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Abstract

The Lost Foam Casting process has been firmly established for Aluminium and ferrous alloys. This process
offers many advantages over conventional casting processes but its full potential has yet to be reached due to
the many defects introduced to the casting associated with decomposition of the foam pattern during mould
filling. The foam pattern commonly used in this process is Expanded Polystyrene (EPS) which degrades to
liquid and vapour byproducts. The liquid decomposition byproducts travel to the metal/mould interface,
where the globules of liquid foam can become trapped against the coating and their molecular weight is
reduced due to the heat from the molten metal. At the same time, they release bubbles of gas into the
castings. These globules can wick into the refractory coating only if their molecular weight is sufficiently
reduced to below a critical molecular weight.

In this study, to improve the quality of Aluminium alloys made by Lost Foam Casting, easier removal of the
decomposition byproducts was obtained by using low molecular weight foam patterns. The molecular weight
of expanded Polystyrene was not reduced when it was exposed to y-rays because of cross-linking while the
molecular weight of Poly Methyl Methacrylate (PMMA) was significantly due to chain session. Therefore,
plates of Probead-70™ (a copolymer of Polystyrene 30 wt %-Poly Methyl Methacrylate 70 wt %) were
exposed to y-rays and reduced their molecular weight by up to about 85% below the critical molecular
weight value. With low molecular weight foam patterns the decomposition byproducts require less reduction
to reach the critical molecular weight to become absorbed by the coating, and consequently less defects are
introduced into the casting. y-radiation was employed to reduce the molecular weight of the foam. The
porosity content of the castings was significantly reduced leading to an improvement of their mechanical
properties such as their fatigue life which was increased by 100%.

Lost Foam Casting has also been reported to experience complexities with fluidity. Misrun is likely to occur
in Lost Foam Casting due to the formation of a large amount of gas at the metal/foam interface, increasing
the back pressure, compared to the conventional castings. This reduces the velocity of the molten metal
which might lead to solidification of the molten metal before filling the mould entirely.

In the current work, a reproducible fluidity test was designed and the effects of different casting parameters
on fluidity were examined. In some of the castings inserted thermocouples were employed to study the filling
behaviour to determine the velocity of molten metal, thickness of the metal/foam interface and the time of
freezing. It was concluded that it is not recommended to alter the coating thickness in order to improve
fluidity, because the effect of coating thickness depends on the pouring temperature of the castings and
permeability of the coating. The metallostatic pressure was found to affect the fluidity insignificantly (within
the values in the current work, 2600-2700 Pa). Instead, increasing coating permeability, decreasing the
density of the foam pattern and increasing the pouring temperature were found to increase the fluidity in Lost
Foam Casting. However the effect of increasing pouring temperature and decreasing foam density may be
detrimental to the quality of castings. The molecular weight of the foam pattern and the use of brominated
foam patterns did not have a considerable effect on fluidity in Lost Foam Casting.

It was also found that solidification in the Lost Foam Casting occurs at the metal/foam interface. A heat
balance between the molten metal and the mould, and the foam pattern, was developed to give a fluidity
equation to aid interpretation of the fluidity results.

In summary, this research has provided a better understanding of the effect of casting parameters on the
fluidity of Lost Foam Casting and the heat transfer from the molten metal to the foam pattern and to the
mould. In addition, the quality of AL alloys castings was improved by reducing the molecular weight of the
foam pattern used in the Lost Foam Casting process.
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1 INTRODUCTION

Lost Foam casting (LFC) is a relatively new casting process using an expanded foam pattern
which degrades during the casting process, because of the heat provided by the liquid metal.
Therefore, the foam pattern does not require removal from the mould; this offers many
advantages such as freedom in design, allowing complex parts to be easily made and

removing the need for the cores [1].

This process depends upon a variety of independent processes such as pattern making,
moulding and casting. Depending upon the alloy cast the foam pattern used in the LFC
process can differ. The most commonly used foam is expanded polystyrene (EPS) and
copolymers of polystyrene (PS) and poly methyl methacrylate (PMMA) [2]. The pattern
segments are glued together and then glued to the running and gating system to make a
cluster. The cluster is then coated with a slurry to give a refractory coating when dry, and
placed in the mould container and surrounded by dry, loose sand. Compaction of the sand is
brought about by vibration [3]. The liquid metal is then poured onto the cluster and the heat
from the molten metal decomposes the foam pattern and replaces its shape in the mould. This
casting process facilitates casting of a complex casting with several components in a single

large casting to avoid subsequent machining and assembly operations.

Lost Foam Casting (LFC) is used in the automotive industry for products such as cylinder
heads, exhaust manifolds, pumps and valve bodies. LFC process can be carried out with
aluminium, ferrous and copper based alloys [4]. While the LFC process has many advantages,
such as being a readily automated process, allowing a reusable sand system, freedom in
design and freedom from cores, etc, the production of high quality castings is difficult [5]. In

conventional casting methods the liquid metal flows into an empty cavity but in the case of



LFC the flowing liquid metal interacts with the foam pattern and the liquid metal flow is
controlled by the rate of pattern decomposition [6]. As the foam pattern has to eliminate ahead
of the molten metal stream, the decomposition byproducts can easily become trapped inside
the flowing molten metal and cause a variety of defects such as folds, pores and surface
blisters; thus the removal mechanism of the decomposition byproducts from the mould is the
key parameter in having a high quality casting [5, 7]. Davies and Griffiths put forward a
mechanism suggesting that the liquid byproducts of the foam pattern decomposition are
drawn to the casting/coating interface but then their average molecular weight (My,) has to
reduce to reach a critical My, (which depends on the coating permeability) in order to be

wicked into the coating and leave the mould [8].

Another issue in the LFC process is misrun, as the heat required to degrade the foam pattern is
supplied by the liquid metal and this endothermic reaction takes place constantly during the
casting process at the metal/foam interface [9] this causes a reduction in the temperature and
the velocity of the liquid metal front. This may result in solidification of the flowing liquid

metal before complete filling of the foam pattern.

Unfortunately, the effect of casting parameters on the fluidity of LFC is not very well known
despite previous work [10-13]. A fluidity model is still required to address the fluidity of LFC
as there have been contradictory reports about the effect of different casting conditions on the

fluidity of LFC.

The current work is aimed at two main objectives; firstly, to explain the effect of different
parameters on the fluidity of LFC, in parallel developing a fluidity equation for the LFC
process. Secondly, it was also aimed at investigating and bringing about easier removal of the

decomposition byproducts from the mould to improve the quality of Lost Foam Castings.



2 LITERATURE REVIEW

2.1 The Lost Foam Casting process

In the Lost Foam Casting (LFC) process, expanded polystyrene (EPS) and copolymers of
polystyrene (PS) and poly methyl methacrylate (PMMA) are commonly used. Pieces of foam
pattern are assembled together to make a cluster, which is then coated, dried and finally
surrounded by unbonded dry sand, compacted by vibration. Once the molten metal is poured
into the mould, heat from the liquid metal decomposes the foam pattern and the
decomposition byproducts are removed from the mould. The foam pattern is therefore
completely replaced with the liquid metal. This process has become established for some
aluminium automotive parts as well as some ferrous and copper based alloys. The stages of

the Lost Foam Casting (LFC) process are shown in Figure 2-1.

It has been claimed that the Lost Foam Casting process offers many advantages, such as
simplicity of operation, dimensional accuracy, high casting yield, readily automated
production, great versatility, a reusable sand system, excellent surface finish and good
Ultimate Tensile Strength (UTS) [14]. The process also does not require cores as intricate

interior channels can be incorporated into the foam patterns.

Production of foam patterns is a three-step process: pre-expansion of expandable polystyrene
(PS) beads to make a pre-puff of correct density, followed by stabilization or aging and

finally moulding of the foam beads into the desired pattern shape [15].

The pieces of expanded polystyrene (EPS) pattern are joined together using hot melt glue to
make a cluster then coated with a refractory slurry with a typical thickness of 0.5 mm (the
coating thickness is variable). When the coating is dried, the cluster is subsequently invested

with dry sand which is vibrated around the cluster to fill all internal passages and maintain the



shape of the cluster during the process. The molten metal is then poured into the pattern,
where it decomposes the foam and replaces the volume that the foam originally occupied in
the sand. The molten metal stream pushes the liquid and gaseous byproducts of the polymer
degradation to escape into and through the refractory coating, but the main task of the coating
is to support the surrounding sand during the brief interval of gasification of the pattern and
its replacement by the molten metal [16]. The coating is a region where a complex

combination of mass flux of the foam degradation byproducts and heat flux occur [17].

Although this is a readily automated process with many advantages, LFC can be associated
with poor mechanical properties because the foam degradation byproducts are trapped in the
advancing liquid metal and cause porosity and other defects [18]. Fluidity is also an issue in
LFC (i.e. misrun), because of the heat energy supplied by the liquid metal to degrade the
foam. Therefore, a model to understand the fluidity of LFC is required in order to minimise

the misrun failures [19].



Figure 2-1. Steps of Lost Foam Casting process.

2.1.1 Foam patterns in LFC

As was mentioned EPS is one of the foam pattern materials used in the LFC process. The
styrene monomer is a colourless aromatic liquid of molecular formula CgHg. Styrene is one of
the few substituted alkenes that will readily polymerise by free radical and anionic
mechanisms as a result of the ability of the aromatic ring to stabilise the propagating species.
Polymerisation of styrene monomers is a highly exothermic reaction (71 kJmol™). In the
polymerization of styrene, one carbon-carbon double bond is replaced by a stronger carbon-
carbon single bond, resulting in difficult depolymerisation of polystyrene. Typically a chain

of polystyrene consists of about a few thousand monomers, giving a M,, of 100,000-400,000



gmol™. The styrene monomer and the product of its polymerization (polystyrene) is shown in

Figure 2-2 [20].
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styrene polystyrene

Figure 2-2. The chemical composition of polystyrene and the results of its polymerization.

The M,, of the expanded polystyrene foam pattern used in LFC was measured using Gel
Permeation Chromatography (GPC) and has an approximate value of 280,000 gmol™ + 5,000

[21].

Poly methyl methacrylate (PMMA) is normally used to make a copolymer used in LFC
(normally with polystyrene). PMMA is formed from the free radical addition polymerisation
of methyl methacrylate. The glass transition temperature of commercial grades of PMMA

varies from about 80 to 160 °C. N unit of PMMA is shown in Figure 2-3 [22].
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Figure 2-3. Chemical formula of PMMA.

Two copolymers produced by Foseco plc are Probead-70™ and Probead-30™. Copolymer
Probead-70™ consists of 70wt.% PMMA and 30wt.% PS and copolymer Probead-30™

consists of 30wt.% PMMA and 70wt.% PS. Copolymer Probead-30™ is produced in two


http://scholar.google.co.uk/scholar?q=poly+methyl+methacrylate&hl=en&as_sdt=0&as_vis=1&oi=scholart

different densities, (Copol 1.3 and Copol 1.5, having densities of 1.3 and 1.5 Ibft™ (or 21 and
24 kgm™) respectively). These are normally used for cast iron LFC. The molecular weight of

the expanded copolymers can occur over a range depending on the copolymerization process.

2.1.2 Foam Pattern Production

Styrenic polymer foams are produced commercially by extrusion and moulding of the molten
polymer or by expansion moulding of polymer particles. Due to concern over the volatile
organic compounds, a reduction in the level of blowing agents is aimed at during foam pattern
production. Polystyrene particles can be prepared by polymerizing styrene in aqueous
suspension in the presence of chain-transfer agents or styrene oligomers [23]. Production of
expanded polystyrene is started by stirring the solution of styrene with an initiator and a
suspension agent finely distributed in water, in a reactor, at about 90 °C. This can result in
production of polystyrene foam with a variety of bead sizes. Different bead sizes are produced
subject to the required application; closed beads with a typical diameter of 2 to 4 mm; (T’
grade beads) are mostly used in the LFC process [24], [2]. However different grades of beads
are used when certain properties are demanded [25]. For example “X” and “D” grades beads

are used for thinner section and large part casting, respectively [25].

During the moulding of the pattern, the pre-expanded beads are injected into the mould and
heated above the glass transition temperature of the polymer [26, 27]. Expansion of the
polystyrene beads is carried out using a blowing agent at about 115 °C, the polystyrene beads
become expanded by as much as forty times their initial size [2]. The remaining blowing
agent in the beads leads to further expansion of the beads. The bead fusion process affects the

properties of the castings significantly, such as the formation of fold defects. The moulding



conditions determine the degree of fusion between the beads and can be controlled to produce

different foams [26, 27].

Since easy degradation of the foam pattern is desirable in the LFC process, organic
brominated additives have been included in EPS patterns in recent years. These release
hydrogen bromide gas at high temperatures [28] (during casting) which speeds up degradation
of the foam pattern and increases the quality of castings [25, 29] probably because of
reduction in entrapment of the decomposition byproducts into the advancing molten metal.

Chemical structure of some organic brominated foam patterns are shown in Figure 2-4.

Figure 2-4. The chemical structures of some organic brominated additives [25].

2.1.3 The pattern coating

In the LFC process, the manufactured pattern is given a layer of a permeable refractory

coating.

The coating layer can be applied to the surface of the foam pattern by dipping the cluster into
a slurry of refractory particles such as alumina, silica and mica, with binders of polyvinyl
acetate, dextrines, acrylics, etc [30]. The coating thickness after drying depends on the
viscosity of the coating slurry [30-32], normally measured by a “Baume meter” which
determines the Baume scale. Commercial coatings are presented as pre-mixed slurries and can

be diluted by adding water. It is suggested that the coated pattern assembly should then be
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completely dried at a temperature of up to 66 °C as air drying does not completely remove the

internal moisture [33].

Assuming the interface between the molten metal flow and the foam pattern to be smooth and
convex, most of the decomposition byproducts are carried ahead of the molten metal stream
and gradually drawn to the sides of the mould, where they can become absorbed by the
permeable pattern coating. The gaseous byproduct of decomposition also passes through the

permeable coating [34].

Previous work has shown that most of the defects found in LFC are associated with the
removal mechanisms of the foam decomposition byproducts from the casting section [16, 19,
35-37]. Therefore the refractory coating is expected to have certain characteristics of

permeability to ease removal of the byproducts.

2.1.3.1 Coating permeability

The rate of byproduct escape from the mould is determined by the permeability of the applied
coating. Decomposition byproducts of the foam pattern pass through the coating layer easier

if the coating has higher permeability [30].

A method to measure the coating permeability was developed which employed a layer of
coating applied to a mesh disc, obtained by dipping in the slurry coating. A flow of air was
then passed through the disc and the permeability of the coating was measured based on the

pressure drop across the coating using Darcy’s law [38, 39].

Davies measured the permeability of commercial coating types using this method. He found a
value of 9.3x 10" m* for a medium permeability coating and a permeability value of
1.5x 107" m* for an identical thickness of low permeability coating (0.33 mm). However, in

thicker coatings (0.6 mm thickness), the permeability values obtained for the medium
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permeability coating and the low permeability coating were very similar, 6.7 x 10”*and

6.3 x 10* m?, respectively [21].

The permeability values obtained for a high permeability coating were considerably higher
than those of the low and medium permeability coatings. For example, when the thickness of
the high permeability coating was 0.33 mm, a permeability value of 1.2 x 10"? m® was
obtained, approximately thirteen and eight times higher than the value obtained for the low

and medium permeability coatings [21].

2.1.4 Moulding

Dry unbonded silica sand is normally used in the LFC process for moulds. Once the coated
assembly is placed into a moulding box, it is surrounded by dry loose sand. The mould is
fixed on a vibrating table with an adjustable vibration frequency, and the sand is compacted
against all surfaces [38, 40]. The best compaction is suggested to occur using both horizontal
and vertical vibration with a 90° phase difference [41]. Distortion of the cluster, especially in
the case of thin foam patterns, is a potential problem which might occur during the sand

compaction process [40, 41].

2.2 Mould filling in LFC vs. conventional casting methods

In this section, the difference in mould filling behaviour of LFC and other casting methods is

briefly reviewed.

A transparent window has been used to study flow in the LFC process and the interaction
between the foam pattern and the molten metal to obtain a visual understanding of the
metal/foam interface. However this does not reflect the actual interface in LFC as the

transparent window is not a porous layer and will change the nature of the interface because

12



the gaseous byproducts of foam degradation are not able to pass through or the liquid
byproducts be absorbed by the glass. Therefore, a large thickness of the metal/foam interface
has been reported when a transparent window was used to observe the filling behaviour of

LFC [42].

During the casting process, the molten metal flows into the cluster due to the difference in
pressure between the pouring cup and the ingates. For conventional empty cavity gravity
castings the flow does not encounter a high back pressure compared to LFC [43]. Tseng and
Askeland measured the velocity of the flow in the LFC process and compared it with
conventional casting [44]. This was also carried out by Shivkumar and Gallois, [34, 45] and
they established that the typical metal flow velocity for LFC was of order of 0.1 ms™,

-1 - . .
compared to 1 ms™ in conventional castings.

LFC has also a higher cooling rate compared to empty cavity casting methods. An
endothermic reaction takes place constantly during the casting process at the metal/foam

interface which produces a chilling effect by the foam pattern degradation on the metal flow
[9].

In recent years, real time X-ray observation has been used to clarify features of mould filling
in the LFC process [1, 18, 46]. For example, Figure 2-5 shows the filling of an EPS plate by

Al alloy 2L.99.

Inserting a series of thermocouples in the foam pattern and recording their changes in
temperature is another method used to determine the position of the metal flow front and
study the flow characteristics in LFC. In this method, the position of the metal flow front is

identified when the temperature recorded by a thermocouple shows a sudden increase [7, 34].
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Figure 2-5. The real-time X-ray image showing filling of an EPS plate with molten Al alloy 21.99.

2.3 Polystyrene decomposition

The term decomposition is referred to the breakdown of the polymer chains into simpler
fragments. A reduction in average molecular weight of the product is a common result of any
polymer degradation process. The agencies which can cause degradation reactions in
polymers are mainly categorized into physical factors (heat, light, etc) and chemical factors

(oxidation, hydrolysis, etc).

Physical or chemical factors lead to either chain scission reactions (depolymerisation) or non
chain scission reactions (separation of volatile and non-volatile fragments). Thermal reaction
in linear polymers is suggested to be due to random scission of interunit bonds or the exact
reverse of polymerization (depolymerisation). The products of thermal depolymerisation (at
350-420 °C) have been divided into four fractions. The most volatile fraction is present in a
gaseous form at room temperature and consists mostly of carbon dioxide. Secondly, the non-
volatile fraction is a residue consisting of large fragments of polystyrene chains which reduce
in size as the degradation process continues. The third fraction, also non-volatile, consists of

mainly monomers of styrene with smaller quantities of toluene and traces of ethyl-benzene
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and methyl-styrene. Finally the fourth fraction is volatile at degradation temperatures, but
non-volatile at room temperature, and has an average molecular weight of about 250 gmol™.
Volatile materials are rapidly produced in the early stages of degradation at temperatures
higher than 340 °C. This then reduces the production rate of monomers in the later stages of

the degradation process [47].

There has been much research carried out on the degradation of EPS foam patterns [42, 48-

56].

When solid EPS is heated to more than 100 °C chain scission starts to occur. Further heating
then causes reduction in the molecular weight of the foam accompanied by a collapse and
reduction in the volume of almost 4000% [34]. This is in agreement with Shivkumar [57] who
also determined the physical changes during degradation of EPS and PMMA foam patterns
during mould filling. He stated that, in the case of EPS, the foam had a glass transition at 80
to about 100 °C, and collapsed at a temperature of about 110 to 120 °C. At about 160 °C the
collapsed polystyrene started to melt. The peak volatilization temperature started at about
275-300 °C, peaked at 400-420 °C and ended at 460-500 °C. The heat of degradation for EPS
foam pattern material was calculated to be 912 Jg™. It was also claimed that the amount of gas
produced during vaporization of the foam pattern was not changed at different temperatures

and had a value of 205 + 25 cm’ (STP) per gram of polystyrene.

Further investigation of the decomposition of EPS was continued by Shivkumar et al. to
understand the physical form of the decomposition byproducts at higher temperatures. They
reported that at 750 °C, the fraction of liquid viscous residue formed upon degradation of the
polymer pattern was about 60% for casting with EPS and 30% for casting with PMMA foam

patterns. Only a fraction of polymer degraded to gaseous byproducts and a significant amount

15



was not decomposed and remains in the mould even after it is filled, (in the case of casting

with aluminium alloys) [55].

Shivkumar and Gallois also reported that the liquid byproducts appeared glassy when cooled
to room temperature and had a brownish colouring depending on the degree of pyrolysis.
Formation of liquid residue of PS from foamed EPS was claimed to occur mainly at the metal
front, however it can also happen due to contact between gaseous byproducts and solid EPS
because of incomplete decomposition of foamed EPS due to the relatively low temperature of
the gaseous byproduct (compared to liquid metal). Therefore, the amount of liquid residue of
PS formed during the casting process is proportional to the area of the metal front. Liquid
byproducts form at a significant distance from the molten metal front and survive for periods
of the order of seconds at lower temperatures (up to 400 °C) compared to gaseous byproducts

[34].

They also established that the enthalpy of the transformation from foamed EPS to the gaseous
byproduct of decomposition was more than 1350 Jg"'. The transformation of solid to liquid
residue of polystyrene (consisting totally of monomers) required 965 Jg' of heat energy (this
was significantly found to be about 912 Jg' by Shivkumar [57]). However the heat of
vaporization had a value of 385 Jg™ if the gaseous byproduct of polystyrene degradation
consisted entirely of monomers [34]. It was also claimed that the thermal energy is
transported into the sand by both heat and mass transfer, however the rate of this transfer

depended on the nature of the sand, coating and polymer [54].

