrainment of oxide films in castings

The surface oxide film on an aluminium alloy melt acts at a protector from either
oxidation or diffusion of gas into the underlying metal. The oxide film is therefore not
harmful as long as it continues to be a surface film. The problem with the surface film

only occurs when it becomes a submerged film.

During pouring or stirring of the melt, the surface film may be broken or folded over
with a dry side lying against a dry side. These folded films will trap gas between them
and then entrain into the bulk of the melt. Clearly, the side of the film which grew on the
liquid surface is wetted by the melt, whereas the opposite side is presented to air (a

mixture of Ny, O,, Ar, etc.). On the one hand, the film which continues to be wetted is

10



strongly bonded with the liquid metal when the metal solidifies, and on the other hand,
the dry interfaces of the oxide films separated by the residual entrained gas form a crack.
After solidification, these folded oxide films will act as cracks in the final casting known
as a double oxide film defects [Cao and Campbell 2000]. It is commonly the case that
cast aluminium alloys readily contains oxide films [Mi et al. 2004]. Figure 2.2 shows an
example of a double oxide film defect observed in the cast Al-Si-Mg alloy. The doubled
nature of oxide film defect is shown by the symmetrical oxide film on the both sides of

the fracture surfaces.

Figure 2.2 The SEM images showing the double oxide film defect on fracture surfaces
of the cast aluminium alloy. [Cao and Campbell 2001]

The entrainment of surface oxide films into the bulk of the melt occurs for a number of
reasons as follows;

2.1.3.1 Surface turbulence

Surface turbulence is perhaps the most common mechanism to submerge surface oxide
film and then incorporate it into the melt. Since oxide films have deformability and

flexibility, they will be compressed or bent by the surface turbulence. During such

actions as pouring, splashing, and stirring, the surface oxide films may also be broken

11



and the new oxide film will form on the freshly exposed surface of the liquid metal. All
actions fold the surface film, overrun it with the liquid metal, and submerge it. Figure 2.3
shows the folding action of the surface caused by the surface turbulence. It can be seen
that the formation of a folded film or double oxide film defect may consist of thick old

oxide film, or new thin oxide film, or both of them.

,
///////

/ ///

Gas
phase

Figure 2.3 Schematic view of surface turbulence showing the formation of a folded

oxide film [Campbell 2003].

Improper design of the gating system in a gravity poured mould often results in the
surface turbulence of the liquid aluminium during filling of the mould, leading to
entrainment of the folded oxide films into the melt [Campbell 1993]. The incorporation
of random folded double oxide films can be prevented by ensuring that the velocity of
the liquid metal in the mould never exceeds a critical velocity, if it does, then the
breaking of the surface by droplet formation, or by jetting, or by the breaking of a wave
etc., will fold in the surface oxide film. Several researches were carried out to investigate
the velocity of liquid metal leading to the generation of surface turbulence during liquid
metal filling. It was found that, for aluminium bronze, the critical velocity was 0.4 m/s
[Halvaee and Campbell 1997], while it was 0.5 m/s for aluminium alloys [Runyoro et al.
1992]. Campbell [1993] reported that keeping metal velocities below a critical velocity
of 0.35 to 0.5 m/s would avoid the possibility of the metal falling back under gravity

entraining its oxide film for all liquid metals.
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2.1.3.2 Pouring

Oxide films may be entrained into the melt during the pouring of molten alloys. Figure
2.4a shows that the surface film on a liquid metal grows rapidly as it forms as a tube
around the falling stream. When the height of the falling stream increases, the oxide film
tube will form a dross ring as shown in Figure 2.4b. This represents a loss of metal on
transferring liquid aluminium and dross-forming alloys but it is not clear whether the
oxide films are also dragged beneath the surface and entrained. In the case that the melt
is poured with greater speed and from greater heights, oxide films on the surface of
molten alloys can be carried under the surface, together with entrained air as shown in

Figure 2.4c.

{a)

®)

Figure 2.4 The effect of increasing height on a falling stream of liquid showing a) the
oxide film remaining intact, b) the oxide film being detached and
accumulating to form a dross ring, and c) the oxide film and air being

entrained in the bulk melt [Campbell 2003].

2.1.3.3 Surface flooding

Figure 2.5 illustrates another mechanism for the entrainment of oxide films into the melt.