Shivkumar et al. [55] also determined that the volume of gases produced at 750°C and
1300°C was about 220 cm’ (STP)/g and 760 cm’ (STP)/g respectively. They carried out
casting experiments with thermocouples inserted into the foam pattern connected to data

acquisition system. The foam patterns were also covered by a transparent glass window to
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study the flow behaviour. The fraction of liquid viscous residue increased with temperature in
the interface but was essentially constant above about 650 °C. During the filling of EPS
patterns with liquid metal, nearly 60% of the polymer was converted to a viscous residue and
40% was transformed to gaseous products. In the case of PMMA, almost 60% of the polymer
undergoing degradation at the metal front was transformed to gaseous products. They also
reported that the molten metal velocity in LFC with PMMA patterns was lower than that with
EPS. In the case of casting with EPS patterns, no gas layer was detected at the metal front up
to about 525°C. The thickness of the gas layer with PMMA patterns was larger than that of

the casting with EPS patterns, presumably because of the greater evolution of gas.

2.4 Removal mechanisms of decomposition byproducts

Significant effort has been put into studying the removal mechanisms of the degradation
byproducts over the last 20 years, for example, by Zhao et al. [42], Shivkumar and Gallois
[34], Liu et al. [49], Caulk [53], Barone and Caulk [48], Molibog and Littleton [52], Sun et al.
[58], Hill et al. [59] and Davies and Griffiths [8]. As was mentioned in the last section, the
foam decomposition by-products consist of vapour and liquid polymer. It is intended that the
permeable refractory coating on the pattern allows the vapour byproducts to escape and also

absorbs the liquid polymer residue.

In the case of Al casting, an EPS pattern breaks down predominantly to a viscous liquid
residue which is transported to the metal-coating interface where it is thought to be wicked

into the permeable coating [58], although alternative suggestions have been put forward [42].

Sun et al. [58] suggested that at a critical temperature of the liquid decomposition byproducts
and the coating, the liquid polystyrene can wet the coating surface. They determined

temperatures of 370 °C and 510 °C for wetting the high and low permeability coating,
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respectively. When the temperature is increased further, the liquid residue can become

absorbed by the coating.

Zhao et al. [42] cast EPS foam pattern at about 790 °C and reasoned that, because the boiling
temperature of the foam is at least 300 °C below the pouring temperature (about 440 °C), the
liquid polystyrene cannot exist in direct contact with the molten metal and gasification is
unavoidable. They suggested that liquid polystyrene globules become trapped against the
coating, and then vaporize to reduce their My, when liquid metal passes over them and heats
the globules until they reduce their size until they disappear completely from the casting
channel as they convert completely to vapour, as shown in Figure 2-6. The gasification theory
was supported by the results of interrupted casting experiments; SEM images of the coating
near the interrupted metal front revealed continuous carbon-rich plastic globules which they
claimed indicated that the liquid polymer was vaporized and released gas to the coating, with
no evidence of liquid polymer transportation to the coating. This contradicts the results of the
experiments performed by Davies who observed low molecular weight decomposition

byproducts attached to and absorbed by the coating [21].

Each globule shrinks as —
the generated gases pass =
through the coating P . —_—
Molten ~ " Residue remains as globule

polymer globule causes the

Additional heating of the At <= o
g <: Aluminium —» at metal/coating interface
globule surface to vaporise

Residue is pushed towards
. coating

Sand =——p Generation of viscous polymer

residue at metal/foam interface

Figure 2-6. Gasification-driven foam removal mechanism [21]. (Re-drawn from Zhao et al [42]).
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Davies [21] carried out a detailed investigation to understand the absorption of the liquid
foam pattern decomposition byproducts into the coating. They measured the molecular weight
of degradation by-products attached to and absorbed by the coating and concluded that a
critical molecular weight, and hence critical viscosity, was necessary for its absorption into
the pattern coating. For example, for a coating permeability of 1.2 x 10"? m? (high
permeability coating), the polystyrene foam pattern, with initial My, of 325,000 gmol™, was
wicked into the coating once the My, of the liquid degradation byproduct had reduced to
70,000-75,000 gmol'l, while a M,, value of 10,000 to 15,000 gmol'1 was needed for
absorption by a low permeability coating. Therefore, it was suggested that the rate of
degradation of the expanded polystyrene in the LFC process depended on the temperature of
the polymer and the time period for which the polymer had been heated, and that wicking
occurred after sufficient degradation, in that the viscosity and the My, of the liquid residue

were reduced sufficiently to become wicked into the coating pores.

2.5 Metal/foam interface

The interaction between the flowing metal and the foam pattern has also been studied. Some
models assume the formation of a narrow zone between the molten metal and the pattern in
the LFC process [38, 60, 61] while Barone and Caulk [48] have suggested different models

for the metal/foam interaction.

Barone et al. [48] suggested four different physical mechanisms for foam decomposition in
the LFC process, affected by the shape of the interface between the foam pattern and the
molten metal. The “contact mode” occurs when the molten metal is initially in contact with
the foam pattern directly leading to ablation. Ablation is when the boundary cells are

collapsed and creates an undercut in the pattern next to the casting/coating interface.
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Secondly, a “gap mode” is suggested, in which a gaseous layer forms between the foam
pattern and the molten metal, due to melting and vaporization of the foam pattern. The
“collapse mode” is when the foam pattern collapses and releases air ahead of the metal front
with the air passing into the pattern through the foam porosity. As was described, a convex
metal front profile is desirable in filling of the LFC process. A concave metal front leads to
the entrapment of pieces of foam into the metal advance described as the “engulfment mode”.
Barone and co-workers did not analyse the “collapse” and “engulfment” modes as they

referred to them as random occurrences which are difficult to model [49].

As was mentioned in previous sections, the collapse of the EPS foams occurs at about 110-
120 °C, releasing a large amount of air between the liquid metal and the rest of the foam
which may slow down the heat transfer from the molten metal to the foam pattern [62]. At
about 160 °C, polystyrene starts melting [57] the viscous liquid residue of polystyrene is
driven ahead of the molten metal flow [55, 63], and/or becomes drawn to the mould wall if
the molten metal front forms a convex profile [7, 60]. In the case of formation of a concave
metal front the decomposition byproduct (the liquid fraction mostly) is inclined to gather at
the metal/foam interface; hence, there is a good chance that the decomposition byproducts can

become trapped in the liquid metal flow and form a variety of defects such as porosity [21].

The amount of released gas and air during decomposition of the foam pattern is an important
parameter affecting the size and shape of the metal/foam interface. Most of the foam
vaporization starts at temperatures above 300 °C [34], the viscous liquid polystyrene starts to
vaporize before becoming trapped against the pattern coating, close to the hot liquid metal
[17]. Shivkumar et al. [34] and Molibog et al. [60] performed experiments to determine the
production rate and fraction of viscous liquid residue byproduct. As was mentioned

Shivkumar [57] measured the volume of the evolved gas from complete degradation of 1

20



gram of polystyrene to be 205 +25 cm® (STP). Therefore, it can be assumed that a large
amount of gas is evolved from the decomposition of the polystyrene foam pattern. The rate of
gas evolution per time is increased at higher temperatures; for example, the fraction of
gaseous byproducts is much higher in the case of ferrous alloy LFC compared to Al alloys

[63, 64].

The metal/foam interface can also be influenced by casting parameters such as the molten
metal velocity, the casting temperature, etc. The effect of the velocity of flowing metal on the
metal/foam interface was studied by Ainsworth and Griffiths [46]. They filled some foam
plates from the bottom under the influence of gravity and in counter gravity filling conditions.
Filling of the foam plates was observed using real time X-ray to study the effect of different
casting conditions, especially velocity of filling on the metal/foam interface and castings

1, the

quality. They concluded that when the plates were filled with a velocity of 12 mms’
advancing liquid metal front (in the case of aluminium alloys) divided into short fingers
which led to entrapment of pattern degradation byproducts into the metal stream. But when

the filling velocity was 5 mms™ the liquid metal stream advanced with a planar interface with

the foam pattern and less or no entrapment occurred.

The effect of temperature on the physical properties of the interface was investigated by Yang
et al [63]. They carried out experiments to test if the temperature at which the foam
decomposition occurred affected the gas fraction of decomposition byproducts and concluded
that the gas fraction was increased by increasing the temperature of decomposition. They also
obtained some values for interfacial pressure in the metal/foam interface; the interfacial
pressure for an aluminium casting using EPS foam pattern coated with a high permeability

coating was less than half of the interfacial pressure in the case of an iron casting with the

21



same casting design, condition indicating that the pressure at the metal/foam interface of the

LFCs with a high melting point alloys is higher.

The length and the morphology of the interface was also investigated by Yang et al. [63] who
proposed a transformation zone to exist between the foam pattern and the advancing liquid
metal, having a length of 3.1 mm and consisting of two different layers, so that the EPS
decomposition underwent different stages (i.e. collapse, melting and vaporization), as shown
in Figure 2-7. Firstly, there is a zone of collapsed foam which has shrunk but has not
decomposed yet, with a length of 1.1 mm, and secondly a melt zone [63]. This is in agreement
with other work [52, 60] that suggested that the melt zone (with a length of 2 mm) contained
decomposition byproducts in the form of a mixture of gaseous byproducts (bubbles) and
liquid polystyrene. The length of the melt zone was found by Sand et al. [65], to vary from 1
to 2 mm have verified by some experiments which used a series of thermocouples inserted

into the foam pattern.

It was also reported that a convex interface provided a constant heat and mass transfer from
the casting channel to the surrounding sand. Fu et al. [54] have suggested that condensation of
the gas which passed through the coating is likely to occur. They suggested that once the
gaseous byproducts passed through the coating, with further heat from the molten metal the
temperature of the sand was increased and the condensed byproducts revapourize and travel
further into the sand until reaching a region of lower temperature where they condense once

again.
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Figure 2-7. Lengths and temperatures of the metal/foam interface in LFC[63].

Therefore, there is a close association between the shape of the interface, the velocity of the
molten metal and the quality of Lost Foam Castings. To increase the quality of the castings,
the gaseous byproduct has to be removed from the mould as soon as possible or may become
engulfed in the molten metal stream and cause porosity; the evolved gas has to pass through
the coating to the sand [55]. This necessitates the gaseous byproduct to pass through the
coating at a suitable time and place ahead of the metal/foam interface as the liquid polymer
viscous residue wets and spreads across the coating surface [66]. Once wetted, the passage of
gas through the coating will not be easy and will cause accumulation of gas ahead of the

molten metal stream and reduce the metal velocity, as the rate of the heat transfer to the foam
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pattern would be reduced by the increased thickness of the interface [62]. If the gas produced
is eliminated from the melt zone easily, again the velocity of the molten metal increases up to
a point that a thick layer of gas forms and insulates the foam pattern and consequently also

reduces the molten metal velocity [67].

Other parameters such as the level of bead fusion of the pattern, the permeability of the
coating and orientation of the filling should also be optimised in order to prevent formation of
a concave metal flow front. For example increasing the bead fusion of the foam pattern
reduces the thermally affected zone in the foam pattern next to the metal/foam interface and
increases the temperature drop at the metal front resulting in an increase in the mould filling

time [6, 27, 29, 46, 66].

2.6 Lost Foam Casting Defects

There are a variety of defects to be found in castings made by LFC, such as porosity, misrun,
laps/folds, surface defects and metal penetration defects. These defects are introduced to the
casting because of either entrapment of the decomposition byproducts into the molten metal
stream or solidification before filling the pattern completely due to the rapid reduction in the

temperature and the velocity of the advancing molten metal.

2.6.1 Porosity

Porosity of Al 2199 alloy castings produced by LFC can vary from 1 to 1.5%. The porosity
content of LFCs varies from high to as good as in conventional castings (if the process is well
controlled) [1]. Studying the morphology of the pores in the LFC process shows that the
shape of the pores are different from those found in green sand casting which are more
irregular, forming as interdendritic porosity, rather than being spherical, while both shapes are

found in the LFC process [21].
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An unstable metal front profile, which is normally caused by a high velocity of the molten
metal, prevents the liquid byproducts from reaching the coating surface. Instead, they become
entrapped in the metal flow and because of the heat from the surrounding hot metal they
decompose further and leave a pore in the casting [68]. Hill et al. [59] also suggested that
large pores are introduced to the LFC process as a result of this. Wang et al. [69] examined
internal pores with different velocities of the liquid metal and established that no pore was
found in thin aluminium castings (0.48 cm thickness) with a velocity of less than 23 mms™.
This was probably because the metal/foam interface tends to become unstable in higher
molten metal velocity and entrapment of the decomposition byproducts is easier in such an
interface. Shivkumar et al. [70] found that the porosity content of a casting can increase up to

5% near the metal front which may be due to shrinkage as well as the decomposition

byproducts entrapment.

2.6.2 Misruns

While high velocity filling can cause porosity related defects and failures in LFC (as was
described in 2.5.1), low velocity filling can cause incomplete castings as the liquid metal flow
might freeze before filling the pattern completely (misrun). The metal front temperature and
the removal mechanisms of decomposition byproducts from the mould can affect fluidity of

LFC [19].
2.7 Fluidity

Fluidity length is defined as the maximum distance to which the molten metal flows in a
standard mould [71]. The fluidity length can be measured by casting the molten metal in a
long horizontal channel; however this is inconvenient as it requires a long heavy mould. A

long horizontal channel can be replaced by a spiral channel as the mould for the latter is
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lighter and occupies less volume [72]. However a spiral test may not be appropriate for LFC
as the heat from the flowing metal may affect the foam pattern in the outer radii before the

metal flow reaches it.

The parameters affecting fluidity are related to the molten metal, and the mould and test
conditions. The molten metal variables are the liquidus and solidus temperatures of the cast
alloy, the viscosity of the flowing liquid metal and its latent heat of fusion. The mould
variables are back pressure, (giving resistance to metal flow), mould thermal conductivity, the
size of the casting channel and the sand type. Finally, the test variables are the applied metal

head height and the pouring temperature [73].

Lost Foam Casting is different from conventional empty cavity casting in many features such
as the heat transfer and solidification behaviour; the heat for the foam decomposition is
supplied by the molten metal and this has a quenching effect on the flowing liquid metal at
the metal/foam interface. Secondly, the presence of foam ahead of the flowing liquid metal
makes the filling behaviour of LFC different from that of conventional casting methods, as
different back pressure mechanisms occur in LFC compared to other casting methods, due to

the decomposition of the foam pattern.

2.7.1 Fluidity and solidification behaviour in an open cavity casting

Solidification of pure metals occurs at a single temperature while alloys have a range of
solidification temperature. The solidification manner of pure metals is called “skin freezing”

while alloys have a "pasty freezing" solidification.

In the skin freezing solidification mode (pure metals and eutectic alloys), as the metal loses its
initial superheat, solidification starts with a planar growth front from the walls of the mould.

The liquid channel therefore becomes thinner and subsequently makes the flow passage
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tighter. The flow of metal is stopped when the two edges of the solidification fronts meet and

close the channel, as shown schematically in Figure 2-8.

Figure 2-8. Schematic choking in skin freezing materials.

This is the case for when remelting and refreezing solidified regions downstream is
overlooked. Normally, the passage of molten metal through the choke point causes remelting
at points A and B (see Figure 2-8). Likewise, due to the heat lost from the molten metal as it
passes the choking point, solidification occurs at points C and D, to some extent. The
solidified region therefore migrates downstream. If the channel is short enough, the migration
of the growing choke point might reach the end of the channel before the channel is closed,
resulting in complete remelting of the choke point and uninterrupted continuation of the flow.
This phenomenon is called continuous fluidity and the continuous fluidity length is denoted as

L.[72].

Alloying reduces the fluidity of the pure metal (at a given superheat) [74]. For non-eutectic
alloys solidification no longer takes place with a planar front. Dendrites grow from the mould
wall at an early stage. The flowing metal consists of a slurry of tumbling crystals; the
existence of dendrites in the flow creates more resistance against the movement of the flow at
an early stage of solidification. At some critical point, the dendrite arms interlock and stop the
liquid metal from flowing further [71]. This is the coherency point and has been estimated to

occur at a fraction solid of between 20 and 50% [72].
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Eutectic alloys and pure metals have the same solidification behavior at a constant superheat.

For a constant superheat, a eutectic alloy’s fluidity is more than 1.5 times that of its

constituent pure elements [71] because of lower melting point.

In the case of casting with grain-refined alloys, some fine grains can be carried along with the
tip of the liquid metal stream. As the liquid metal temperature decreases, the fraction solid in
the liquid metal flow increases. When a sufficient amount of solid is formed (to stop the flow)
and gathered at the tip of the flow, the metal stream stops flowing as shown in Figure 2-9

schematically.
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Figure 2-9. Fine grains carried along with the tip of stream finally cause the flow stoppage.

For aluminium-silicon alloys, the peak observed in the fluidity diagram (Figure 2-10) implies
that the fluidity of the eutectic alloys is a maximum. Most of the Al-Si alloys are in the range
of 4 to 10 percent Si. For hypereutectic alloys, due to less friction in the liquid because of the
formation of primary Si, fluidity is higher as dendritic interlocking does not take place in

these alloys [72].
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Figure 2-10. Fluidity vs. Chemical composition for Al-Si alloys [75]
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Two aspects of filling thin sections are “flowability”, which is limited by heat transfer, and

“fillability”, which is limited by surface tension. Evidence for solidification occurring whilst

the metal was still flowing is to be found in the direction of the columnar grains growing into

the direction of the flow. As the liquid metal stream passes along the casting channel,

remelting of the newly solidified dendrites occurs at the side facing the stream and refreezing

occurs at the other side resulting in directional growth of the dendrites as shown in Figure

2-11.

Figure 2-11. Schematic dendritic growth in direction of the flow

The second aspect, fillability, occurs at higher mould and/or metal temperature where the heat

content of the system is high and solidification is delayed until after the mould has filled.
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Studies in the microstructure of this kind of solidification show that the liquid metal was static

during freezing in thin sections. [72].

2.7.1.1 The coherency point

At a certain point during solidification, dendrites start to interlock and form a coherent
network and the system (fluid) starts to behave more like a solid than a liquid before the
solidification process is accomplished. The volume fraction of solid at this point is called the
coherency point (£,£°") [71] [76]. Many researchers have shown that the coherency point
depends on the alloy and solidification parameters such as cooling rate [76-79]. Chavez et al.
[80] determined the coherency point of Al-Si-Cu alloys based on determination of their
thermal diffusivity using solidification data obtained from thermocouples placed at different
points of a casting. Veldman et al. [81] showed that increasing the silicon content of
aluminium alloys reduced the coherency point; however for a certain alloy, the coherency
point depends on the cooling rate of any solidifying point. They also calculated the coherency
point of aluminium A356 solidifying with a cooling rate of 0.7 and 2.7 Ks™ to be 0.22 and

0.14 respectively.

2.7.1.2  Fleming’s analysis of fluidity

Fleming’s fluidity model was derived for an empty cavity casting. To simplify the analysis of
the fluidity length (L¢), Fleming assumed no separation of the molten metal stream. He also

neglected the effects of friction and acceleration.

He developed a formula for the time of freezing (tf) as shown in Equation 2-1.

pHa

1, =— . _
S 2h(TM —T(')) Equation 2-1
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Where;
a: Modulus of the casting channel (m) (the ratio of an element volume to its surface area).

H: Latent heat of fusion (Jkg™)

h: Heat transfer coefficient from the molten metal to the mould (Wm?K™)
To: Mould temperature (K)

Twm: Melting point of the cast metal (K)

ps: Density of solid (kgm™)

The fluidity length as a function of metal velocity and other casting parameters was

determined as shown in Equation 2-2 [72].

12

p.aVv :
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Where;

¢': Specific heat capacity of the molten metal (Jkg'K™")

AT: Superheat (°C)

V: velocity (ms™)

The velocity of the molten metal can be written as a function of casting head height as
V' =2gh, however this is an overestimation because it is reported that the velocity can be

reduced by 20%, when being turned through 90°. Secondly, the velocity of a fluid changes

when it passes through a channel in which the area changes according to the Law of
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Continuity [82] which states that the flow rate of a fluid is constant. Therefore, the velocity of
a flowing fluid multiplied by the cross-sectional area of the channel is constant as shown by

Equation 2-3 [82].
Q=ViA = WVA; Equation 2-3

Where;
Vi and V;: Velocity, A: channel cross-sectional area (mz) and

Q: flow rate (m’s™).

2.7.2 Fluidity in Lost Foam Casting

The velocity of molten metal during mould filling in LEC is of the order of cms™ while it is of

the order of ms™ in the case of empty cavity castings [34]. The metal velocity depends on the
metallostatic pressure (V> =2gh) and the heat transfer rate from the molten metal to the

foam in the casting. In the case of LFC, due to the presence and decomposition of the foam
pattern ahead of the metal flow, the temperature of the molten metal is reduced faster at the
metal front compared to the case of an empty cavity casting. In addition, the casting head
height should be high enough to overcome the back pressure caused by vaporization and gas
evolution from the foam pattern decomposition. The back pressure in LFC depends on the gas
generation rate and gas escape rate which themselves depend on metal temperature, pattern
density, casting section modulus and the thickness and permeability of the coating [19, 69,

83].

The fluidity in LFC also depends on other properties of the molten metal such as surface

tension, oxide film content, inclusion content and solidification mode as well as casting
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conditions such as the geometry of the casting, mould materials, coating, pouring rate and

pouring temperature [10].

The fluidity of LFC has been investigated by casting experiments and by computer
simulations. Tschopp [10] listed all the variables affecting the fluidity of LFC and analysed
the effect of casting parameters on the fluidity of Aluminium A356 LFC. He concluded that,
in order to increase fluidity, filling rates should be increased, the thermal conductivity of the
sand has to decrease or the area to perimeter ratio of the section needs to increase. The effect
of metal temperature, metallostatic pressure, coating permeability and foam type (different
foam densities, different molecular weight and different copolymers) will increase the fluidity
length where they increase the metal velocity and reduce the time interval in which the molten
metal is losing heat. It was suggested that section thickness was the most effective parameter
affecting the fluidity of LFC. Coating permeability, foam type and metallostatic head pressure
were other parameters controlling the fluidity length. Tschopp also claimed that the role of
pouring temperature on fluidity of LFC was not very clear. Increasing casting temperature
increased the temperature gradient between the molten metal and the foam pattern which
increased the foam decomposition rate which increased the volume of gas evolved and
subsequently increased back pressure in the mould causing a reduction in velocity of the
molten metal, therefore reducing the fluidity length. In general, Tschopp did not suggest
increasing pouring temperature to increase the fluidity as it may also cause surface oxidation
and increasing surface tension. Instead, to avoid misrun, increasing the coating permeability

was suggested [10].
Many researchers aimed at deriving a fluidity equation for the LFC process.
Ajdar et al. [11] evolved a model based on Chvorinov's rule. Chvorinov's rule states that

solidification time is proportional to the casting modulus, as shown by Equation 2-4 [84].
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V n
= C(—j Equation 2-4

Where;

C: Chvorinov's constant
t: time of solidification

€69

V and A are the volume and surface area of the casting channel respectively and “n” is an
experimental exponent derived from cooling curves obtained from different moulds and

different casting conditions [84].

The heat balance in a narrow chill zone (at the metal/foam interface) located at the front of the

molten metal can be stated by Equation 2-5.
LWt,p,C,AT =L Wt,p,H, Equation 2-5
Where;
Cy: Specific heat capacity of the molten metal (Jkg'K™).
Hg: Decomposition energy of the EPS foam pattern ( Jkg ™).

L.: Length of the characteristic chill zone (m).
L¢: Fluidity length (m).

t,: Thickness of the foam pattern (m).

AT: Superheat, (K).

W: Width of the foam pattern (m).
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pr=density of the molten metal (kgm™).
pp: Foam density (kgm™).

Therefore, leading to a model of the fluidity of LFC, Equation 2-6 [11].

AT p,H; i
—_— = Equation 2-6
L, C,22t,p,

Pan and Liao also developed a model based on Fleming's model taking into account the

endothermic nature of the foam pattern decomposition, as shown by Equation 2-7 [85].

H
L, :ﬁ(CLAT_FE_ . Pr
2h (TM _To) 2 PL

) Equation 2-7

Where;

Hg: Decomposition energy of the foam pattern (Jkg ™).

H: Latent heat of the molten metal, (Jkg ™).

h = heat transfer coefficient to the mould (Wm™K)

Mirbagheri et al. [13] developed a new mathematical model to simulate mould filling in the
cast iron LFC process using a finite difference method, as shown by Equation 2-8. An
algorithm was developed to calculate the gas pressure of the evaporated foam during mould

filling.

gap gap

1-yar,
D, = PolMp g 1+£%) (V +VM)/ 14 Equation 2-8

cav

When 1<r<2  3.5<n<4.5
Where;
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m: the “gasified latent capacity” of the foam (the volume of gas evolved from decomposition

of 1 gram of foam), which for polystyrene foam was 300 cm’g’

Vum: the volume of grey iron flowing into the mould cavity (at each time step of the filling

period).

Vcav: the mould cavity volume

Vgap: the volume of the gap

Ps: the gas pressure in the metal/foam interface (gap)

prs: the density of the foam pattern

I
T

and “n” are thermal radiation and coating permeability factors respectively (a value of 2

I
T

was used for a high melting point alloy and high superheat, but for “n” 4.5 was used for

minimum permeability). Results from this simulation are shown in Figure 2-12 [13].

Figure 2-12. Simulation of mould filling in the LFC process. Molten metal: grey iron, Mould materials:
unbonded silica sand [13].
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2.8 Properties of molten metal

2.8.1 Reynolds number

Reynolds number is a dimensionless characteristic of a fluid, defined as the ratio of inertial
forces to viscous forces [86]. It describes and defines different flow regimes, normally
laminar or turbulent flow. Laminar flow occurs at low Reynolds numbers, where viscous
forces are dominant, and is characterized by smooth, constant fluid motion, while high
Reynolds numbers produce chaotic flows [45]. The Reynolds number can be calculated by
Equation 2-9 [87].

2
| pv%
Dynamic pres v.L vL
R = 84 Ic pressure L :'0 s~ _ZS Equation 2-9

shear stress ,UU% Y7, 1%
LZ

Where:
Us: Mean fluid velocity (s™).

L: Characteristic length (m).

p: (Absolute) dynamic fluid viscosity (Pa-s).
v: Kinematic fluid viscosity (m? s™).

p: Density of the fluid (kg m™).

A flow is laminar when its Reynolds number is less than about 2000 to 3000 and turbulent
flow occurs when the Reynolds number is about 5x10° [88] . Reynolds numbers between the
mentioned values describe a transition from surface turbulence to bulk turbulence. Bulk
turbulence is the chaotic eddying flow of the bulk liquid while surface turbulence is when the

chaos is in the surface and causes the surface to break up [89].
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2.8.2 Heat transfer coefficients measured in Lost Foam Casting

Shivkumar [90] proposed a value of 420 Wm™ K™ for the heat transfer coefficient from
solidifying aluminium to silica sand when the polystyrene foam pattern was coated with a 1
mm thickness of coating and a value of 570 Wm™K™" was also determined for the same
coefficient when the foam pattern was not coated. It was then concluded that the coating has
an insulation effect on the heat flux from the molten metal to the foam and therefore increases

the fluidity of LFC.

Venkataramani et al. [91] developed a computer simulation to estimate the heat transfer
coefficient from molten metal to the mould in a cylindrical casting with different thicknesses
of coating. The initial value of 420 Wm™ K™ was used to carry out the simulation with. The
results showed that the heat transfer coefficient from the molten metal to the mould varied
drastically during the casting experiment and the actual values can be estimated accurately,
for example a very high value of 18000 was also reported for a very short period of time at the
middle of the experiment. It was also reported that the heat transfer coefficient from the
molten metal to the foam pattern decreased with increasing pouring temperature and

increasing coating thickness.

Molibog et al. [92] measured thermal conductivity of the coating from thermal diffusivity,
density and specific heat capacity values which were measured by Differential Scanning
Calorimeter (DSC) at a range of temperatures (from room temperature to 1025 °C). They
developed graphs explaining changes in thermal conductivity for four different coatings at

different temperatures, as shown in Figure 2-13.
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Figure 2-13. Thermal conductivity of coatings used in LFC, where A and D are mica based coatings and B
and C are Silica based coatings [92].

It was concluded that the mica based coating had an average thermal conductivity of 0.15

Wm 'K which results in a heat transfer coefficient of 450 Wm™ K 'for a coating thickness of

0.3 mm [92].

The fluidity equation derived by Pan and Liao [12] (Equation 2-7Equation 2-7) was derived
from Flemings’ flow equation based on the fact that depolymerisation of the polymer is an

endothermic reaction.

Evaluation of this model, suggested that the calculated fluidity length was higher than the
experimental values by almost one order magnitude. Pan and Liao assumed that heat
exchange was confined to a small zone at the metal front the “characteristic zone” denoted as

lc. Therefore, Equation 2-7 was developed to Equation 2-10 (see Equation 2-7 for parameters

guide).

v
L, = PL8% (E +C,AT) Equation 2-10

L
2H(T, ~T,) 1+ 1)

ch
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Liu et al. (2002) [61] suggested that part of the heat loss from liquid Al passed through the
refractory coating in the LFC process, but most of the heat passes through the gas in the
metal/foam interface to degrade the solid foam pattern. Therefore, a complicated heat transfer
mechanism governs the LFC process, involving conduction, convection and radiation. They
developed an algorithm to model flow in LFC which included calculating the speed of the
foam pattern degradation, gas pressure, fluid velocity and height and length of the gap
interface, etc. The values of heat transfer coefficients from the molten metal to the sand and to
the metal/foam interface to start the simulation with were assumed to be 1300 and 3300 Wm’
K respectively. Although these values seem to be too high and conflict with values
mentioned in other reports [92], they claimed that the result of the simulation was in good
agreement with the results of casting experiments, for example, the velocity of the molten
metal, (shown in Figure 2-14) [61]. Although they have claimed an agreement between the
actual and simulated results, Figure 2-14 shows that the measured velocity had a constant
value of between 7 to 12 cms™ while the simulated values started from 20 cms™ and ended to

a constant value which made the simulation unlikely to some extent.

Figure 2-14. Flow simulation results compared to the actual velocity of the molten metal [61].
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Liu et al. [49] carried out a series of LFC experiments with thermocouples connected to a data
acquisition system. They also carried out simulation of flow in the LFC process, when the
EPS foam pattern was coated with 0.7 mm of coating and velocity of liquid metal was about
1.5 cms™. Figure 2-15 shows the result of estimation of the heat transfer coefficient from the

molten metal to the foam and how it increased with time.

Figure 2-15. Simulation of heat transfer coefficient from the molten metal to the pattern for different foam
densities for Al alloys LFC [49].

Liu et al. (2007) carried out some experiments to understand the effect of pattern density
variation on the mould filling process. A foam pattern was surrounded by a compacted sand
mould and a heated steel block was pushed toward the foam. Corresponding simulation

results are shown in Figure 2-17.
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Figure 2-16. Experimental set up [93]

The heat flux from the heated steel to the foam was measured over a period of time to obtain a

heat transfer coefficient as shown in Figure 2-17.
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Figure 2-17. Simulated heat transfer coefficient for a metal front velocity of (a) 0.44 cm/s, and (b) 1.5 cm/s

[93].
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The average peak pressure of the gap was also measured for different metal velocities and

different foam densities, as shown in Table 2-1.

Table 2-1. Measured values for average pressure in the metal/foam interface for different densities of
foam pattern [93].

In this experiment the average temperature of the kinetic zone (gap zone) was found to be
approximately 200 °C and to have a length of 1 to 4 cm. This length (1 to 4 cm) for the
metal/foam interface appears very high but this may be a result of the limited vents in the
mould [93]. These allow ventilation for the decomposition gaseous byproducts but this is

unlikely to simulate the actual LFC process precisely, see Figure 2-16.

Liu et al. [94] suggested a mechanism for the effects of temperature on thermal conductivity
of the coating; increasing the temperature of the coating may result in shrinking the coating in
volume which creates a gap between the metal and the coating which reduces the thermal
conductivity and heat transfer from the molten metal to the mould. This mechanism explains
why the cooling rate during solidification in the LFC process is very small. This was stated

based on the results of LFC with Mg alloys but could also apply to Al alloys.

Wang et al. [14] developed a computer program to simulate the fluid flow using the data
acquired from thermocouples inserted in the foam pattern used in the LFC process. They used

initial values of 117 and 0.5 Wm™ 'K for the thermal conductivity of aluminium alloy 319 and
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the sand mould, respectively. They also computed a value of 1,003,000 Jkg™' for heat of

degradation of EPS foam pattern.

Tsai et al. [95] implied that the coating in LFC prevents the sand collapsing, increasing metal
fluidity by an insulation effect and reducing the surface tension between the molten metal and
the sand wall. They also listed the parameters affecting fluidity in the LFC process
accompanied by a description of corresponding physical phenomena. Furthermore, a
mathematical model for Lost Foam plate casting was developed based on some simplifying
assumptions. This resulted in an estimation of the heat transfer coefficients from the molten

metal to the mould and to the foam pattern which were 100 and 1300 Wm™ K’ respectively.

They claimed that the heat flow to the foam pattern was much more than the heat flow to the
sand mould at any instant of time. The transient heat loss to the sand mould was proportional
to the available surface area through which heat transfer takes place, while the transient heat
loss to the pattern was proportional to the decomposed pattern volume. The results show that
the heat loss to the foam pattern increased over time while the increase in the heat loss to the

sand mould was very slow, as shown in Figure 2-18.
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Figure 2-18. Heat loss from molten metal to the pattern decomposition and to the sand mould vs. time
[95].
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Finally, it was concluded that for any coating material there is a critical coating thickness
corresponding to a critical heat transfer coefficient at which maximum heat loss to the mould
occurs. It was implied that when the coating thickness was less than the critical value, an
increase in the coating thickness increased the heat loss from the metal to the sand mould,
however if the coating thickness was greater than the critical value an increase in the coating
thickness reduced the heat loss to the mould, as shown in Figure 2-19. Therefore, the critical

thickness should always be exceeded in order to achieve insulation.

Figure 2-19. Heat loss from the molten metal to the sand mould and the degrading foam pattern in the

LFC process with Al alloys [95].

In addition, they claimed that the key point to having a successful controlled LFC process is
the casting section thickness; when a casting is thicker than a critical thickness the heat loss
from the molten metal to the degrading foam pattern is greater than that to the mould.
Otherwise, a reverse trend occurs [95]. This is in agreement with the statement made by
Tschopp suggesting that casting thickness is the most effective parameter on the fluidity of

LFC [10].
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Caulk [53] suggested a foam melting model for the LFC of aluminium (gap mode). He carried
out a bubble flux analysis and possible fates of any residual polymer liquid left behind was
discussed in likely scenarios which mainly corresponds to how the pattern decomposes at a
particular location. He assumed the thermal conductivity of the gas in the metal/foam
interface to have a value of 0.04 Wm 'K (i.e. assuming the gap length to be 2 mm the heat
transfer coefficient from the molten metal to the foam pattern is 20Wm™ K'; which seems an

order of magnitude smaller than was suggested in most of the references, such as [93]).
Houzeaux et al. [83] developed a model based on some assumptions which seem to be rather
simplifying:

e Metal and foam properties are not varied.

e There is no solidification during filling.

e There is no source of contaminant, like viscous residues.

e No gas is trapped between the metal and the foam.

For a two dimensional aluminium plate casting, they computed a value of 6000 kgs K™ (Wm’
*K™") for the heat transfer coefficient from the molten metal to the foam pattern which seems

to be far too high.

Venkataramani et al. [91] claimed that at the beginning and at the end of the solidification of a
casting section, increasing pouring temperature and coating thickness caused a reduction in
the heat transfer coefficient from the molten metal to the mould however they reported that
the accurate values could not be estimated as the results showed drastic oscillation. They
carried out aluminium LFC experiments with thermocouples inserted and the data was used to

develop a program to estimate the heat transfer coefficient based on the cooling curves at
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different locations of the castings. The value they used to start the simulation was 420

Wm?ZK!,

Summary

The computed, measured, simulated or calculated values for heat transfer coefficients are

summarized in Table 2-2.

Table 2-2. Summary of heat transfer coefficients in the LFC process reported in the literatures.

Heat transfer coefficient Value Heat tra.n sfer Value
Reference coefficient
to Wm K™ WK™
to
i i 420
Venkataramani et al. Air (Top su-rface of the 150 Sand mould
[91] casting)
T.Molibog et al. [92] --- - Coating 4666*
. 250
Liu et al. [49] [93] Foam — —
(average)
Liuetal. [61] Decomposition gas 3300 Sand mould 1300
Tsai et al. [95] Foam 1300 Sand mould 100
Caulk [53] Decomposition gas 20 e
Guillaume et al. [83] Foam 6000 — —

The value of 4666 seems to be very high for the heat transfer coefficient of the casting/coating
interface. This value was calculated from the thermal conductivity values (k) in the literature
when the coating thickness was assumed to be 0.3 mm (as they are assumed to be in the

current work), using Equation 2-11 [63];

k=hxXx Equation 2-11

Where x is the length of the gap between the molten metal and the foam pattern (the thickness

of the material through which the heat is passing), k is the thermal conductivity.
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The value range of 150-450 Wm™K™' for the heat transfer coefficient from the molten melt to
the foam pattern seems to be reasonable as this range was in agreement with several other

reports [49] and [91, 93].

2.9 Effect of irradiation on foams

As was emphasized in section 2.4, the molecular weight of the degradation byproducts has an
important role in their ease of removal from the mould in the LFC process. Radiation was
known to affect the properties of foams and plastics, however irradiation processes are also
commonly used to polymerize and crosslink monomers (using high energy radiation such as
y-rays) [96] for example to prepare lubricants and coatings for pots and pans, Perfluorinated

polymers such as polytetrafluoroethylene can be degraded using y-irradiation [97, 98].

In order to ensure satisfactory results with minimum costs, the irradiating source should meet
some criteria such as delivering a desirable dose, while the size, shape and density of the

product are important parameters which determine throughput rate [99].

The absorbed dose is defined as the energy absorbed per unit mass in a small volume at a
particular location of the product. The international unit of dose is the gray (Gy) which is 1
Joule per kilogram. The Rad was the previous used unit which is 100 times smaller than a

gray [100].

Radiation processing involves mainly the use of either electron beams from electron
accelerators, or y-radiation from cobalt-60 (Co-60) sources [99]. While some synthetic
polymers crosslink during radiation processing, others degrade [96]. For example PMMA
degrades under the effect of irradiation whereas PS responds to radiation by cross-linking.

One of the mechanisms of cross-linking when polystyrene is exposed to irradiation is the loss
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of two hydrogen atoms from adjoining chains and consequent bonding between the two

carbon- centred free radical sites leading to interchain bonding [101-103].

The effect of irradiation on polymer blends such as Probead-70™ and Probead-30™ which
are blends of EPS and PMMA has not been extensively studied. Polymer blends can be
divided into two groups in terms of their response to irradiation processing. (1) The cross-
linkable blends such as ethylene vinyl acetate; this type of blends of polymers show increased
elongation and tensile strength when exposed to y-radiation. (2) The degradable blends reduce
molecular weight under exposure to y-radiation with consequent reduction of their strength
[99]. In the case of PS-PMMA blends, as PS is a cross-linkable polymer and PMMA is a
degradable polymer, it is suggested that PS prevents reduction in molecular weight of the
blend (i.e. a protective role) and prevents reductions in mechanical properties overall [99].
However Shultz et al. [104] suggested that the rate of chain scission in the PS-PMMA blend
would be closer to that of pure PMMA under the effect of irradiation therefore the mention
blend is thought to reduce its M,, under effect of irradiation. They also suggested that the
presence of PS would reduce the rate of chain scission corresponding to its weight percentage
in PS-PMMA blends. It is not therefore possible to say whether protection (against reducing

strength) occurs in polymer blends with PS due to exposure to irradiation [99].

2.10 Summary

The nature of LFC is more complex than conventional casting methods; for example the
filling behaviour is strongly affected by the presence of the foam pattern and its degradation.
There are many parameters involved in the quality of the castings and the operation of the
process, such as thickness and permeability of the coating, type of foam pattern, density of the

foam pattern, etc, apart from those factors also relevant in open cavity castings. Defects
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introduced in the LFC process (such as porosity, misrun and laps) mostly originate from
decomposition of the foam pattern. A reduction in porosity and misrun are objectives of the

current research.

The shape of the metal/foam interface is a determining parameter in the quality of the
castings in LFC. Generally, convex metal front profiles are aimed at. Such profiles naturally
push the degradation byproducts to the sides of the casting channel. The liquid polymer
byproducts can be absorbed by the permeable coating, once their molecular weight is
sufficiently reduced by the action of heat. Therefore using a lower molecular weight pattern
may lead to higher quality castings because less reduction in M,, will be required before
absorption of the liquid polymer byproduct into the pattern coating. The M,, of expanded
copolymer foam patterns may be reduced by exposure to y-radiation. The properties of
castings made with irradiated foam patterns, such as porosity content and fatigue properties

may also improve due to modifying the foam pattern used in LFC.

As was discussed misrun is also an issue in LFC. A great amount of heat is taken from the
molten metal during the process which may lead to solidification of the liquid metal before

filling the pattern completely.

The mechanisms of heat/mass transfer in LFC were reviewed. The complex heat and mass
flux through the coating in addition to the poorly-known nature of the metal/foam interface
make fluidity and heat transfer coefficients is the LFC process difficult to determine and
understand. It was also suggested that there was little agreement in the literature about the
value of heat transfer coefficients from the molten metal to the mould and to the foam pattern.
Current work is aimed at a better understanding of this, to determine the heat transfer

coefficients governing the LFC process.
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A review of previous models for the fluidity of LFC showed that an inclusive model to
explain and relate the fluidity of LFC changes in casting parameters is still required. While
the accuracy of the models reviewed will be examined by experiments, this work will also
attempt to develop a fluidity model for LFC based on the results of fluidity tests which will

verify the effect of different casting parameters on fluidity.
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3 EXPERIMENTAL METHODS

3.1 Materials

3.1.1 Foam patterns

The foam patterns used in the fluidity tests were Expanded Polystyrene (EPS) of “normal”
bead fusion levels having density of 27 and 16 kgm™, untreated copolymers of EPS and poly
methyl methacrylate (PMMA), Probead-70™ with density of 24 kgm™, in addition to the

brominated EPS with density of 30 kgm".

For irradiation processing of the foam patterns, plates of copolymers Probead-70™ (70wt%
PMMA-30wt% PS) with density of 24 kgm'3, Probead-30™ (30wt% PMMA-70wt% PS) with
density of 20 kgm™ and blocks of PMMA with density of 20 kgm™ were used. All of the foam

patterns were supplied by Foseco (FS) Ltd. (Tamworth, UK).

3.1.2 Coatings

Three coatings were used in the LFC experiments. Davies [21] examined three different

coatings and their permeability for a thickness of 0.33 mm, has been shown in Table 3-1.

Table 3-1. Different types of coatings used in the current work and their permeability values.

Coating Permeability (m”*) | Commercial name
A/ Low permeability 9.3x10™ PID 1095/1
B/ Medium permeability 1.5x 10" Styromol 169.23
C/ High permeability 12x107" Styromol MTR7733

In addition to these coatings some Probead-30™ foam patterns that were used in cast iron

LFC were coated with “SEMCO®Perm c2™” by Foseco (FS) Ltd. (Tamworth, UK).
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To control the coating thickness a Baume stick was used to measure the dilution of the slurry
coating. The dilution of the slurry coatings was maintained to be 40 °Baume which resulted in
formation of 0.3 mm thickness of coating when foam pattern was dipped into the coating. The
thickness of the coating was measured using a digital micrometer along the length of the foam

strip. Twice dipping resulted in 1.3 mm of coating layer on the foam pattern.