The underside of the film grown on a liquid metal is well wetted. However, the top

13



surface is dry. When an advancing liquid front is stopped for any reason, allowing the
liquid metal to flood over the film, the dry sides of the films come into contact and form

a double oxide film defect in the melt.

Liquid
Al

Figure 2.5 The formation of laps and flooding over a surface oxide film [Campbell

2003].

2.1.3.4 Bubble trail

Another oxide film defect formed in the melt is known as a ‘bubble trail’. The bubble
trail was described by Campbell [2000] as the defect remaining in film-forming alloys
after the passage of a bubble through the melt. Divandari and Campbell [2001] explained
that the main sources of bubbles in castings are; 1) Poor running system design causing
surface turbulence in the metal flow leading to entrained air bubbles. 2) Thermal
interaction between the molten metal and the mould or core. (Bubble trails from core
blows are usually characterised by a thick and leathery double oxide skin (Figure 2.6a),
which is probably why core blows result in leak defects through the upper sections of
castings), and 3) Chemical interaction between the molten metal and the mould or core

materials. Bubbles arising as a result of gases diffusing into castings rarely cause the
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bubbles to grow sufficiently large to become detached, and thus mobile. The bubbles
from cores rise through the casting and generally become trapped under the top solidified
skin of the casting as shown in Figure 2.6b. The bubble trail is a form of double oxide
film defect that is dependent on the splitting and reforming of the oxide film on the upper
half of the bubble. Three forms were described. The first form is an open tube, which is
observed in highly viscous, semi-solid metal. The second form is a partially collapsed
tube that is formed in a lower viscosity metal, where the fraction of solid present is low.
The third form of bubble trail is a loose, practically formless tangle which can be found
in a turbulently filled casting. The bubble trail could be an important source of other

problems, especially leak tightness, in a casting [Divandari and Campbell 2003].

(a) (b)

Figure 2.6 (a) The detachment of a bubble from the top of a core (b) A bubble trail,
ending in an exfoliated dross defect [Divandari and Campbell 2001].

2.1.4 Effects of oxide films on mechanical properties

The oxide film formed on the surface of molten aluminium alloy is a chemically stable
substance at the temperature commonly used in most cast aluminium alloy operations. It
can be entrained into the melt by surface turbulence, frozen into castings, and acts as a
crack after solidification. The presence of oxide film defects is practically unavoidable in

the cast aluminium foundry. Even if the atmosphere during pouring was designed to be
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as inert as possible, these oxide films would be contaminated by the gases and vapours
released from the mould, in the case of a green sand mould, as it outgases during filling
[Mi et al. 2003]. These oxide films are difficult to measure from both a qualitative and
quantitative point of view. Their presence, therefore, can make the mechanical properties,
particularly the tensile behavior of castings, unpredictable [Caceres and Selling 1996,

Liu et al. 2003].

Since folded oxide films are known to be all sizes and shapes, the cracks in the liquid can
clearly be extremely serious, constituting by far the largest defects in a casting. They can
form as the majority area of the cross section of castings, causing a major reduction in
strength or fatigue resistance [Campbell 2000]. Green and Campbell [1994] used the
Weibull distribution to characterize the distribution of fracture strengths of castings
produced in an Al-7Si-Mg alloy. They used different runner system designs to produce
different levels of surface turbulence, and hence different amounts of double oxide film
defects in the castings. In the castings that had greater surface turbulence, the extensive
network of oxide films was observed as shown in Figure 2.7 and this crack-like defect
appear to directly affect the tensile properties of the casting. The results also showed that
the tensile strength distribution was controlled by the level of folded oxide film defects
contained. Mi et al. [2004] also used the Weibull distribution to investigate the effect of
entrained oxide films on the tensile properties of aluminium alloy. They concluded that
oxide films were responsible for much of the scatter in mechanical properties. The
entrained double oxide films acted as cracks, significantly reducing the reliability or

reproducibility of the strengths of castings.