3.1.3 Cast metals

The alloys cast in the LFC process were commercially pure aluminium (CP Al), 2L99 alloy

(see Table 3-2 for the chemical composition) and grey flake cast iron of grade 250.

Table 3-2. The chemical composition of the cast alloy (Al 21.99) used in the LFC process in the current

work [105].
Element Wit%
Copper 0.10 max.
Magnesium 0.35
Silicon 6.5-7.5.
Iron 0.20 max. (0.15)
Manganese 0.10 max.
Nickel 0.10 max.
Zinc 0.10 max.
Lead 0.05 max.
Tin 0.05 max.
Titanium 0.20 max.
Aluminium Remainder
Others: total - (0.15)

3.1.4 Moulding materials

AFS grade 60 silica sand was used for the mould in the LFC experiments. In order to make
pouring basins a sand binder was required, and PEPSET® 5112 and 5230 were employed and
mixed with sand with an addition rate of 0.06 wt%. In the fluidity tests, boards of Kalmin 50A
(supplied by Foseco (FS) Ltd) were employed to make the downsprue. To attach the fluidity
strips to the downsprue, a hot melt glue was used and the joint lines were sealed with

CORFIX 21™ (also supplied by Foseco (FS) Ltd).
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3.1.5 Melting process

A high-frequency (10 kHz) induction furnace was employed to melt the charge. Ingots of
metal were placed in a clay-graphite crucible and heated until the temperature of the melt was
approximately 50 °C above the required pouring temperature. This was to allow sufficient

time for the crucible to be removed safely.

3.2 Fluidity in open cavity casting

To examine Fleming’s fluidity equation for prediction of the fluidity of liquid Al alloys in an
open cavity mould, 2L99 alloy was cast at 720 °C into a die (a simple tool steel mould),
covered with a transparent window, as shown in Figure 3-1. The transparent glass window
was graduated to allow the measurement of the velocity of the flowing molten metal using a

high speed camera, (30 frames per second), see Figure 3-2.

Figure 3-1. The die mould placed with a transparent window on top of the mould, shown schematically; a)
the bottom level of the mould, b) the mould set up.

After shot blasting and cleaning for 30 minutes the mould was coated with a commercial

coating, DYCOTE-140™ (supplied by Foseco (FS) Ltd. Tamworth, UK). A pouring cup with
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an overflow was used to give a constant head height of 100 mm was used in this experiment

to deliver the molten metal to the fluidity strips.

Figure 3-2. The experimental set up for 2L.99 Al die casting observed with a high speed camera.

3.3 Casting trials to determine the flow properties in the LFC

process

Plates of EPS foam pattern were coated with a high permeability coating of 0.3 mm and
attached to a pouring cup using hot melt glue, sealed with CORFIX21™ applied to the
external surface of the pattern and the pouring cup. The pouring cup had an overflow fitted to
give a constant head height of 140 and 280 mm for horizontally and vertically positioned

plate, respectively (the dimensions are given in Figure 3-3).

The assembly was positioned horizontally (see Figure 3-3) in a moulding box (two sides of
the moulding box were removed and replaced with medium density fibreboard (MDF) in

order to improve the image resolution in the real time X-ray) surrounded with sand when the
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mould was half-filled, the moulding box was clamped to a compaction table and vibrated for
2 minutes to compact the sand. After filling the mould box completely, vertical vibration was
again applied for another 2 min to complete the compaction process. The filled moulding box
was placed in a real time X-ray which was equipped with a 225 keV X-ray tube and a 0.3 m

diameter image intensifier combined with a high speed digital camera.

The mould was then cast with 2199 alloy at 825 °C (+ 5 °C) to determine the width of the

molten metal stream.

Coated Plate of EPS

/ "

pouring cup

180 mm

140 mm (height) 360 mm
50 mm diameter

Figure 3-3. The foam pattern attached to the pouring cup, shown schematically.

This experiment was repeated with the plate attached to a longer pouring cup (280 mm) and

positioned vertically, as shown in Figure 3-4.

Approximately 6 kg 2199 alloy was melted using a high-frequency (10 kHz) induction

furnace in a clay-graphite crucible.
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Dim.: 50

Pouring Sleeve
- _Coated Plate of EPS

180 x 360 x 10

280

All the measurments are in mm
Ceramic Disc

Figure 3-4. The foam pattern attached to the pouring cup to determine the thickness of the molten Al
stream in the LFC process.

A top view of the experimental set up is shown in Figure 3-5, in which the plate is positioned

vertically.

Figure 3-5. Schematical top view of the real time X-ray observation of the LFC.
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The pouring arm was automatically driven into the X-ray facility and the molten metal was

poured into the pouring basin continuously when the metal reached the temperature of 825 °C.

The image intensifier, X-ray source and the camera moved along with the flowing liquid

metal to record the flow behaviour filling the entire foam pattern.

3.3.1 Experiments to determine the flow regime in the LFC process

The measured liquid metal velocity of Al alloys LFC in the literature [34, 45] was low enough
to suggest that the metal flow in the LFC process was laminar rather than turbulent, as is
normally the case in conventional open-cavity casting. Therefore a set of experiments were
carried out in the real time x-ray to obtain a more accurate value of the liquid metal velocity at
several points along the casting. For these tests, a thermocouple was placed in the running
system in the middle of the pouring sleeve to monitor the pouring temperature (in this test a

completely filled casting was desirable to obtain the Reynolds number).

Strips of EPS foam pattern were cut from the plates to have dimensions of 50x450x10 mm,
and then coated with a high permeability coating. Different casting head heights of 145, 290
and 500 mm were provided using fibre pouring sleeves of different head heights and the
molten metal was cast at 820, 850, 860, 880 and 890 °C. A variety of LFC conditions were
created to determine if any casting condition produces a turbulent flow. The pattern assembly

is schematically shown in Figure 3-6.
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Figure 3-6. The pattern assembly for the casting experiment to determine the flow regime in the LFC

process.

3.4 Fluidity testing of LFC

The characteristics of the molten AL 2199 flow were examined in section 3.3. As a result of
these observations, a fluidity test model was designed to examine the effect of different
casting parameters on the fluidity of LFC. Five parameters were varied; pouring temperature,
casting head height, coating thickness, coating permeability and foam type, as shown in Table
3-3. This variation created 12 different combinations and some of them carried out more than
once to examine reproducibility of the tests, therefore, totally 17 fluidity tests were carried out

as shown in Table 4-4,
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Table 4-4. Summary of the fluidity test results.

The model was designed to consist of 4 levels of foam strips, to produce a more compact
mould more easily used. The width and height of the foam strips was selected so as to avoid
branching of the molten metal flow, as was determined by the experiments in section 3.3, see

Figure 3-7.

Table 3-3. The casting parameters varied to test their effects on the fluidity of LFC.

Parameter Casting conditions
Pouring temperature (°C) 680 780
Coating thickness (mm) 0.3 1.3
Coating permeability Low High
Foam type EPS I}}r Zil;zc_l;\gfh{ Brominated EPS LOW]SPGS sity
Head height Automatically tested as the model consisted of 4 levels of fluidity strips

A height of 100 mm between the top of the highest foam strips and the top of the mould was left to
avoid failure of the coating due to an insufficient mass of compacted sand above the foam strips. The
number of branches was selected to be 16 in order to reduce the heat content of the liquid metal
rapidly, by increasing the metal/foam interface area again making for a shorter, more convenient test.
This mould also increases the number of results obtained from a test. Finally, a space of 80 mm was
placed at the bottom of the downsprue of the casting to reduce the surface turbulence of the liquid
metal flow before entering the fluidity strips. As was mentioned, the downsprue was made of Kalmin

50A boards.
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Figure 3-7. Schematic of the fluidity model.

The melting process was carried out as described in section 3.1.5. A pouring basin was placed
above the downsprue. Since the casting head height should be kept constant during the casting
process a graphite stopper was used to block the downsprue. The molten metal was then
poured slowly into the pouring basin and the stopper pulled out when the molten was reached

20 °C above the desired temperature.

3.4.1 Recording the temperature at different points of the fluidity test

To learn about the solidification behaviour of LFC, some of the fluidity experiments (3) were
carried out with thermocouples embedded in the foam patterns. This was to show the position
of the liquid metal front at any time, its velocity and the reduction in the temperature of the
liquid metal with flow to help interpret the flow behaviour of LFC. The thermocouple

arrangement is shown in Figure 3-8.
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As the pattern was filled by the molten 2199 alloy, the temperatures in the patterns was
recorded every 0.1 s using a standard computer-based data acquisition system. This was

carried out for five different casting conditions.
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Figure 3-8. The map of thermocouples inserted in the fluidity strips. Red dots show the thermocouple

positions (perpendicular to the metal flow direction and in the downsprue).

3.4.2 Experiment to compare the effect of the coating permeability on the flow

behaviour of LFC
Parallel to the fluidity tests which included an examination of the effect of the coating
permeability on the flow behaviour in the LFC process, another test was carried out to clarify
the latter. Two fluidity strips were coated with 0.3 mm of high and low permeability coatings

and cast at the same time at 680 °C, attached to the same pouring sleeve, as shown in Figure

3-9a.
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Figure 3-9. Assembly of the casting to compare the effect of low and high permeability coatings on the
flow behaviour in the LFC process.

To obtain cooling curves from different points of the casting, thermocouples were again
embedded in the foam pattern in both strips as shown schematically in Figure 3-9b. The
temperature change was recorded at a rate of 0.1 Hz to measure the velocity of the molten
metal to estimate the thickness of the metal/foam interface, the time of freezing and finally the
heat transfer coefficients from the molten metal to the foam pattern and to the mould for each
fluidity strip. This experiment was carried out to compare the effect of LFC with different
coating permeabilities on the fluidity of LFC in the same casting (one strip coated with high
permeability and the other coated with low permeability coating) and the fluidity lengths of

this experiment cannot be compared to the actual fluidity tests.

3.5 Thermogravimetric analysis of EPS decomposition

To learn about the decomposition byproducts of EPS foam pattern, an experiment was

arranged for the thermogravimetric analysis of the decomposition temperatures and
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byproducts of EPS performed by NETZSCH-Group (Bavaria, Germany) using Discovery
TGA™, coupled with mass spectrometry. EPS samples were analysed under pure Ar with the
temperature increased from 25 °C to 800 °C with a rate of 10 Kmin™ (the temperature range of

Al alloys LFC) [106].

3.6 Irradiation processing

The degradation byproducts from the foam can only become absorbed by the coating when
their My, is reduced to a critical value [8]. Therefore using a lower molecular weight pattern
may lead to higher quality castings because less reduction in M, will be required before
absorption of the liquid polymer byproduct into the pattern coating. The M,, of expanded

copolymer foam patterns may be reduced by exposure to y-radiation.

Plates of EPS and PMMA (10 mm of thickness), and the EPS-PMMA copolymers of
Probead-70™ (10 mm thickness of) and Probead-30™ (15 mm of thickness) were irradiated
by a Cobalt-60 y-ray source in order to reduce their M,,. The foam plates were exposed to
dosages of up to about 190 MRad. In addition to this, the effect of different radiation sources,
(y-rays or an electron beam), were also compared at dosages of up to about 180 MRad. All
radiation processing was performed by Isotron (Daventry, UK). The effect of irradiating the

foam patterns on their M, was determined using Gel Permeation Chromatography (GPC).

The foam patterns sealed in polyethylene bags under a vacuum of 0.5 bar to attempt to
minimize the presence of oxygen and reduce cross-linking. Some of the plates were also

processed in air to examine the effect of irradiation under vacuum.

3.6.1 Gel Permeation Chromatography
Gel Permeation Chromatography (GPC) determines the complete molar mass distribution of a

polymer. In GPC, a dilute polymer solution passed into a column containing a porous gel. The
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small molecules of the solvent in the solution pass through carrying the polymer molecules
however the largest polymer molecules are excluded and can only pass through the largest
pores of the column and consequently have a much shorter path to follow. The polymer
molecules elute from the chromatography column in order of decreasing molecular size in
solution. The concentration of polymer is plotted against the elution volume providing a

qualitative indication of the molar mass distribution [107].

Gel Permeation Chromatography (GPC) was used to determine the extent of reduction in the
My, of the foam patterns due to irradiation processing and the average molecular weight (My)

of the irradiated foam plates.

All GPC work was carried out by Rapra Technology (Shrewsbury, UK). A single solution of
each sample was prepared by the addition of 10 ml of tetrahydrofuran (THF) to approximately
20 mg of each polystyrene sample. The solutions were left for at least 4 hours to dissolve.
After thorough mixing, the solutions were filtered through a 0.2 pm polyamide membrane

[108].

The GPC system used for this work was calibrated with polystyrene and the results of the
GPC measurements were expressed as ‘polystyrene equivalent’ M,, rather than absolute
values of M, it was therefore necessary to show that comparisons between results obtained
within this work and the critical My, values obtained by Davies and Griffiths [8] would be

valid, see section 4.5.3.

3.6.2 The effect of irradiation on the strength of the foam patterns
In order to ascertain the effect of y-irradiation on the mechanical properties of the irradiated
foams, 3 point bending tests were carried out on samples of irradiated Probead-70™ of

dimensions of 80 x 50 x 10 mm, subjected to a 30 kg load applied at 5 mm min™".
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3.6.3 Casting trials

The resulting foam patterns from irradiation processing were cut to make strips of dimensions
of 10 x 40 x 300 mm and then coated with a 0.3 mm high permeability coating in the case of
2199 casting and 0.5 mm of “SEMCO®Perm C2™”.in the case of cast iron casting. They
were then attached to a pouring sleeve of 145 mm height with inner diameter of 50 mm. The
moulding process and the pattern assembly were similar to section 3.1. Strips of Probead-
70™ were cast with 2199 alloy while the irradiated plates of Probead-30™ were cast with

cast iron. The pouring temperature was 780 °C for 299 LFC and 1450 °C for cast iron LFC.

3.6.4 Porosity measurement

Defects such as internal porosity and surface cavities are considered to be associated with the
entrapment of liquid polymer degradation byproducts at the casting-coating interface. To
characterize the quality of the castings obtained, their porosity was measured using image
analysis, carried out on polished samples (to 1 um) taken from the centre line of the castings.
The internal porosity was characterised by measurement of the total porosity area on a surface
of 25x10 mm. About 35 images were taken and analysed to measure the area percentage

occupied by porosity.

In addition, surface cavities on the bottom casting surface, were characterised by

measurement of their total length and frequency.

3.6.5 Mechanical properties of the castings
The mechanical properties of the castings were examined to investigate any improvement
associated with reduced My, foam patterns. Hardness (Vickers), tensile and fatigue properties

were examined.
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3.6.5.1 Tensile

After cooling, the strips cast with 2199 alloy were removed from the flask, cleaned, and then
examined for any surface defects. Strips were then sectioned from their length and machined
into tensile test samples (with dimensions given in Figure 3-10). The tensile testing was
performed on a Zwick tensile testing machine at a strain rate of ] mm.min”. A gauge length

of 70 mm was used.

na T

0 All the measurements are in mm
Y | K

Figure 3-10. Dimensions of the specimens used in the tensile tests.

3.6.5.2  Fatigue

To establish the effect of using reduced M,, foam patterns on fatigue properties, test bars of
dimensions 10 x 10 x 70 mm were taken from the centre line of the 2199 strip castings with
dimensions of 200 x 40 x 10 mm, cast at 780 °C with head height of 100 mm, and given a T6
heat treatment, (solutionized at 535 °C for 12 hours, aged at 135 °C for 6 hours). These
samples were subjected to a high cycle fatigue test using 4 point bending, with maximum and
minimum forces of 2.5 and 0.25 kN, frequency of 67 Hz, and loading span on the top and

bottom of the specimens of 20 mm and 60 mm, respectively.
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The samples were placed in the fatigue test machine with their as-cast surfaces intact,
arranged so that the base of the casting faced downwards. This meant that the surface
containing the cavities that were suspected of being associated with liquid polymer
degradation byproducts trapped at the casting-coating interface experienced the maximum
stress. Following this a JEOL 6060 scanning electron microscope (SEM) was used to examine

the fracture surface and the crack initiation point.

3.6.6 X-ray observation of the castings with irradiated plates

To determine any difference in the metal/foam interface in LFC with untreated foam patterns
and irradiated foam patterns, plates of untreated Probead-30™ (M,, 271,000 gmol'l) and
irradiated plates of Probead-30™ with 80 and 140 MRad (having My, of 178,000 and 113,000
gmol™ respectively) were coated with high permeability coating of 1 mm thickness and cast
with 2199 alloy. The thickness of the foam plates was 10 mm. The plates were fitted with a

bottom-gated casting system, as shown in Figure 3-11.
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Figure 3-11. Pattern assembly for the bottom filled LFC with irradiated and untreated foam patterns.

68



The melting process and delivery of the molten metal to the X-ray facility proceeded as
described in section 3.3. When the desired temperature of 820 °C was reached, the molten
metal was poured into the pouring basin. The camera moved upward with the flow of the

metal filling the plate to maintain a view point at the metal/foam interface.
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4 RESULTS

4.1 Characteristics of flow in LFC

4.1.1 Real-time X-ray observation of filling of lost foam castings

To learn about the characteristics of molten 2199 Al flow in LFC, a series of
experiments were cast with different conditions to reveal such features as the width,

thickness and velocity of the flowing molten 2L.99 Al in the LFC process.

When a flat horizontal section was cast, the liquid aluminium split into two streams. It was
observed that the narrower stream had a width of about 50 mm, indicating that the design of
the fluidity test should be narrower than 50 mm to prevent flow splitting obscuring the
fluidity test results. Therefore in the LFC fluidity test the width of the foam pattern strip was

selected to be 40mm. to view the video of the foam plate filling see APPENDIX I.

Three plates were positioned vertically (see section 3.3), to determine the natural height
(thickness) of the molten metal flow. In these experiments, the filling of the foam patterns was

observed in real time X-ray, as shown in Figure 4-1.

7 seconds

Figure 4-1. The molten aluminium filling EPS plate positioned vertically coated with high permeability

coating of 0.3 mm thickness, cast at 825°C, test 3.
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The results show that there were two liquid metal streams filling the vertically positioned
foam pattern, one at the bottom of the plate, moving ahead of the molten metal front and the
other stream filling the top of the pattern. The metal stream at the bottom of the casting had a
varying height while the flow at the top of the casting had an approximately constant height of

about 100 mm.

Therefore, it was deduced that in LFC of a vertical plate, the molten metal flow often
branched at the bottom of the casting and a secondary stream could advance ahead of the
main stream with a height of between 35 to 55 mm at the bottom which obscured the
measured fluidity length. Therefore to avoid having the pattern filled by more than one layer

of molten metal stream, the thickness of the pattern should be less than 35 mm.

4.1.1.1 Laminar or turbulent flow in the LFC process?

To determine whether the metal velocity during mould filling in the LFC process would
produce laminar or turbulent flow in the bulk liquid, several EPS foam pattern strips were cast
horizontally (with 2L99 and pure Al) while observing the metal front velocity using real-time
X-ray. Casting head height and pouring temperature were varied in order to alter the
conditions in LFC and influence the velocity of the molten metal. A high pouring temperature
was deliberately selected (820°C to 890°C) to produce a high velocity of filling. The different

casting head heights were 145, 290 and 500 mm.

The velocity of molten metal was measured at three points, the beginning, middle and end of
the casting strip, from observation of the distance moved from frame to frame in the real-time
X-ray. Table 4-1 shows the Reynolds numbers calculated for different pouring temperatures

while
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Table 4-2 shows the Reynolds numbers calculated for the velocities of castings cast with a

high pouring temperature (890 °C), but with varying casting head heights.

The characteristic length, L, is required to calculate the Reynolds number and was defined to
be 4 times the cross-sectional area, divided by the wetted perimeter for the rectangular casting
channel. According to the dimensions of the casting channel (10x360%50 mm) L has a value
of 0.017 m. The dynamic fluid viscosity, pu, was taken to be 0.0012 Pa's at 800 °C and p, the

density of the liquid metal, is 2436 kg m™ [109].

In the case of 2199 alloy, the measured velocities varied from 5.1 mms™ to 13.6 mms™ while
the fluidity length varied from 165 mm to 396 mm. In the case of commercially pure
aluminium (CP Al), the velocity varied from 9.2 mms™ to 16.2 mms™ and the length of the

foam strip, 450 mm, was filled completely.

Table 4-1. The Reynolds numbers calculated for different flow velocities in the LFC process cast with
21,99 alloy and CP Al, casting head height=145 mm.

When the casting head height was 145 mm.

At the .
beginning At the middle At the end of
. Mean .
. of strip strip Fluidity
Cast Pouring of strip length
Metal | temperature (°C)
(mm)
v Re v Re Vv Re v Re
(mms™) (mms™) (mms™) (mms™)
21.99 820 13.6 553 13.5 530 12 488 12.1 491 229
21.99 820 13.5 548 9.2 374 5.5 223 9 366 165
21.99 850 9.2 376 7 285 5.1 207 8.2 333 235
CP Al 860 15.7 638 9.7 394 9.2 374 10.1 411 242
CP Al 860 16.2 658 10.1 410 9.7 394 11.3 459 263
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Table 4-2. The Reynolds numbers calculated for different flow velocities in the LFC process cast with
2199 alloy, pouring temperature =890 °C .

When the pouring temperature was 890 °C.

At the beginning At the middle
At the end of strip Mean

Head of strip of strip Fluidity length
height
(mm) 2 (mm)

\Y% © \Y% \% \%
(mms™) (mms™) Re (mms™) Re (mms™) Re
290 13.6 553 12.8 520 6.6 268 10.6 430 275
500 13.1 532 9.7 431 5.7 251 11.25 495 396

Reynolds numbers for the measured velocities varied from 207 to 553 for 2199 alloy, and
from 374 to 658 for pure aluminium. A flow is laminar when its Reynolds number is under
2,000 to 3,000, and the transition from laminar to turbulent flow is usually taken as 5%10°
[88] All of the calculated Reynolds numbers were therefore well inside the laminar flow

region, and it can be concluded that the LFC process has a laminar flow trait.

4.2 Fluidity in LFC
4.2.1 Fluidity in an empty cavity casting

To check if Fleming’s fluidity equation predicts well the fluidity of casting in an open cavity

mould, 2L.99 aluminium was cast as was described in section 3.2.

pav

The predicted fluidity length was determined using Equation 2-2, L, ETT
© 2T, -T))

I

(H +c'AT) -

Where [109];
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p= density of liquid metal, 2435 kgm->

H= latent heat of solidification, 389,000 Jkg '

¢'= the specific heat capacity, 910 Jkg' K

h= heat transfer coefficient from the liquid metal to the mould, 1800 Wm™?K™" (heat transfer

coefficient of the die mould)

a= mould cross section modulus, the ratio of the volume element to the surface element of the

casting channel calculated to be 0.00227 m.

The mean velocity of the molten metal (2L99 alloy) in the left channel of the mould was
measured to be 0.46 ms™ (three tests were carried out). According to Fleming's equation
(Equation 2-2) and assuming the heat transfer coefficient was not affected by replacing the
upper half of the mould by glass, the predicted fluidity length for the left strip should have
been 567 mm while the mean measured fluidity length for the left strip was 610 mm. The
mean velocity of the molten metal in the right channel was 0.43 ms™ which gave a predicted

fluidity length of 529 mm while the mean measured fluidity length was 520 mm.

The precision of the velocity measurement was +0.006 ms™ according to the camera speed
(60 frames per second) causing a  1.6% error in velocity measurement. The results show that
Fleming’s equation predicted the fluidity length of flowing metal accurately in the case of

open cavity casting. In the next section Fleming’s equation was tested for the case of LFC.

4.2.2 Fluidity of lost foam casting

To examine Fleming’s fluidity equation for LFC, EPS foam strips were cast with commercial
purity (CP) aluminium and aluminium 2199 alloy at 720 °C and 660 °C respectively. The

lower pouring temperature was used to ensure that the foam strip was not filled completely (a
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filled length of foam does not give a measurable fluidity length). A 0.3 mm layer of high

permeability coating was applied to the surface of the EPS foam pattern in each case.

For a foam strip with dimensions of 50x15X360 mm, the ratio of the volume to the area (a)
was calculated to be 0.00577 m. And the heat transfer coefficient from the molten metal to the

mould is taken to be 420 Wm™'K? [90].

The predicted values for the fluidity lengths obtained by Fleming’s equation can be calculated
as follows;
a) CP Aluminium, cast at 675 °C (15 K superheat)

Le 2436*0.00577*0.012
2*420* (660 - 20)

*(396000 +897*15) =0.01425m

b) CP Aluminium, cast at 670 °C (10 K superheat)

%k %k
= 2436%00057770.012 , 564600 1 897%10) = 0.01395m
2%420* (660 — 20)

¢) 2199 alloy, cast at 678 °C (15 K superheat)

| 2436%0.00577*0.01
C T 2*420% (617 - 20)

*(396000 +897*15) =0.126m

d) 2099 alloy (Al-7Si-0-4Mg), cast at 678 °C (10 K superheat)

~ 2436*0.00577%0.01
T 2% 420% (617 -20)

*(396000+897*10) = 0.125m

Each of these casting conditions (a to d) were cast twice and their fluidity lengths, mean
fluidity length and standard deviations are shown in Table 4-3. The predicted fluidity lengths

were calculated using the velocity values determined from the casting experiments observed
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by real-time X-ray in section 3.3.1. In the case of 299 alloy the actual casting temperature

measured in the pouring basin was 687 °C, and a length of 270 mm was filled in 28.8 seconds

suggesting that the mean velocity of metal flow was 0.01 ms™.

Table 4-3. Comparison between the predicted fluidity lengths by Fleming’s equation and the actual
fluidity lengths of LFC.
* The length of filled foam strip was 450 mm.

Predicted Mean Fleming’s
- Fluidity | Fluidity | easured predict
Casting | Superheat fluidity length | length e Standard fluidit
: length fluidity | deviation y
material (K) test 1 test 2 :
K (mm) length; of (mm)
(mm) (mm)
(mm)
0
15 126 191 199 195 4 35%
shorter
0
2199 10 125 216 228 222 6 43%
shorter
0
70 142 262 278 270 8 47%
shorter
More than
15 119 Filled* | Filled* Filled* Filled* 73%
CP shorter
aluminum More than
10 116 Filled* | Filled* Filled* Filled* 74%
shorter

Table 4-3 shows the fluidity lengths of the castings with commercially pure aluminium and
21.99 alloy, cast at different temperatures, and compares the predicted and measured fluidity
lengths. The measured fluidity length of the casting was significantly longer than the
predicted fluidity length. This is also shown in Figure 4-2. The difference varied from 25% to
33% of the fluidity length for 2199 alloy, and more than 140% in the case commercial purity
aluminium. The pure aluminium casting fluidity length reached a length of 450 mm while,

Fleming’s equation predicted the fluidity length to be about 120 mm.
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Figure 4-2. Comparison between the predicted fluidity lengths (by Fleming’s) and the actual casting

results.

4.2.2 Fluidity test results

To examine the effect of varying casting parameters on the fluidity of LFC, five parameters
were chosen. Casting head height was included automatically, as the model consisted of four
levels of foam strips. The other variables examined were the effect of pouring temperature,
coating thickness and coating permeability. Effect of foam type was also examined by using
low density EPS, brominated EPS and reduced My, Probead-70™. Table 10-1 to Table 10-17
in Appendix II show the results of the fluidity tests, giving the fluidity lengths of the castings
for each branch, the total and mean fluidity length and the casting front curvature with their

standard deviation. Figure 4-3 shows one example of the fluidity tests (casting D2).
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Figure 4-3. One of the fluidity tests, (casting D2)

The pouring temperatures were 680 °C and 780 °C (+ 10 °C). In the case of coating thickness,
the applied coating had nominal thicknesses of 0.3 mm and 1.3 mm, however up to = 0.1 mm
was recorded in the actual coating thickness. The values recorded in the experiments are given

in Table 10-1 to Table 10-17.

L, to L, are the fluidity lengths of the cast strips at each level of castings. R; to R4 are the radii
of the curvatures at the front tip of the cast strips, calculated by measuring the length of the
arch. The results have been summarized in Table 4-4 which shows all of the mean fluidity

lengths, and the standard deviations where the casting was repeated.
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Table 10-1 shows the results of fluidity test A1, cast at 780 °C using an EPS foam pattern and
high permeability coating of 0.3 mm. This experiment was repeated twice to check
reproducibility (see Table 10-2 and Table 10-3). Comparing these tests shows that the fluidity
was very reproducible as the standard deviation of the three tests was 5 mm. This is low

compared to the mean fluidity lengths of the tests (274 mm).

Similarly, Table 10-5 and 10-6 show results of fluidity tests cast at 780 °C, with low
permeability coating and coating thickness of 0.3 mm, (Cl1 and C2), to verify the
reproducibility of the fluidity test. It is also the case for Table 10-7 and 10-8 (D1 and D2) and

Table 10-12 and 10-13 (H1 and H2).

Figure 4-5 compares the standard deviations and the mean fluidity lengths of the fluidity tests
when the test was performed more than one time to judge reproducibility (castings A, C, D

and H).

In Figure 4-4 and Figure 4-5, the standard deviation of the fluidity tests compared with the
fluidity lengths and the mean fluidity length of the castings respectively, indicated that the
standard deviation was negligible compared to their fluidity lengths. Therefore, the fluidity

test design was reproducible and the results obtained did not show considerable scatter.
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Casting Condition

Figure 4-4. Summary of the fluidity results of casting in the different casting conditions, see Table 4.4.
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Casting Condition

Figure 4-5. Reproducibility of the fluidity test. S.D is significantly small compared to the mean Lf, see

Table 4-4.
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Casting Coating Fluidity M‘ea.n Stal'ldztrd
. . fluidity Deviation
No. of Coating temp. thickness length(s)
o Foam type length (mm)
tests permeability
o
C (mm) (mm) (mm)
784 0.33 280
3 High EPS 783 0.36 274 274 5
778 0.3* 269
1 High EPS 783 1.40 260 260 N.A
776 0.3* 195
2 Low EPS 182 17
780 0.32 170
784 1.37 215
2 Low EPS 220 7
787 1.45 226
1 High EPS 685 0.3* 201 201 N.A
1 High EPS 681 1.3 217 217 N.A
1 Low EPS 680 0.37 180 180 N.A
677 1.36 86
2 Low EPS 91 7
676 13 %6
Low My
1 High 685 0.36 192 192 N.A
Probead-
70TM
I High Brominated 683 0.28 194 194 N.A
EPS
1 High Low density 683 0.3 360 360 N.A
1 High Pr;’gfﬁd' 683 0.32 196 196 N.A

Table 4-4. Summary of the fluidity test results.
* The nominal coating thickness (according to the dilution).

4.2.3 Effect of casting head height on the fluidity of LFC

The mean and standard deviation of the fluidity lengths for the four levels of fluidity strips

(having head heights of 260, 210, 170, 110 mm) were calculated and compared for each
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fluidity test in order to establish the effect of casting head height on fluidity (see Table 4-5),
shown in Figure 4-6, also. S.D.S is the standard deviation within the fluidity lengths of the
four casting strips with the same head height, while S.D.L is the standard deviation of the

mean fluidity lengths for the 16 strips of each casting with different casting head heights.

Table 4-5. The effect of casting head height on fluidity length of LFC.

Head | Mean | SDS g p Head | i, | ss S.D.L
Casting | height f Casting | height
(mm) (mm) | (mm) (mm) (mm) (mm) (mm) (mm)
260 293 14 260 77 32
210 283 9 210 97 4
A 16 G 8
160 260 17 160 92
110 257 10 110 94 4
260 278 22 260 188 15
210 257 25 210 183 11
B 13 H 10
160 246 13 160 200 9
110 261 24 110 205 17
260 183 10 260 188 15
210 187 25 210 183 11
C 5 I 10
160 175 22 160 200 9
110 180 15 110 205 17
260 229 4 260 191 29
210 212 26 210 200 24
D 8 J 7
160 215 4 160 193 17
110 225 14 110 183 21
260 205 7 260 206 33
210 217 29 210 205 24
E 12 L 5
160 196 27 160 197 27
110 187 20 110 187 20
260 182 12
210 178 12
F 4
160 188 26
110 185 19

This shows that the fluidity lengths of the casting strips with different head heights were

similar, although there may be a weak dependence. The highest S.D.L belonged to casting A
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(16 mm), but this was smaller than the maximum standard deviation of the fluidity length of
the strips with the same head height (17 mm). In other words, head height has no strong effect

on the fluidity lengths of LFC at the values of head height investigated in this work.

For example, the mean fluidity lengths of casting strips with different head heights are shown
in Figure 4-6 for the castings made with condition A (EPS foam pattern coated with high
permeability coating of 0.3 mm and cast at 780 °C). This demonstrates that there is no clear
trend observed in the mean fluidity lengths of the casting strips with different head heights.
Figure 4-6 also indicates that the standard deviations of the fluidity lengths compared to their

mean fluidity lengths, were negligible.

Figure 4-6. The mean fluidity lengths of different levels of fluidity strips, test A.

However, Table 4-5 suggests a weak relationship between head height and fluidity length,
with the individual castings suggesting that the highest strip may give longer fluidity lengths,

eg, in casting A2, but this is not consistently the case.
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An F-test was carried out to check if the mean fluidity lengths of the cast strips with different

head heights were significantly different. The parameters calculated in this test were:

Table 4-6. The parameters calculated for an F-test to verify if the fluidity length of the cast strips with
different head heights are different.

Sg fo MSg Sw fw MSw

3496 3 1165 3050 8 381

F=MsSg /IMS,=3.05 , Fsu(3,8) = 4.06 > 3.05

Where;

Sg = Between-group sum of squares.

f, = Between-group degrees of freedom.
MSg = Between-group mean square.
Sw = Within-group sum of squares.

fw = Within-group degrees of freedom.

MSyw = Within-group mean square.

This means that the fluidity lengths of the cast strips with different casting head heights were

not significantly different at the 95% confidence level.

4.2.4 Effect of coating thickness on the fluidity of LFC

Increasing the coating thickness from 0.3 mm to 1.3 mm had different effects on fluidity at
different casting temperatures and with different coating permeability. As shown in Figure
4-7, the effect of increasing thickness from 0.3 mm to 1.3 mm, when 21.99 alloy was cast at
780 °C with a high permeability coating, was a 5% reduction (Figure 4-7a) but a 20% increase

with a low permeability coating. The effect of increasing the coating thickness from 0.3 mm
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to 1.3 mm at 680 °C was a 8% increase and a 50% reduction in the fluidity length for high and

low permeability coatings, respectively.
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Figure 4-7. The effect of increasing the coating thickness on fluidity of LFC in different casting conditions.

The effect of coating thickness on the fluidity of LFC is obscure. The fluidity of LFC was

increased with increased coating thickness only when the foam pattern was cast at a high
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temperature and coated with a low permeability coating. Increasing the thickness of a low
permeability coating (cast at 680 °C), resulted in a considerable decrease in fluidity length
(Figure 4-7d). Changing the coating thickness of a high permeability coating did not affect the

fluidity of LFC considerably (see Figure 4-7 a and c).

4.2.5 Effect of coating permeability on the fluidity of LFC

Similar to the coating thickness, the effect of coating permeability depended on casting
conditions, (see Figure 4-8). When cast at 680 °C, with the foam pattern having a thick layer
of coating (1.3 mm), decreasing the permeability of the coating decreased the fluidity length.
When cast at 780 °C, with the foam pattern having a thin layer of coating (0.3 mm), changing
the permeability of the coating from high to low reduced the fluidity length by 34%, (see
Figure 4-8a). Changing coating permeability (from high to low) had the least effect on fluidity
length (a 10% reduction) when a thin layer of coating was given to the foam pattern and it
was cast at 680 °C (see Figure 4-8b). Changing coating permeability from high to low affected
fluidity length the most when it was cast at 680 °C and the foam pattern was coated with thick

layer of coating.

Hence, it can be concluded that coating permeability affected the fluidity length more when
the coating was thicker. In addition, in contrast to the coating thickness, changing the coating

permeability affected the fluidity of LFC at both casting temperatures (680 and 780 °C).
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Figure 4-8. Effect of reducing the permeability of the coating on fluidity of LFC in different casting

conditions.
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4.2.6 Effect of casting temperature on the fluidity of LFC

Casting temperature, or in other words superheat, affects the fluidity of pure metals and alloys
as was discussed in section 2.7. In the case of LFC, changes in casting temperature affect
fluidity as it affects the decomposition of the foam pattern, and also other parameters similar
to the conventional casting process (such as heat transfer to the mould and solidification). It

was claimed that the role of pouring temperature on fluidity of LFC is not very clear [10].

In three of the four casting conditions, shown in Figure 4-9, reducing the pouring temperature
reduced the fluidity length. A 58% reduction in fluidity length was recorded when reducing
the pouring temperature from 780 °C to 680 °C with a pattern coating of 1.3 mm of low
permeability coating, shown in Figure 4-9d. In contrast, a casting with a low permeability

coating of 0.3 mm was indifferent to the change in the casting temperature, (see Figure 4-9b).
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Figure 4-9. Effect of the pouring temperature on fluidity of LFC (reduced from 780 °C to 680 °C) in

different casting conditions.
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4.2.7 Effect of foam pattern type on fluidity

Figure 4-10 shows that the fluidity of LFC did not depend on the molecular weight of the
foam pattern. Strips of Probead-70™ were exposed to y-radiation which reduced their

My, to 71,000 gmol™. A fluidity test was then made using the irradiated foams and cast at
680 °C when the foams were coated with a high permeability coating of 0.3 mm thickness.
Results of the fluidity test were compared with the casting of an untreated Probead-70™
foam pattern of 320,000 gmol'1 M,,. This shows that the Mw of the foam pattern did not

affect the fluidity length of LFC.

It is also demonstrated that using brominated foam pattern instead of conventional EPS
did not affect the fluidity of LFC significantly. However combustion of the brominated
foam pattern may be easier than untreated ones which lead to production of higher quality

castings but it has not affected the fluidity length (see Figure 4-10b).

Using low density EPS (16 kgm™) increased the fluidity of LFC considerably. As the
length of the foam pattern strips in the fluidity test was 360 mm and they were filled
completely, the increase in the fluidity length of LFC due to using a low density foam was

more than 80%, as shown in Figure 4-10a.
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Figure 4-10. Effect of using different foam patterns (instead of conventional EPS) on fluidity of LFC.

4.3 Cooling curves measured in the fluidity tests

As was mentioned before, some of the fluidity tests (castings D2, H2 and J) were carried out
with thermocouples inserted to determine the position of the liquid metal front, its velocity
and the reduction in temperature of the liquid metal during filling of the foam pattern to help

interpret the fluidity behaviour, (as shown in Figure 4-11).
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Figure 4-11. Cooling curves of different points of casting H2.

The thermocouples were inserted at points 1, 4, 6, 7, 10, 11, 12, 13, 14 and 16 (see Figure
3-8). Figure 4-12 to Figure 4-16, show part of the cooling curves of the cast alloy (2L99) at

these different points of the casting.

Figure 4-12. Comparison between the cooling curves of the points in the fluidity strips and the downsprue
for casting H2.

Figure 4-12 shows that point 4 (located at the bottom of the downsprue) solidified after all of

the points in the fluidity strips, (its cooling curve is above the cooling curves of the other
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points). This is also the case for casting D2, as shown in Figure 4-13. The latest point to
solidify in the fluidity strips solidified earlier than the earliest point to solidify at the
downsprue and, therefore, it can be concluded that the metal in the fluidity strips solidified

before the downsprue.

Figure 4-13. Comparison between the cooling curves of the points located in the downsprue and the points
located in the fluidity strips.

The cooling curves of points 12, 13, 14, 16 located in the bottom fluidity strip of casting H2
are shown in Figure 4-14. This indicates that the closer the point was to the beginning of the
fluidity strip the longer it took to solidify. Point 16 (70 mm from the beginning of the strip)
was the first point to solidify while the last point to solidify was point 12 located just 10 mm
from the beginning of the fluidity strip. This is also the case for the upper fluidity strips
shown in Figure 4-15, point 7 (40 mm from the beginning of the strip) solidified before point

6 (30 mm from the beginning of the strip).
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Figure 4-14. Cooling curves of points 6 and 7 located at the top fluidity strip of casting H2.

Tem perature t:':' C)

j30 = T 1 T 1
50 100 150 200 250

Time (Sec.)

Figure 4-15. Comparison between the solidification behaviour of the points in the top fluidity strips of

casting D2.

This is also confirmed by the cooling curves of the points located in the same fluidity strip of

casting D2 and J.
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To compare the solidification behaviour and cooling curves of different branches and
downsprue in casting H2, the temperature at one point in each fluidity strip (at 40 mm
distance from the downsprue) was determined and their recorded temperatures were plotted

against time and compared in Figure 4-16.

Figure 4-16. Cooling curves of different points with different casting head heights (casting H2).
This shows that the fluidity strips with different casting head heights solidified with no
particular order; in other words, the solidification behaviour in the LFC was irrespective of

the pouring head height.

Therefore, it can be concluded that solidification occurs at the tip of the molten metal flow at

the metal/foam interface in LFC.

Data from these cooling curves were also analysed to determine the coherency temperature,
cooling rate, coherency point, flow time, velocity of molten metal and the thickness of the

metal-pattern gap.
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4.3.1 Coherency point

As was described in section 2.7.1, once the molten metal reaches a certain temperature the
volume fraction of solid is such as to cause the individual dendrites to interlock with their
neighbours [76]. The liquid metal stops flowing when the liquid metal stream tip reached its
coherency point. Therefore, in order to find the temperature at which the metal flow stops the
coherency point of the casting should be determined. It was also reported by Veldman et al.
[81]that for a certain alloy, the coherency point depends on the cooling rate during
solidification. The cooling rate at different points of fluidity test H2 was calculated from the

data obtained from the thermocouples inserted in the foam pattern strips.

4.3.2 Estimated cooling rate for the different points of the fluidity test in casting
H2

Cooling rates at points 4, 6, 10, 11, 13, 14 and 16, located at different levels of the casting and

within the downsprue, were calculated from the temperature at each point (recorded four

times per second) of casting H2 (cast at 680 °C with a low permeability coating of 1.3 mm

thickness), (see Table 4-7).

Table 4-7. Cooling rates of different points of casting H2.

Point Located at Cooling rate (Ks™) | Mean cooling rate (Ks™
6 0.59
10 Top branches 0.65 0.6
11 0.56
13 0.94
14 | Bottom branches 0.73 0.74
16 0.7
4 Downsprue 0.36 0.36
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The mean cooling rate of the fluidity strips was close to 0.7 Ks™ which suggested the fraction

of solid for coherency in 21.99 alloy to be around 0.22 [81].

4.3.2.1 Calculating the coherency point temperature (T.)

The temperature at which the coherency point is was reached calculated using the Scheil

equations (assuming equilibrium conditions and no diffusion in solid respectively).

The Scheil equation assumes conditions of no diffusion in the solid but complete diffusion in

the liquid phase [110].

xg =kx,(1— )% And x, = x,f, "

Equation 4-1

Where;

X¢ = percentage of Si in 2199 alloy (7%)

xs = percentage of Si in solid at the coherency point
X = percentage of Si in liquid at the coherency point
k = the partition coefficient

f = the volume fraction of solid or liquid.

And;
=)
T —T. |\*!
f,=1-| *—= Equation 4-2
Tm - T}iq

Where Ty, is the melting point of pure Al and Tiq is the liquidus temperature of the alloy,

(617°C) [109].
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Given;
k=0.13 [111] and f, =0.22;
xs =1.12% Siand x, =8.8% Si (approximately similar to the equilibrium condition).