Oxide films are also thought to be the initiator of fatigue cracks in the casting.
Nyahumwa et al. [1998] showed that there was a competing mechanism for fatigue crack
initiation in surface turbulently filled castings between a combination of young and old
oxide film defects, and pores associated with young oxide films. Their results were
supported by Dai et al. [2003] who also found the same evidence in cast Al-7Si-Mg alloy.
They stated that entrained oxide films were frequently accompanied by different casting
defects such as porosity and cracks. In addition, the increase in oxide film defect sizes

directly decreased the mechanical properties of castings [Wang et al. 2001].
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Oxide film
networks

Figure 2.7 large crack-like defects observed in the cast Al-Si-Mg alloy [Green and
Campbell 1994].

Beside the reduction in mechanical properties and the reliability of castings, oxide films
also result in a variety of problems in the solidification process and in the final casting,
for example, 1) the restriction of feed metal during solidification by oxide films or oxide
inclusions results in a loss of fluidity and feeding [Eckert Jr. 1992], 2) folded oxide films
can provide leakage paths by connecting wall-to-wall in castings [Campbell 2000], and 3)
reduction in machinability due to the hard nature of the oxide inclusion [Fuoco et al.
1999, Makarov et al. 1999]. Oxide film, therefore, are detrimental to castings since they
play a major role, both directly and indirectly, in reducing the mechanical properties of

cast aluminium alloys.

2.1.5 Oxide film removal techniques

Many researchers, recently, have studied methods for minimizing oxide films in cast
aluminium alloys. Campbell [2000] suggested that the best way to reduce oxide films in
castings was to filter the metal in the running system, after pouring, but before the metal
enters the mould. Different kinds of filters are used in the foundry, such as woven glass
cloth and steel wire mesh, however they can only remove large inclusions [Makarov et al.

1999]. Recently, ceramic filters, which are extruded, pressed or foam types, have been
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widely used in foundries. Ceramic filters are produced in a variety of sizes and shapes,
and can be used for filtering bulk metal in the dispensing wells of holding furnaces or
within the mould cavity. They have found extensive application in sand, investment, and
low pressure die casting process. Ceramic foam filters and fine mesh steel screens at the
gate of the mould are commonly used in the production of aerospace castings [Sigworth
et al. 1989]. Several researches have shown that filters result in a reduction in oxide film
inclusions in the poured metal and control the flow of liquid metal to ensure that the flow
conditions in the mould will not reintroduce the entrapment of surface oxide films

[Zadeh and Campbell 2002, Dai et al. 2003].

Fluxing is another method to remove oxide inclusions during melt preparation. Fluxes
(often based on a chloride or fluoride) are added into the melt in order to agglomerate
with undesirable constituents and form dross or slag, which will rise to the surface and
can be removed by skimming. Fluxing can perform single or, in combination, various
functions, for example, degassing and refining [Davis 1993]. Several types of fluxes are
used in aluminium alloy castings. Covering fluxes, which form a liquid cover on the
surface of melt, is used to reduce oxidation and prevent gas absorption [Zalensas 1993].
Cleaning flux contains a chloride salt compound and a fluoride to facilitate wetting of the
oxide inclusions for easier separation from the melt [Davis 1993]. Drossing flux is
designed to promote separation of aluminium oxide dross layer from the melt to avoid
excessive metal loss [Zalensas 1993]. Fluxes can be manually added on the melt surface
but they have limited contact with impurities in the melt. The flux injection technique,
therefore, has been introduced by delivering controlled amounts of fluxes into the melt in
inert gases (such as nitrogen or argon). The small bubbles with adhering flux introduced
offer a large specific surface area and the oxide particles will be swept to the melt surface
by flotation where they accumulate in the dross. During fluxing, hydrogen can also
diffuse from the melt into the rising gas bubbles causing a reduction of hydrogen content
in the melt. Therefore the flux injection techniques are widely used throughout the
casting industry, because the treatment is effective and it reduces both gas content and

inclusion content.
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The latest method, suggested by Cao and Campbell [2003], is the precipitation of
intermetallic compounds on suspended oxide films. Their results showed that there was
an improvement in the cleanliness of the melt after the melt was held at a temperature
suitable for intermetallic precipitation for a few hours, which was, in turn, associated
with an improvement in the mechanical properties of castings. However, this method has

to be studied more to determined its feasibility in the foundry.

2.2 Porosity in cast Al-Si-Mg alloys

The presence of porosity is usually unavoidable to a certain extent in any casting, and
can have a detrimental effect 