Using Equation 4-2 to calculate T.:

1
000 -1 800-T. =
660-617

_1.1m — 660—T, N 1.1m — 660—T,

660—617 660—617
Then T.=606°C .

Therefore 606 °C was considered to be the temperature at which the flow of liquid metal stops

(T¢) due to reaching the coherency point.

4.3.2.2. Flow time

The time interval for the molten metal flow to reach a point at which the temperature at that
point is reduced to the coherency temperature is considered to be the flow time, the time

interval within which the molten metal is flowing.

Table 4-8 shows when the temperature at different points of the fluidity strips reached T,
(606°C) for casting H2 and demonstrates that solidification began in the fluidity strips before
the downsprue, as the point located in the downsprue at the bottom (point 4) reached its T,

temperature later than the points located in the fluidity strips.
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Table 4-8. Temperature of different points of casting H2 reached the coherency temperature.

Point 4 |6 |10|11 | 12 | 13 | 14

Time (s) | 109 | 52 |49 | 53 | 54.2 | 52.2 | 47.6

There was also no priority observed for solidification in the different casting strips at different
head heights. Solidification occurred in the branches randomly regardless of the head height
of the fluidity strips, as points 6, 10, 11 and 14 (located in the fourth, third, second and the
first level of the casting respectively) reached temperature T, with no order observed. This is
to be expected, as it was shown in section 4.2.3 that the average fluidity lengths of the strips

with different head heights were approximately the same.

These results also show that the molten metal starts to solidify at the flow tip rather than the
entrance of the branches. Because point 14 reaches temperature T, earlier than point 13 and
point 13 reaches temperature T, earlier than point 12, on the same fluidity strip (see Table
4-8), it 1s demonstrated that the liquid metal solidified sooner in the points located closer to

the downsprue.

The temperature recorded at point 17 shows that this point never reached a temperature above
606 °C, but the casting result showed that the metal stream tip just reached this point. The
maximum temperature reached at this point was 603 °C at 46 sec; at this time the temperature

of point 12 (just at the entrance of the channel) was 611 °C.

4.3.2.3. Velocity of the molten metal

The recorded temperatures for the different points located on the same casting strip of casting
H2 were analysed to measure the velocity of the liquid metal front. A sudden rise in the

temperature of points with inserted thermocouples was recorded and this rise was assumed to
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correspond to the moment when the molten metal reached the thermocouple tip. For example,
this temperature was reported to be 619 °C for point 14, see Figure 4-17. The velocity of the
flow tip between different thermocouple points in the casting branches was used to estimate
the liquid metal velocity at which this temperature (T, or greater) was reached between two
adjacent thermocouples (ignoring the effect of any temperature loss between thermocouples

because they are just 15 mm apart). The velocity at the beginning of the casting channel was

about 15 mms ™' (at a point 15 mm from the downsprue), in the middle of the channel it was

reduced to 6 mms ', and just before the coherency of the molten 299 a value of 34 mms ™'

was determined. The mean velocity of the liquid metal throughout the casting channel was

therefore about 5.7 mms .

4.3.2.4. The thickness of the metal/foam interface

Once the liquid metal entered the mould, heat from the liquid metal caused a collapse in the
foam pattern at about 110-120 °C [57]. According to the literature the temperature of a boiling
polystyrene foam mixed with air released from the foam degradation process can increase to
more than 400 °C [34, 47]. The temperatures recorded by the thermocouples showed a sudden
increase from about 120 °C to about 620 °C. As was mentioned, this sudden increase is likely
to correspond to the moment at which the liquid metal reached the thermocouple. For

example, the temperature is plotted against time for point 14 in Figure 4-17.
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Figure 4-17. The molten metal reached point 14 located at the first level of fluidity strips, cause a sudden
increase in the recorded temperature, casting H2.

Figure 4-18. Schematic position of point 14, A) Position of point 14 at time A, B) Position of point 14 at
time B, see Figure 4-17.

The time interval from A to B was assumed to be the time interval in which the interfacial gap
reached point 14 (point A in Figure 4-18) followed by the liquid metal reaching this point,
(point B in Figure 4-18), just over a second later, corresponding to point B in Figure 4-17.
This time interval (tg) is the time required for the metal flow front to travel the gap length (the
gap moves ahead of the molten metal flow but this time interval is the time needed for the

metal flow to traverse that length).

The velocity of the molten metal between points 12, 13, 14 and 15 was about 15, 6.2 and 4.6

mms”', respectively and t, at these points was calculated to be 0.5, 1.1 and 0.8 seconds.

Since,
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l,=t,xV, Equation 4-3

Where l; and V44 are the length of the gap between the flowing liquid metal and the foam
pattern and the velocity of the liquid metal respectively. This gives the length of the gap zone
between points 12, 13, 14 and 15 to be 6, 5 and 3 mm, respectively, i.e., the gap length

decreases as the metal flow proceeds and decrease its temperature, as is to be expected.

4.3.2.5. Time of freezing

The fluidity length of the branch with inserted thermocouples was 95 mm (in casting H2) and

the measured metal velocity was 6 mms ' . Therefore, the freezing time of the molten metal

was calculated to be 15 seconds.

Casting J was cast at 680 °C using a brominated EPS foam pattern coated with low
permeability coating of 0.3 mm thickness. Table 4-9 shows that the mean cooling rate of the
fluidity strips was close to 0.7 Ks™ which gave a value of 0.22 for the coherency fraction of
solid, similar to casting H2 [81] (see Table 4-7). It also indicated that the coherency
temperature (T.) calculated for casting H2 was still valid for this casting (606 °C) despite the

fact that a different foam type was used.
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Table 4-9. Cooling rates of different points of casting I.

Point Located in Cooling rate (Ks™) | Mean cooling rate (Ks™)
6 0.69
Top branch 0.66
7 0.63
12 0.61
13 0.65
Bottom branch 0.64
15 0.67
16 0.67

Table 4-10 shows when the temperature at different points of the fluidity strips reached T,

(606 °C) for casting J.

Table 4-10. Temperature of different points of casting J reached the coherency temperature.

Point 6 7 12 13 15 16

Time (s) | 423 | 38 | 242 | 23.6 | 17.5 | 16.5

Table 4-10 also confirms that point 16 was the first point to solidify, as the molten metal
reached temperature of 606° C (coherency temperature) at 16.5 s (from the time the molten

metal entering the cast strip).

The velocity at the beginning of the fluidity strip was about 17 mms ' (from point 12 to 13).
1

Further into the strip, it was reduced to 5 mms ' (point 13 to15) and a value of 3-4 mms~

was determined (between points 15 and 16). The mean velocity of liquid metal throughout the

casting channel was therefore about 6.26 mms ' (from point 12 to 16).
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4.3.3.6  Thermocouple displacement

To check if the thermocouples recorded the liquid metal temperature precisely, and that the
recorded temperatures were from the centre of the fluidity strips, the solidified casting strips
were observed by X-ray to determine any displacement of the thermocouple tip due to the
liquid metal flow. Figure 4-19 and Figure 4-20 show the filled casting strips with
thermocouples for casting H2 (cast at 680 °C using EPS foam pattern with low permeability

coating of 1.3 mm.

None of the thermocouples were displaced horizontally while points 12, 13, 14, 15 and 16 (on
the first level from the bottom) were 1, 0.6, 0.8, 0.6 and 1.4 mm away from the vertical axis of
the casting strip, respectively. Points 10 and 11 (on the third and second level from the bottom
respectively) were 0.8 and 0.5 mm away from the vertical axis of the cast strip. In the fourth
casting strip (with the least head height), Point 6 was not displaced in any direction and point

7 was displaced 1.3 mm from the vertical axis of the fluidity strip.
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Figure 4-19. X-ray images taken from the fluidity strip of casting H2, inserted with thermocouples.

Figure 4-20. X-ray images taken from the fluidity strip of casting D2, inserted with thermocouples.

In casting D2, point 15 was displaced by 1.9 and 0.7 mm horizontally and vertically

respectively. Point 11 was 0.8 mm away from the vertical axis of the fluidity strip.

It can be concluded that, despite the slight displacement of the thermocouples on some
occasions, the recorded temperatures should be representative of the temperature of the points

at the centreline of the fluidity strips.
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4.4 Thermogravimetric analysis of EPS decomposition

Figure 4-21 depicts the temperature-dependent mass change of an EPS sample with a heating
rate of 10 Kmin™. The spectrometry result reported a mass number of 28 and 14. At 107 °C a
mass loss step was observed which probably corresponded to the release of N, trapped in the
foam beads. At about 107 °C a release of a small amount of cubane was reported (CgHg)
which reduced the mass of the foam by 0.73%. A second peak was observed to correspond to
the release of butane gas (C4Hjo) at about 403 °C. This caused a 99.42% reduction in the foam

mass; or in other words, the foam was decomposed completely at about 425 °C [106].
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Figure 4-21. Temperature-dependent mass change (TG) and rate of mass change (dashed line) for the EPS
foam sample.

Figure 4-21 also shows that there was no significant reduction reported in the mass of the
foam until a temperature of about 310 °C. According to the literature [57], up to this
temperature the foam decomposition occurs by collapse, and releases gas and produces liquid

residue from the EPS. Therefore, it can be concluded that the formation of the liquid polymer

106



does not change the mass of the foam pattern during the LFC process, until a considerable
amount of foam is converted to the gaseous byproducts, and this only occurs above a
temperature of 310 °C. This temperature would be reached at the region close to the metal
front in the metal/foam interface (see Figure 2-7) [63]. This is in agreement with the literature,
which suggested that most of the foam vaporization starts at temperatures above 300 °C and
liquid byproducts form a significant distance from the molten metal front and survive for

periods of seconds at lower temperatures, compared to the gaseous byproducts [34].
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4.5 Mathematical modelling of molten metal flow in LFC

4.5.1 Basis of the model
A model was derived based on an analysis of the heat loss in LFC, taking into account the
heat loss from the molten metal to decompose the foam pattern and lateral heat transfer in the
strip through the coating to the mould. Figure 4-22 shows the heat transfer to the mould and to

the foam pattern from the molten metal stream schematically.

h2 foam

Figure 4-22. Heat transfer to the mould and to the foam from the molten metal is shown schematically.

The heat transferred to the mould is governed by the heat transfer coefficient h; . The heat
transfer to the foam pattern can be split into two parts. Firstly, heat transfer increases the foam
temperature from room temperature to the collapse temperature (about 117 °C [55]).
Secondly, the heat transfer rate from the molten metal to the foam pattern is h, which causes
degradation of the collapsed foam. A mean rate of the interfacial heat transfer can be
estimated from the mass of the decomposing foam, which is determined by the product of the
foam density, the fluidity length and the fluidity channel surface area. On the other side of the
heat balance, the heat loss from the molten metal depends on the mass of the metal that filled
the cast strip which is the product of the liquid metal density, the fluidity length and the

fluidity channel surface area.
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Hence, equating the heat loss from the molten metal to the heat absorbed by the foam pattern
and the mould should result in an equation including the fluidity length. Solving the equation

for the fluidity length, a fluidity equation may be derived.

4.5.2 Data to develop the flow equation
The fluidity equation requires data obtained from the thermocouples inserted in the cast strips
of the fluidity tests, the data to estimate the heat transfer coefficients, estimates of the size of
the gap between the metal flow and the foam pattern, and finally data to test the fluidity

equation such as metal flow velocity.

As was stated in previous section, cooling curves of the horizontally cast strips in the fluidity
tests were measured for different test conditions. The temperature at which the metal flow
stops was assumed to be the coherency point (see section 4.3.1), which was also shown to be
dependent on the cooling rate of the casting, for a particular alloy [81]. Table 4-7 shows the
calculated cooling rates at different points in casting H2 which led to the calculation of the
coherency point to be about 0.22. The coherency temperature of casting H2 was calculated to
be 606 °C in section 4.3.1. Therefore, the flow times (the time interval in which the flowing
molten metal tip reaches the coherency temperature) at different points of casting H2 within

the fluidity strip are shown in Table 4-8.

The velocity of the molten metal was found to varry from 15 to 3 mms™ while the thickness
of the metal/foam interface (gap zone) reduced from 6 to 1 mm within the length of the
fluidity strip (located at the bottom of casting H2, see sections 4.3.2.4). The mean velocity of
the molten metal and the thickness of the metal/foam interface for the bottom fluidity strip of
casting H2 were estimated to be 5.7 mms™ and 1.5 mm respectively, with the mean values

obtained from 95 mm of the casting strip length. Therefore the time of freezing, according to
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the fluidity length of the casting strip and the velocity of molten metal determined from the

thermocouples, was calculated to be 15 seconds (t; = Ly X V).

Table 4-11. Parameters calculated for casting H2 to use in modelling of the flow.

The Mean The Mean
Coherency Point Velocity Velocit Gap Gap Time of Freezing (s)
Temperature (°C) (mms™) 'Y | Length(mm) Length g
(mms™)
(mm)
606 15-3 5.7 6-1 1.5 15
16 l
a =—@== Gap
14 '6. Length
12 4
T ~ 10 ‘e
£ o << @<+ Velocity
= E 8 - .. of Molten
g = Metal
338 6 e
a O e .
T Q °e
o > 4 - teeen.,, .
e
2 1 ——e
—0
0 T 1
0 5 10 15

Time (Sec.)

Figure 4-23. The velocity of the molten metal and the length of the metal/foam interface for the bottom

fluidity strip of casting H2.

Figure 4-23shows the change in velocity of the molten metal and the size of the gap between

the flowing metal and the foam pattern for the bottom fluidity strip of casting H2. Although

the metal flow entered the casting strip with a high velocity, this was reduced to 3 mms™ just

before flow stopped. This is also the case for the gap between the liquid metal and the foam

pattern; however, the reduction in the latter was more rapid, presumably because a thermal

equilibrium was quickly reached as the molten metal filled the strip (see section 4.3.2.4).
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4.5.3 Fleming, Ajdar et al. and Pan-Liao equations for LFC
The fluidity length (Ly) is the product of the velocity of the flowing metal and the time taken

for the flow to stop, i.e., the fluidity length is given by;
Ly =V Xt Equation 4-4

Where V is the mean velocity of the flowing metal, and tf is the time to reach the coherency
point for the advancing liquid metal front. It was also denoted as the time of freezing in

section 4.3.2.5 for casting H2.

Some other fluidity models, discussed in section 2.7.2, were evaluated to determine how they
predicted the fluidity length of LFC. Table 4-12 shows the results and compares actual and
predicted fluidity lengths of LFC. The fluidity tests against which these models were
compared, was cast at 620 °C and used EPS foam pattern coated with 0.3 mm of high

permeability coating.

These strip castings were carried out, and measured fluidity lengths varied within 10 mm. The
fluidity lengths were 193, 199 and 222 mm; the mean pouring temperature and mean fluidity
length were T,y = 620.3 °C and Ly ,, = 204.6 mm respectively. The superheat for the castings
was deliberately selected to be extremely low in order to provide a partially filled casting to

make a comparison with the predicted lengths.

The casting properties of 21.99 and the casting conditions used were as follows [109];

p=2436 kg/m’ Ty=617°C, T¢=20 °C
H =389000 J/kg (latent heat of solidification)
CL=2897 J/kg (specific heat capacity)

h =200Wm ™K' (for the LFC process, see section 2.8.2)
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a=0.00577 m (calculated by the ratio of the volume to the area)

V =0.011 ms” (measured by real time X-ray observation obtained as described in section

3.3.1)
AT =3 °C (620 °C was the mean pouring temperature)

Hg = heat of the degradation of the EPS foam pattern 1,350,000 J/kg (see section 2.3)
pp =27 kgm™ (measured)
1. Fleming model (Equation 2-2)

p.av

Lf
2T, —T;)

1l

(H +c'AT)

; _2436*0.00577*0.011
7 2%200%(617-20)

*(389000+897*3)=0.25m

2. Ajdar et al. model (Equation 2-5)

AT ppHE

L, C22,p,°
Therefore,

. 897*%2.2%0.015*2436%*3
4 27 *1350000

=0.006m

3. Pan and Liao model (Equation 2-7)

aVv H H
L= P oar P
L 2h (T, -T,) 2 p
* * *
- 2436*0.0057*0011, oo, 1 389000 _1350000%27, .\
2%200* (617 — 20) 2 2436
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The same foam pattern (EPS) was also filled with commercially pure aluminium and a length
of 360 mm was filled completely. The results of prediction of the fluidity length for the case

of CP Al are also presented in Table 4-12 when the casting conditions were as follow [109];
Tm= 660 °C

V=0.013 ms” (measured in real x-ray time)

H = 396000 Jkg™ (latent heat of solidification)

c'=897 Jkg'1 (specific heat capacity)

Pouring temperature (T,) = 670 °C

Table 4-12. Comparison between actual fluidity length and the predicted length by different fluidity

models.
) Ajdar et al. Pan-Liao Actual Fluidit
Fleming Model (m) leodel (m) Model (m) length (m) !
21.99 alloy 0.25 0.006 0.12 0.20
Error 25% 97% 40% --
CP Al 0.28 0.021 0.14 --
Error > 23% > 94% >61% --

This shows that the Fleming model predicted the fluidity length with about a 25% difference
to the actual fluidity length, although the Fleming equation is for an open cavity casting and
does not take into account any effect associated with LFC. The other two models (by Ajdar et
al. [11] and Pan and Liao models [85]) predicted the fluidity length of LFC poorly despite
their consideration for a foam pattern. This suggests that the principal heat transfer
mechanism in Fleming’s simple fluidity model of heat loss to the mould, may be the

significant factor in LFC also.
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4.5.4 Heat of foam degradation and the heat transfer coefficient of the liquid
metal-foam interface
The heat necessary for foam pattern degradation is the sum of the heat required to increase the

foam temperature from room temperature to the collapse temperature (117°C [55]), the heat
required for the collapsed foam to turn into a liquid viscous residue, and finally the heat of
vaporisation which vaporises the liquid globules of PS to gaseous byproducts, a total of

1350 Jg~1 [34].

It can be assumed that the rate of heat loss from the molten metal to the foam pattern (q) in
the fluidity strip is related to the volume of the foam decomposed (i.e. the volume replaced
with metal in the fluidity length), which equals the cross-sectional area of the fluidity strip

multiplied by the fluidity length. In the case of the bottom fluidity strip of casting H2 this is;
Volume of decomposed foam = Ly X wxt=95X%10x40=38,000 mm’
Where w and t are the width and thickness of the casting channel (m).

All of the heat consumed to decompose this volume of foam passed through the metal/foam
interface with the governing heat transfer coefficient of h,. The rate of heat transfer per time

(q) through this interface can be written as;
q=A4 hy(T, —T,) Equation 4-5

Where A is the area of the metal/foam interface, T, and T, are the temperatures of the

environments at both sides of the interface;

T, = the mean temperature of the flow front of the liquid metal.

T, = the temperature of the collapsed foam (117 °C).

114



The mean temperature of the metal flow tip for casting H2 was recorded by a series of

thermocouples to be about 614 °C (see section 4.3). The metal/foam interface for the fluidity

strips was assumed to be plane (width X thickness) with an area of 400 mm* .
The heat of degradation, H, can also be written as;

Qf =HxM Equation 4-6
Where;

Qf = Energy required to decompose the volume of foam consumed.

M = Mass of consumed foam (the mass of foam replaced by the liquid metal in the fluidity

length);
and M = Volume X density of foam = LixwXtXpr =95x10Xx40x 27X 10°=1.08 g
Where py is the density of the foam pattern (27 kgm™).

As was stated earlier in this section, to decompose 1 gram of polystyrene, 1350 J energy is
required (H=1350 Jg™"); hence, for the bottom fluidity strip of casting H2, the heat taken from

the molten metal to decompose the foam pattern is calculated to be;

Qf= 1.08 x 1350=1458J

Having the value for the time of freezing (15 seconds) for the bottom fluidity strip of casting
H2 (derived from the cooling curves, see section 4.3.2.5), the mean rate of heat flow passing

through the metal/foam interface is calculated to be;

_Qf/ _
q= /tf—97.2w
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Therefore the heat flux through the metal/foam interface is estimated to be;
9/ =972/ (4x10™*) =243,000 Wm

Inserting in Equation 4-5;

9/, = 243,000 = h, (614 — 117)

Therefore a mean heat transfer coefficient for the metal/foam interface can be determined to

be 485 Wm>K..

4.5.5 The heat transfer coefficient from the metal to the mould

The parameters to be used in this section are defined below [109];

Q = Heat from the liquid metal (J).

q = Rate of heat flow = Q/tf (W).

A, = Surface area of the fluidity channel (m?).

A, = Surface area of the metal/foam interface (m?).
h, - Heat transfer coefficient from the molten metal to the mould (Wm™2K™).

h, = Heat transfer coefficient from the molten metal to the foam pattern (Wm™ K™).
Cy= Specific heat capacity of the foam pattern, (Jkg"' K™') = 1500 Jkg 'K~
Ca= Specific heat capacity of the alloy (Jkg 'K ') =910 Jkg 'K

m¢- Mass of degraded foam in the fluidity length of the fluidity strip

my = Mass of solidified aluminium along the fluidity length
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H = Latent heat of solidification (for Al, H= 389000 J/kg)
T, = Pouring temperature (686 °C for casting H2)

Tg = The coherency temperature at which the metal flow stops (606 °C for 2199 alloy,

calculated in 4.3.1).

T, = Room temperature (17 °C)

Tr. = Temperature at which foam collapses (117°C ) (see section 2.3)
Timo = Mould temperature (17 °C)

Tmr = Metal front temperature (617 °C, measured from cooling curves of casting H2 on

average)

g, rate of heat flow to the surrounding mould and the foam pattern from the molten metal,
which consists of g, (rate of heat transfer to the mould), g, (rate of heat transfer to the foam
to increase foam temperature to the collapse temperature) and g3, (rate of heat transfer to the

collapsed foam to cause decomposition).

q1 = Alhl (Tp - Tmo) Equation 4-7

q2 = Azh; (Tmf - ch) Equation 4-8

Cfmf(TfC_TT)

7 Equation 4-9

qs =

q=¢q11t4qtqs3 Equation 4-10
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q, (Q/ts), is also the rate of heat loss from the molten metal from the moment of pouring until
after the metal flow stopped. It consists of the heat lost in reducing the temperature from the
pouring temperature to the coherency point temperature and the latent heat lost due to
solidification of 0.22% of the metal (to reach the coherency point). Therefore;

h
Car XMy, X(Tp _Tﬁv)+HXmaz < £

q= Equation 4-11
Ly

To calculate the mass of metal in the fluidity length and the mass of foam degraded in the
casting process (m, and my respectively), A; (the surface area of the fluidity length) is

required to calculate, as shown in Figure 4-24.

Figure 4-24. A schematic of the fluidity strip, the surface area of the casting channel is a function of the
fluidity length (Ly).

For casting H2, of fluidity length 95mm;

A= 95x10x2+95%x40%2=10,000 mm*=0.01 m°

And the surface area of the metal/foam interface;

A>,=400 x10°° m?

Hence Equation 4-11 becomes;

118



910X 0.12 X (677—606) + 389000 X 0.12 X 0.22
q=" ( ) L_2niw

And, Equation 4-10 can be written as;

1500%1.08x1073x(117—-17)
15

q=0.01 xh; x(677 — 17) + 400x107° x485x (617 — 117) +

=6.6h, + 108

Equating this to the heat loss from the molten metal (1211 W) gives a mean value for the heat

transfer coefficient of the metal/mould interface, h;, to be about 170 Wm2K".

It has to be noted that the heat transfer coefficient at the metal/mould interface (h;) is more
complex to determine in the LFC process due to the existence of the refractory coating and
entrapment and vaporization of liquid viscous residue into the refractory coating. Globules of
liquid EPS absorbed by the coating should change the heat transfer coefficient of metal to the

mould.

4.5.6 The fluidity equation
Having derived heat transfer coefficients h; and h, from temperature measurements in specific

castings, these applied to create a fluidity equation for LLFC.

Substituting Equation 4-7, 4-8 and 4-9 in Equation 4-10, the time of freezing can be written as;

_ calxma,x(T —Tﬁ)—cfmf(Tc—Tr)+H><mal><fSCOh

— p

t
! Alhl(Tp_Tmo)+A2h2(Tmf_ch)

Equation 4-12
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Furthermore, Equation 4-4 stated that the fluidity length is a function of the velocity of the
molten metal and time of freezing. A; (the surface area of the casting channel along the
fluidity length), is a function of the fluidity length (see Figure 4-24). In addition, m,; and my
are functions of the fluidity length as they are the mass of aluminium and foam consumed in

the fluidity length, respectively. Then;

Ay =PlLf

My = Lf Ay po

mg = Lg A, py

Where P is the perimeter of the casting channel.

Replacing these parameters in Equation 4-12 and solving for the fluidity length, gives;

VX Ale,xp, X(Tp _Tﬁ)_cfpf(ch _z»)+pralesCOh]_A2h2(Tmf -T,)

Lf
Pxh(T,~T,)

Equation 4-13

All of the parameters used in Equation 4-13 are feasible to measure or to calculate, except for
the temperature of the molten metal tip. However the term associated with this value,
Azhy (Tong — Tfe), is small compared to the rest of the numerator in Equation 4-13 and the
fluidity length should not be very sensitive to changes in this parameter. As long as the only
parameter which can change the temperature of the metal flow is the pouring temperature,
which does not change more than 100-200 °C, it is suggested to replace the temperature of the

metal flow tip with a constant value such as the liquidus temperature of the alloy (617 °C).
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Equation 4-12 can be tested with casting D2 of fluidity length 225 mm, (the bottom fluidity

strip);

hy ~170Wm K™

hy ~ 485Wm™*K ™",

A;=225 x 10 x 2+ 225 x 40 x 2=29,600 mm*=0.0225 m"
Ay=400 x107° m?

T,=787°C

my=225x 10x40x 107 x2436=0.218 kg

me=225x10x40x 10~ x27=0.0024 kg

Equation 4-12 gives a value of 17.8 seconds for the time of freezing for casting D2 which is in
agreement with the time of freezing measured by the data acquired from thermocouples

inserted in the fluidity strip, 19 seconds (a difference of 6%).

4.5.7 Effect of coating permeability on the flow behaviour of LFC
To learn more about the effect of coating permeability on the fluidity length, velocity of
molten metal, thickness of the gap zone and the heat transfer coefficients from the molten
metal to the foam pattern and mould, the cooling curves of different points in a casting with
two fluidity strips, one coated with low permeability coating and the other with high
permeability coating, were obtained and the results are shown in Table 4-13. The estimation
of mean heat transfer coefficients was carried out in a similar way to the procedure developed

in section 4.4.6 and 4.4.7.
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Table 4-13. Comparison between the flow behaviour of LFC coated with high and low permeability

coatings.

Coating V mean Mean I, 2er1 20,1
Permeability L¢ (mm) (mms'l) tr () (mm) hy (Wm™K™) | hy (Wm™K™)
High 240 8.8 34 1.3 60 515
Low 155 5 31 1.8 70 365

As was expected, the fluidity length of the casting with high permeability coating was higher
than that with the low permeability coating. This also shows that the velocity of molten metal
and the time of freezing are slightly higher when a high permeability coating is used.
However it was found that the thickness of the metal/foam interface was not greatly changed,
(the error in the measurement of the latter was + 0.5 mm, with a rate of temperature recording

(10 times per seconds) and the velocity of molten metal obtained.

The heat transfer coefficient from the molten metal to the mould (h;) was similar in the case
of casting with high and low permeability coatings, but the heat transfer coefficient from the
molten metal to the foam pattern (h,) was markedly higher when the foam was coated with a
high permeability coating. This is probably because the decomposition byproducts were
removed from the metal/foam interface through the coating and this provides a higher rate of
heat transfer from the molten metal, due to a reduction in the thickness through which the heat
is transferred. A 0.5 mm reduction in the metal/foam interface (38% of 1.3 mm) causes a 38%
increase in the heat transfer coefficient (see Equation 2-11). A 38% increase in the heat
transfer coefficient in the casting with the low permeability coating (365 Wm™K™") suggests a
heat transfer coefficient for the casting with a high permeability coating of 505 Wm K

which is reasonably close to the measured value (515 Wm™2K™).

It should be noted that the value of these heat transfer coefficients are not comparable with the
results of the fluidity tests, as they were carried out with different conditions (different
assembly, coating thickness and the pouring temperature, see section 3.4.2), purely to provide

a comparison between two different permeability coatings.
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4.6 Effect of y-irradiation on PS-PMMA copolymer foam pattern
material for Lost Foam casting

4.6.1 Gel Permeation Chromatography (GPC) and the Polystyrene Equivalent
The wetting and wicking theory cited in section 2.4 explains how globules of liquid
polystyrene degradation byproducts can become trapped against the coating surface in LFC.
In addition, the critical M,, of degradation byproducts to wet and wick into the coating was
measured by Davies [21]. The GPC technique applied for this analysis used polystyrene
calibrants and therefore all of the results are expressed as “polystyrene equivalent” molecular
weight, and there might be significant differences between these “polystyrene equivalents”

and the true molecular weights of the samples [108].

The first concern is the solvent/column used to measure the M,, of polystyrene samples by
Davies [21], which was carried out in 2007 and might now have a different behaviour from
the solvent/column used to measure the My, of the foam pattern in this work. Therefore the
M,, of samples of conventional EPS were remeasured using the GPC technique. The
measured M, of foam samples (EPS) had a value of 327,000 gmol™ £1000 while the My, of
the foams measured in 2007 was 324,000 gmol'l +5000 [21]. Therefore, it was still valid to
make comparison between the solvent/column used to measure the My, of the foam pattern in

this work and the work carried out by Davies [21].

Secondly, despite the fact that different foam types were used and studied, the comparisons
between their critical M,, would still be valid because as was mentioned ‘polystyrene
equivalent’” molecular weight was used in the presentation of the results of GPC

measurements.
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4.6.2 The effect of irradiation on the M,, of foam patterns
As was mentioned in section 3.6, plates of foamed polymers (PS and PMMA) and copolymers

(Probead-70™ and Probead-30™) were exposed to y-irradiation.

Figure 4-25 shows typical results of molecular weight distributions produced by Rapra
Technology, showing an overlay of the computed molecular weight distributions for three
samples of Probead-70™ having received different dosages of y-radiation. These plots were
all normalised with respect to area, the y-axis being a function of weight fraction. This Figure
demonstrated that the M,, distribution of the foam samples irradiated with higher doses of y-
rays was shifted to the left on the My, axis, also, the average M,, of foam samples was reduced

by exposure to higher y-ray doses.

Figure 4-25. Overlay of the computed molecular weight distributions for irradiated copolymer of
Probead-70™ (70wt.% PMMA and 30wt.% PS) with different doses of y-rays. M = molecular weight.

The foam pattern (Probead-70™) had an original M,, of about 327,000 gmol”, which was

reduced according to the amount of irradiation received, to values as low as about 45,000
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gmol™ with the maximum y-irradiation (a dosage of 189 MRad). This has been plotted against
irradiation dosage in Figure 4-26, which shows that the copolymer Probead-70™ had its

molecular weight reduced by up to 85% when exposed to 189 MRad of y-rays.
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Figure 4-26. Effect of y-irradiation on the M,, of foam pattern Probead-70™ (70wt.% PMMA and
30wt.% PS).

4.6.2.1 Difference between y-ray irradiation processing and E-beam exposure
To examine the effect of electron beam irradiation on molecular weight of the foam pattern,
plates of copolymer Probead-70™ were exposed to 80 MRad of electron beam. GPC
indicated that the molecular weight was reduced to about 86,000 gmol™, a reduction to 32%
of the original My, (327,000 gmol™). In contrast, when the same exposure was delivered by y-
radiation, the My, of the foam pattern was reduced to 26% of the original My, (reduced to

about 106,000 gmol'l), (extrapolated from Figure 4-26 from the suggested trend).
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To further compare the effect of y-ray and electron beam in reducing the molecular weight of
expanded foams, samples of granulated expanded pure PMMA (poly methyl methacrylate)
were exposed to 100 MRad of y-ray and electron beam, respectively. The molecular weight of
the untreated pure PMMA foam granules was determined to be 370,000 + 3,000 gmol™, but
after irradiation with 100 MRad of y-ray had its molecular weight reduced to about 10,250
gmol™ (a 97% reduction). On the other hand, this reduction due to the exposure to 100 MRad
of electron beam was 94% (M,, was reduced to about 18,550 gmol'l). Figure 4-27 compares
the effect of y-ray and electron beam on molecular weight for the two different types of foam

(PMMA and Probead-70™).

Figure 4-27. Comparison between y-ray and electron beam in reducing the M,, of PMMA and Probead-
70™, In both cases, the reduction due to irradiating with y-ray was slightly higher.

This implies that the effect of the electron beam was slightly less than that of the y-irradiation.

According to Isotron Ltd, 80 MRad from the electron beam process can be obtained much
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more quickly than by irradiation with the y source (by about 25 times faster) [112]. A shorter
irradiation time reduces the amount of ozone initiated oxidation [97] and therefore the
opportunity for chain scission and cross-linking reactions. In the case of the electron beam
treatment, a shorter time is required to deliver the same dosage than by y-irradiation which
leads to less reduction in My, as there is less time for chain scission, however in a shorter time
of irradiation less cross linking occurs which offsets the latter to some extent. Therefore,
irradiating the foam samples using the electron beam approach is slightly less effective in

reducing the My, compared to y-irradiation; however it is a significantly shorter process.

4.6.2.2The effect of irradiation processing under reduced pressure
The GPC results also revealed that irradiating the polymer while in a partial vacuum (0.5 bar)
had no effect on preventing cross linking of newly cut chains of polymer/copolymer due to
the presence of oxygen. However it was recommended to perform the irradiation processing
in vacuum to reduce the cross linking of newly cut chains as this was thought to occur at
higher rate in the presence of oxygen [113]. Plates of Probead-70™ exposed to 100 MRad of
y-radiation showed approximately the same amount of reduction in their molecular weight
when irradiated in an envelope containing 1 or 0.5 bar pressure, as shown in Figure 4-28. The
M,, of the foam samples irradiated by 100 MRad of y-ray in 0.5 bar air was about 72,600
+ 800gmol™, the same as the M,, of the foam samples irradiated in 1 bar air (having M,, of

73,300 + 800 gmol ™).
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Figure 4-28. Comparison between the reduced M,, of the copolymer Probead-70™ irradiated by 100
MRad of y-ray in air and under vacuum of 0.5 bar.

4.6.2.3The effects of irradiation processing on Probead-30™

As mentioned, another copolymer Probead-30™ (70wt.% PMMA and 30wt% PS), was also

exposed to different doses of electron beam irradiation. Figure 4-28 shows how the molecular

weight of the copolymer Probead-30™ responded to irradiation.
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Figure 4-29. Effect of irradiation on the M,, of the foam pattern Probead-30™ (70wt.% PS and 30wt.%
PMMA) using electron beam.
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This shows that the foam pattern (Probead-30™) had an original My, of 271,000 gmol'l, also
reduced according to the amount of irradiation received, to values as low as about 83,000
gmol'1 with the maximum irradiation, (a dosage of 160 MRad). The foam pattern therefore

had its molecular weight reduced by up to about 70% of its original molecular weight.

4.6.2.4The effects of irradiation processing on pure polymers and copolymers
To study the effect of irradiation on the molecular weight of the pure polymers, plates of
expanded polystyrene (EPS) and granules of expanded Poly methyl methacrylate (PMMA)
were exposed to 100 MRad of y-irradiation. GPC revealed that pure EPS showed only about a
1-2% reduction in its molecular weight (original My, of 320,000 +3,000 gmol™) while the
expanded granules of pure PMMA had their molecular weight reduced to 10,250 gmol™

(about 96% reduction in its original My,).
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Figure 4-30. Comparing the effect of y-ray on the Mw of different foam types.

With the copolymers, the reduction in My, was greater in the case of 70% PMMA- 30% PS

copolymer (Probead-70™), than in the case of the 30% PMMA- 70% PS copolymer
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(Probead-30™), i.e., the effectivness of irradiation increased with increasing amounts of

PMMA in the foam patterns.

4.6.3 The effect of irradiation on mechanical properties of the foam pattern
used for Lost Foam casting

The effect of radiation processing on mechanical properties of foam patterns used in the LFC

process was determined using a 3-point bend test on irradiated Probead-70™. A typical result

is shown in Figure 4-31.

Figure 4-31. Force-displacement curve obtained from 3 point bending test of irradiated foam pattern
Probead-70™ with 33 MRad of y-ray (163,500 gmol™).

This shows that the maximum load at fracture of the foam pattern, (in this case irradiated with

33 MRad of y-ray), was 21.75 N and the sample failed at 4.8 mm flexural extension.

Figure 4-32 shows the relationship between load at failure and molecular weight and shows a

reduction in maximum load at failure with increasing irradiation and decreasing My,.
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Figure 4-32 . Results of 3 point bending tests on the irradiated foam patterns, showing that foam strength
was reduced by reduction of its molecular weight by y-irradiation.

The maximum reduction of foam strength, (in the most irradiated foam pattern, 189 MRad),
was about 60%. This significant reduction in mechanical properties of the foam pattern
caused some difficulties in the pattern, assembly and moulding processes, as the foam patterns
irradiated with 189 MRad of y-ray became too friable and fragile to make a pattern with
successfully. However, the foam patterns irradiated with y-radiation below 166 MRad (144,
100,90,75,60, 45 and 30 MRad) were still rigid enough to carry out the moulding process

with.

4.6.4 The effect of irradiating the foam pattern on casting quality

4.6.4.1 Effect of irradiating the foam pattern on porosity of aluminium alloy LFC
Strips of dimensions 10 x 40 x 300 mm were cut from the irradiated foam patterns, coated
with a high permeability coating of thickness 0.3 mm, and cast horizontally with 2199 Al
alloy, (Al-7wt.%Si1-0.3wt.%Mg), with a pouring temperature of 780°C and 150 mm head

height. All castings filled completely. Porosity of the castings was measured using image
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analysis on the cross sections of the casting centreline. Figure 4-33 shows a picture from
castings with different My, foam patterns (irradiated with different dose of y-rays), the pictures
are focused to capture the porosities rather than the microstructure. This shows that the

castings with lower My, foam are less porous.

Figure 4-33. Images taken from the centreline of the casting made with different M,, foam patterns
(Probead-70™) showing that the porosity content of the castings was reduced due using lower M,, foam
patterns. The foam patterns used in these castings were: a) untreated Probead-70™ b) Probead-70™
irradiated with 30 MRad c) Probead-70™ irradiated with 75 MRad d) Probead-70™ irradiated with 90
MRad e) Probead-70™ irradiated with 185 MRad

Figure 4-34 shows the porosity content of castings made with irradiated foam patterns with

different doses of y-radiation, for the foam pattern material, Probead-70™.
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Figure 4-34. Relationship between the porosity content of the castings made with irradiated foam patterns
and the molecular weight of the foam pattern (Probead-70™).

The porosity content was reduced, as the foam pattern molecular weight was reduced, from
about 1.5% in the casting made with the unirradiated foam to about 0.4% in the casting made
with the most irradiated foam (189 MRad, M,, of about 45,000 gmol'l). The porosity content

of the castings was decreased by up to 85% due to irradiation of the foam patterns.

An F-test was carried out to determine if the measured porosity contents were significantly
different in castings made with unirradiated patterns and fully irradiated (189 MRad) foam

patterns. The parameters calculated in this test were:

Table 4-14 shows the parameters calculated for an F-test to verify if the porosity content of the castings
with irradiated and untreated foam patterns were different.

S fy MSg Sw fw MSw

1.92 1 1.92 0.1066 4 0.026

F=Ms; IMS,=73.8 , F1,(1,4) = 21<< 73.8
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Where;

S = Between-group sum of squares.

f, = Between-group degrees of freedom.
MSg = Between-group mean square.
Sw = Within-group sum of squares.

fw = Within-group degrees of freedom.

MSyw = Within-group mean square.

This means that the porosity content of the castings made from untreated and fully irradiated

foams were significantly different at the 99% confidence level.

The internal porosity of the castings was characterised by measuring the parameters of surface
cavities found at the base of the castings, thought to be associated with the entrapment of
liquid polymer degradation byproducts at the casting-coating interface. Figure 4-35 shows
some of the defects found at the base of the castings made with different M,, foam patterns

and their relationship with porosity in the casting.

Figure 4-35. Defects occurring at the base of the castings. (a) made with untreated foam pattern, (b) and
(c) made with irradiated foam patterns, (30 and 75 MRad respectively).
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The total length of the defects at the bottom surface of the castings (which were assumed to
correspond to the entrapment of liquid polymer globules by the casting/coating interface) was
measured on a dimension of 25 x10 mm from the centreline of the castings made with

different M, foam patterns (Probead-70™).

Figure 4-36 shows the total length of defects plotted against M,,, suggesting that they were
eliminated at about 60,000 gmol™, i.e. the castings that were made using foam patterns
(Probead-70™) with M,, of less than 60,000 gmol™ did not contain defects related to globules
of liquid polymer at the casting/coating interface, at the base of the castings. The critical M,
for wicking of the polystyrene residue was 70,000-75,000 gmol™ [21], and 60,000 gmol™ was
lower than this critical molecular weight. This suggests that globular defects at the bottom of
the castings should not be observed when the initial My, of the foam is lower than the critical

value, see Figure 4-36.

Total Length of Defects
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Figure 4-36. Graph showing the relationship between the M,, of the foam patterns (Probead-70™) related
to the total length of the defects found on the bottom surface of the horizontally cast plates.
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Figure 4-37. The relationship between the porosity content of the castings made with irradiated foam
patterns (Probead-70™) and the total length of the defects found on the bottom surface of the horizontally
cast plates.

Figure 4-37 shows that the castings with shorter and less defects at the base of the castings
were also less porous. This is thought to be due to the fact that the polystyrene residues
(degradation byproducts) trapped at the casting/coating interface, release gas bubbles that rise
up through the liquid metal above and become trapped in the solidifying casting, as shown in
Figure 4-35. Therefore, having smaller or less frequent globules, trapped against the coating

during casting, leads to less porosity.

4.6.4.2 Effect of irradiating the foam pattern on mechanical properties of

aluminium alloy LFC

The results of the tensile tests are shown in Figure 4-38. This shows that the UTS of the
castings made with y-irradiated foam patterns increased slightly with decreasing M,,. A Fisher
test confirmed that the UTS of the castings made with the unirradiated foam, and made with
the most irradiated foam (189 MRad), were statistically different at the 99.9% confidence

limit.
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Figure 4-38. Ultimate Tensile Strength of test bars of Al-7Si-0.3Mg alloy related to the M,, of the patterns
used.

To study further the improvement in the mechanical properties of the castings made with
lower My, foam patterns fatigue tests were carried out on the heat treated test bars of 21.99
alloy, of dimensions 10 x 40 x 300 mm. The samples were placed in a fatigue test with their
as-cast surfaces intact, arranged so that the lower surface of the casting faced downwards.
This meant that the surface containing the cavities suspected of having defects associated with
liquid polymer degradation byproducts trapped at the casting-coating interface experienced

the maximum stress in the test.

Figure 4-39. Fatigue properties of the heat treated alloy improved by irradiation of the foam patterns
(Probead-70™) used in the casting process.
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When the M,, of the foam pattern was lower than the critical value for wicking of the
polystyrene residue (which was about 70,000 gmol™ in the case of the high permeability
coating) [21], the fatigue life was increased to nearly twice that of castings made with the
untreated foam patterns, as shown in Figure 4-39. This shows that fatigue properties of the
heat treated alloy improved by reducing the M,, of the foam patterns used in the casting
process. This also shows that the improvement in the fatigue properties was observed only
when the My, of the pattern was reduced below the critical value for wicking into the
refractory coating. In other words, when the M,, of the pattern was not sufficiently reduced
(i.e. still was greater than the critical value for wicking into the coating), the fatigue life of the

casting was not greatly increased.

The fracture surfaces of the fatigue samples were inspected using a scanning electron
microscope (SEM), (see Figure 4-40). The fracture surface of the specimens illustrated that
the failure of the casting made with an irradiated foam pattern with M,, of 63,000 gmol™,
occurred due to a small surface-breaking defect (a pore broke through the bottom surface), see
Figure 4-40b. However the initiation of the fatigue failure of the casting made with an
untreated foam pattern was due to a near-surface pore with a diameter 4 times greater than

that of the former defect (Figure 4-40a).
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Figure 4-40. SEM micrographs of fracture surfaces from the fatigue tests (a) casting with an untreated

EPS (M,, of 325,000 gmol™) and (b) casting with an irradiated foam pattern (144 MRad, M,, of 63,000
-1

gmol ).

Finally, to study the effect of irradiating the foam pattern used in the LFC process on the
hardness of the castings, this was measured on the cross section cut from the centreline of the

casting strips, (see Figure 4-41).
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Figure 4-41. Results of hardness test, castings with irradiated foam patterns (different M,,)

This shows that the hardness of the castings produced in LFC was not greatly affected by the

molecular weight of the foam pattern (57 HV on average).
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4.6.4.3 Effect of irradiating the foam pattern on quality of cast iron LFC
To study the effect of molecular weight of the foam pattern on the quality of cast iron castings
(in this case, made with Probead-30™), castings were made with irradiated foam patterns
with 0, 80, 100, 140 and 180 MRad electron beam. Image analysis was performed to measure
their porosity content, and Figure 4-42 shows typical images taken from the centreline cross
section of castings made with Probead-30™ irradiated with 100 MRad of electron beam. This

figure shows the base of the horizontally cast strip.

Figure 4-42 shows an image taken from the centreline of cast iron casting with Probead-30™; foam
pattern irradiated with 100 MRad of electron beam (M,, of about 178,000 gmol ™).

An area of 25X10 mm taken from the centreline cross section of the cast iron castings was

analysed for porosity content, with between 20 to 30 images taken.
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Figure 4-43. Relationship between porosity content of cast iron castings made with irradiated foam
patterns and the molecular weight of used foam pattern (Probead-30™)

Figure 4-43 shows that casting with reduced M,, foam patterns of Probead-30™, with M,, of
between 271,000 to 83,000 gmol”, had no effect on porosity content. This is probably
because of the high temperature of cast iron casting. The rate of foam pattern decomposition
was probably higher with that casting temperature (1450 °C) so that reduction in My, of the
decomposition byproducts was quickly reached and subsequently they became absorbed by

the coating vaporized quickly and initial My, of the foam pattern was much less important.

This is also supported by the fact that there were no globular-shaped defects found on the
lower surface of the castings, regardless of the cast iron castings irrelevant to the My, of the
foam pattern used. In contrast, in the case of Al castings, these defects were reduced by

reducing the M,, of the foam pattern (see section 4.5.6).

4.6.5 The effect of irradiating the foam pattern on counter-gravity filling

behaviour and the interface in Lost Foam Casting of Al alloy (21.99)

Some casting experiments were carried out using irradiated plates of copolymer Probead-

30™ irradiated with 0, 80,140 MRad of electron beam; having My, of 271,000, 178,000 and
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113,000 gmol™ respectively. Therefore, 2L99 alloy was cast at 820°C, with a bottom-filling
running system in a real time X-ray system in order to see the shape of the advancing metal

front (see the videos of the castings at the end of this thesis).

Casting with an un-irradiated foam pattern, Probead-30™ (M,, of 271,000 gmol ") was found

to have a velocity of 16 mms™. Figure 4-44 shows sequences of filling the untreated plate

foam pattern.

Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

a. 7.26 seconds, The liquid metal started branching (left corner).
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Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

b. 7.88 seconds, advancing liquid metal stream entrapping the degrading foam pattern.

Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

c. 10.43 seconds, the left bubble is almost diminished.
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Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

d. 7.15 seconds, the metal/foam interface became irregular.

Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

e. 9 seconds, pieces of foam pattern were ablated and entrapped between the streams of flowing metal

where they joined together.
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Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

f.  10.53 seconds, the ablated pieces of foam in decomposition and released bubbles of gas.

Figure 4-44. The sequences of filling the untreated foam pattern (Probead-30™) in the LFC
process.

g. 11.28 seconds, the created bubbles expanded and tend to moved upward with the stream.
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X-ray images from the casting with an irradiated foam pattern of Probead-30™, (M,, of

178,000 gmol ), produced a filling velocity of 19.6 mms™. Figure 4-45 shows images of the

plate being filled with 21.99 alloy at 820 °C.

Figure 4-45. Real time X-ray observation of filling the plate of Probead-30™ irradiated with 80 MRad of

y-ray (M,, of 178,000 g mol ).

a) 11 seconds, there was no bubble or ablated piece of foam observed at the beginning of filling. A gap
seemed to form ahead of the liquid metal front as the contrast of the image is different.

Figure 4-45. Real time X-ray observation of filling the plate of Probead-30™ irradiated with 80

MRad of y-ray (M,, of 178,000 g mol ).

b) 12.5 seconds, branching was occurred while the stream started to find a finger shape front.
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Figure 4-45. Images taken from Real time X-ray observation of filling the plate of Probead-30™
irradiated with 80 MRad of y-ray (M,, of 178,000 g mol ).

¢) 30 seconds, the streams adjoined at the end of the casting and caused the failure of cold joint which

might be dependent to the size of the pattern.

Casting a plate of foam pattern Probead-30™ irradiated with 140 MRad of y-ray (My, of
113,000 gmol™) has been shown in Figure 4-46. The velocity of liquid metal during filling

this plate was 24 mms™.
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Figure 4-46. Images of real time X-ray observation of LFC with irradiated foam patterns (irradiated with
140 MRad of y-ray, M,, of 113,000 gmol™).

a) 12 seconds, A big gap ahead of the liquid metal stream is found at the metal/foam interface.

Figure 4-46. Images of real time X-ray observation of LFC with irradiated foam patterns (irradiated
with 140 MRad of y-ray, M,, of 113,000 gmol™).

b) 14 seconds, irregularity in the metal/foam interface, however no big bubble left behind the liquid metal

flow.
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Figure 4-46. Images of real time X-ray observation of LFC with irradiated foam patterns (irradiated
with 140 MRad of y-ray, M,, of 113,000 gmol™).

c) 22 seconds, the stream of liquid metal became smoother with a more stable interface at the end of filling

process.

Figure 4-46. Images of real time X-ray observation of LFC with irradiated foam patterns (irradiated
with 140 MRad of y-ray, M,, of 113,000 gmol™).

d) 26 seconds, cold joint failure was occurred at the end of the casting similar to the casting with the foam

pattern irradiated with 80 MRad of y-ray.
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It can be concluded that irradiating the foam pattern used in the LFC process increased the

velocity of the liquid metal filling the vertically oriented plate, as shown in Figure 4-47.

Velocity of Molten Metal
(mms1)
=
(0]

300 250 200 150 100 50 0
Molecular Weight x103(gmol-)

Figure 4-47. Velocity of the molten metal stream filling plates of Probead-30™ with different M,, cast at
820 °C with aluminium 21.99 LFC.

Real time X-ray observation of the filling process with the irradiated and untreated foam
patterns revealed that decomposition of the foam pattern was an issue when untreated foam
plate was cast and entrapment of the degrading foam pattern inside the flowing metal was
observed frequently, but the metal/foam interface was advancing with a more stable shape

compared to casting with reduced M,, foam plates.

In the case of casting with irradiated foams, the metal front showed irregularities which
increased with reducing molecular weight of the foam plates. Figure 4-48 compares images

from the real time X-ray observation taken from foam patterns with different M,.
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Figure 4-48. Images of real time X-ray, filling plates of Probead-30™ with M, of a. 271,000 gmol”
(unirradiated), b. 178,000 gmol™ (irradiated with 80 MRad of y-ray) and c. 113,000 gmol (irradiated with
140 MRad of y-ray) showing that casting with lower M,, foam patterns filled the pattern with more
irregularity in the metal/foam interface.
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5 DISCUSSION

One of the advantages of LFC over conventional casting is that the pattern remains in the
mould and this brings great flexibility in casting design. However, the decomposition of the

foam pattern introduces a number of defects, such as porosity and misrun.

A fluidity test was designed to address the role of casting parameters in influencing the
fluidity of the molten metal in LFC. A fluidity formula was derived from the results of the
fluidity tests by solving the heat balance between the molten metal and the pattern and the
mould. In addition, the heat transfer coefficients from the molten metal to the foam and to the
mould were also estimated. The fluidity model was used to explain the effect of different

casting parameters on the fluidity of LFC.

The current work also showed that the porosity content of LFC was reduced by reducing the
M,, of the foam patterns because the decomposition byproducts were more easily removed
from the mould when the casting was made with a lower My, pattern. This reduction in the
porosity content resulted in an improvement in the mechanical properties of the castings such

as fatigue life.

5.1 The flow behaviour in LFC and the design of the fluidity

test

To study the fluidity of LFC and examine the flow behaviour, it is necessary to devise a test
that has a single stream of liquid metal rather than two or more streams filling the foam
pattern. These might lie vertically, with one stream of metal on top of another, or horizontally,
with a single stream of metal splitting into two or more as it flowed along a flat, horizontal
channel. Filling of the fluidity test with split liquid metal streams would obscure the fluidity

results, because the fluidity length is more easily determined if it consists of a single stream of
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molten metal. The X-ray images of the filling of vertically-oriented plates, and thick sections
of foam patterns, shown in section 4.1, suggested that the thickness of the pattern in the
fluidity test should not be greater than 35 mm, and the width should not exceed more than 50

mm.

The flow regime of the liquid metal (laminar or turbulent) has not been examined in previous
studies of LFC. In conventional casting the liquid metal usually exhibits turbulent behaviour
(R.> 5x10°), but it was found that in LFC all of the Reynolds numbers were well inside the

laminar flow region.

Having a high velocity of molten metal in LFC might overcome the misrun issue although it
is not recommended because the morphology of the metal/foam interface is strongly affected
by the velocity of the molten metal. Increasing the velocity of the molten metal is likely to

result in an unstable, finger shape metal/foam interface [69].

The heat transfer and solidification behaviour of LFC differs from conventional empty cavity
casting in many aspects. The endothermic nature of the foam pattern decomposition has been
proposed to cause a quenching effect on the flowing liquid metal at the metal/foam interface
[9]. Secondly, a greater back pressure is produced in LFC compared to other casting methods,

due to the decomposition of the foam pattern [43].

While Fleming’s model predicts the fluidity length of the empty cavity casting well (within
7%), (see section 4.2.1), it could not predict the fluidity of LFC (35 to 74% shorter, see Table
4-3). Other fluidity models developed for LFC were found to be not as good as Fleming’s
model, probably because they were derived for particular mould/pattern geometries or based
on very simplifying assumptions. For example, the model of Pan and Liao [85]

underpredicted the fluidity length by 40%, while the model of Ajdar et al. [11] was grossly in
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error, and predicted a fluidity length of 6 mm when the actual fluidity length was 0.2 m (see

Table 4-12).

A spiral foam pattern was not an option to examine fluidity of LFC because the heat from the
molten metal filling the foam pattern might affect the structure and properties of the foam
pattern in the outer radii, and a fluidity test containing a single long straight strip of foam
requires a bulky mould. Therefore, it was decided to have a model with different levels of
foam strips, in order to produce a robust fluidity test, sensitive to casting conditions, and
giving reproducible fluidity results.

The fluidity test developed here, shown in Figure 3-7, was not completely filled at any of the
casting conditions with 2199 alloy, thus, casting the test could produce measurable fluidity
lengths. The pattern was, however, completely filled in the case of casting with CP Al
however, this was not considered important because pure Al does not commonly face fluidity
issues as it has higher fluidity compared to non-eutectic alloys [74] and CP Al is never or
rarely commercially cast. However the fluidity of CP Al can also be tested with this pattern
if it is cast at lower casting temperatures (e.g., 680 °C), when it would not fill the fluidity
strips completely.

The test provided a very reproducible examination of the fluidity of LFC, as was shown in
Figure 4-5. The standard deviations of the tests varied from 3% to 9% of the mean fluidity
lengths of the castings, and were negligible compared to the mean fluidity lengths of the

castings.
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5.2 A fluidity equation

While some researchers [10, 11, 84] have evolved mathematical models and equations to
describe the fluidity of LFC, an inclusive model to explain and relate the fluidity of LFC to

various casting parameters is still required.

Fleming assumed skin freezing solidification to develop a fluidity equation for open cavity
casting conventional castings. Fleming’s equation was derived assuming the molten metal
flow stops when the solidified thickness of the metal reached half of the thickness of the
casting section [72]. But the results obtained from the cooling curves at different points in the
Lost Foam fluidity tests established that solidification occurred at the tip of the liquid metal
flow rather than at the beginning of the fluidity channel, probably because of the reduction in
the velocity of the molten metal and, in addition, the heat consumed at the liquid metal front

by the degrading foam.

To use Fleming’s equation for LFC (Equation 2-2), the following assumptions were made;

(1) The liquid metal stops flowing once 22% fraction solid formed at the tip of the
advancing liquid metal (the coherency point, estimated in section 4.3.1).

(i1) The interface between the molten metal and the foam pattern is assumed to be a
physical gap.

(ii1)) The heat transfer associated with the degradation of the foam pattern was
neglected, and it was assumed that there was no significant heat transfer from the
molten metal except to the sand surrounding the foam pattern. To test this
assumption, a comparison of the heat fluxes for heat transfer to the foam pattern,
and heat transfer to the surrounding sand mould, was carried out for the bottom
fluidity strip of casting H2 (fluidity length of 95 mm) using the heat transfer
coefficients determined in section 4.4 (h;~ 485 , hy ~ 170 Wm™2K™).
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Table 5-1 shows that the heat flux to the foam pattern was an order of magnitude smaller than
the heat flux to the mould, which suggests that it could be assumed that most of the heat in

LFC is transferred laterally to the mould.

Table 5-1. Comparison between the heat transfer from the molten metal to the mould and to the foam
pattern for LFC, (casting H2).

The Heat
Area of
Heat Material the Thickness tr an§fer Heat Flzux
Transfer of the of Interface AT | Coefficient of (Wm™)
Through Interface Interface (mm) X) Interface hx A(T; —T,)
(mm’) (Wm?K™)
The .
pattern/metal Degradation 400 2.4 300 480 97
. by-products
interface
The Surface of .
the Casting Coating 9100 13 600 170 927

According to Equations 2-2 and 4-4, the time of freezing is given by;

_ pa(H +c'AT)

, Equation 5-1
/ (T, —T,) quation

The modulus of the mould cross section for the fluidity strips was 0.004 m (the ratio of the
volume to the surface area of the fluidity strip) and the coherency point was estimated to be
0.22 (see section 4.3.1). The room temperature was 20 °C and the temperature of the metal in
the pouring basin was 678 °C and the specific heat capacity of the foam was assumed to be
897 J [34].

b= 2436 % 0.004 x (389000 x 0.22 + 897 x 60)

£ = 6.6sec
2x170x (617 —20)

The time of freezing for the bottom fluidity strip of casting H2 was determined in section
4.3.2.5 to have been 15 s; the time of freezing predicted by Fleming’s model was about half

of the actual value, indicating that Fleming’s equation could not be applied for LFC.
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A fluidity model was therefore developed that concentrated on the behaviour of the flow
front, rather than the behaviour at the beginning of the fluidity channel, and an equation was
evolved based on a heat balance equating the heat loss from the molten metal to the foam and
to the mould. The heat loss includes the reduction of the temperature of the molten metal from
the pouring temperature to the coherency temperature (at which molten metal flow stops), and

also to the latent heat of solidification to the coherency point.

To estimate a mean heat transfer coefficient from the molten metal to the foam pattern, the
heat flux passing through the metal/foam interface (q/A) was derived from a knowledge of the
fluidity length (which depends on the mass of the degraded foam in the fluidity length), this
heat flux was equated to h (T; — T;) where T and T, are the temperatures of the advancing
liquid metal front and the collapsing foam. This gave a value of 485 Wm™K' for the bottom
fluidity strip of casting H2; a value in agreement with values estimated by Liu et al. [93] for
metal front velocities of 0.44 cms™ and 1.5 cms™, 150-350 and 150-370 Wm ™K™' respectively,

while the velocity of the molten metal for casting H2 was slightly different (V~0.6 cms™).

Having determined a heat transfer coefficient for the metal/foam interface, the thermal
conductivity of the latter was estimated to be 1-1.5 Wm'K™' (using Equation 2-11), for a
mean thickness of the metal/foam interface of 2-3 mm for the bottom fluidity length casting
H2, using the data obtained from the thermocouples inserted in the fluidity strip (the
temperature rise at a point was based on the estimation of the interface thickness, see section
4.3.2.4 and Figure 4-23). The thermal conductivity of the metal/foam interface was about 20
times the thermal conductivity of the gaseous decomposition byproducts (the byproducts
found in the results of the thermogravimetric analysis of EPS decomposition, shown in
section 3.5). Thermal conductivity of butane, air and nitrogen at 330 °C are much lower,

0.059, 0.045 and 0.044 Wm'lK'l, respectively [114, 115], but this is to be expected because
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the metal/foam interface should consist not only of gas but also globules of liquid EPS. Liquid
styrene has a thermal conductivity of 1.62 Wm™'K™' at 120 °C [116]. Therefore a value of 1-
1.5 Wm'K! is reasonable as being between the thermal conductivity of the gaseous and
liquid decomposition byproducts, but closer to the thermal conductivity of liquid styrene

which suggests that the metal/foam interface contains predominantly liquid byproducts.

Solving the heat balance for the heat transfer coefficient from the molten metal to the mould
suggested the latter to be 170 Wm™K™', and suggests a thermal conductivity for the low
permeability coating of about 0.22 Wm™ K. This is in agreement with the results of
experiments by Molibog et al. [92] which suggested a thermal conductivity of a mica based

coating to range from 0.12 to 0.25 Wm™K', while the average value was about 0.17 WmK™".

Solving the heat balance from the molten metal to the foam and the mould for the time of
freezing resulted in Equation 4-12 which resulted in the derivation of a formula for the time of
freezing in LFC. This equation contains the mass of decomposed foam and the mass of metal
in the fluidity length. Replacing the latter parameters by the occupied volume (fluidity length
x perimeter of the casting channel) multiplied by the density (of the molten metal or the foam)
and solving for the fluidity length, the fluidity equation was achieved as shown in Equation

4-13.

5.3 Effect of casting parameters on the fluidity of LFC
The effect of different casting parameters (coating thickness, coating permeability, pouring
temperature, head height and foam types) on the fluidity of LFC was discussed briefly in
section 4.2. These effects are elaborated on here and were predicted for some of the fluidity

tests and compared with the actual fluidity length, using Equation 4-13.
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5.3.1 Pouring temperature

Increasing pouring temperature should increase the fluidity length because it would increase
the rate of foam pattern degradation and delay solidification. This was confirmed by the
results shown in Figure 4-9 which showed that increasing the casting temperature increased
the fluidity length in any casting conditions except when the pattern was coated with 0.3 mm

of low permeability coating where it had no effect.

It is implied in Equation 4-13 that increasing the pouring temperature would increase the
fluidity length due to an increase in the time of freezing. Therefore, castings D2 and H2 were
compared here to investigate the effect of casting temperature on the time of freezing and

metal velocity during filling, see Table 4-4.
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Table 5-2.The mean velocity of the molten metal, time of freezing and fluidity length of casting H2 and D2.

Casting Mean velocity Time of freezing | Fluidity Length
temperature (mms™) (s) (mm)
Casting H2 677 (°C) 5.75 15.6 91
Casting D2 787 (°C) 11.5 19 225
Increase (%) 15% 100% 22% 147%

Table 5-2 shows that while the time of freezing for the bottom fluidity strip of casting D2 was
only 22% more than casting H2, the mean velocity of the molten metal for casting D2 was
twice that for casting H2. This means that a 100 °C increase in the pouring temperature
resulted in a 147% increase in the fluidity length and suggests that the difference in the
fluidity length of castings H2 and D2 mostly originates from the difference in the velocity of
molten metal, associated with a more rapid rate of foam degradation rather than the time of
freezing.

By assuming that the calculated values for the heat transfer coefficients of castings H2 and D2
were similar, the values used for casting H2 were used with Equation 4-12 and Equation 4-13
to predict the time of freezing and filling velocity for casting D2, as shown in Table 5-3. This

predicted the fluidity length with about 8% error in the case of casting D2.

Table 5-3. Comparison between the actual and predicted values of the time of freezing and the fluidity

length for casting D2.
Mean velocity (mms™) | Time of freezing (s) Fluidity Length (mm)
Predicted - 17.8 204
Actual 11 19 225
Difference (%) - 6% 8%

In summary, a higher pouring temperature is expected to increase the fluidity of LFC to some

extent, although it has been claimed that the role of pouring temperature on the fluidity of
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LFC is not very clear [10]. It was suggested that increasing casting temperature increases the
temperature gradient between the molten metal and the foam pattern, which increases the rate
of foam decomposition. This can increase the volume of the evolved gas and subsequently the
back pressure causing a reduction in the velocity of the molten metal, reducing the fluidity
length [10]. For example, the fluidity tests showed that when the pouring temperature is
increased from 680 °C to 780 °C and the foam pattern is coated with 0.3 mm of low
permeability coating, the fluidity length was not affected at all. This is in agreement with the
results obtained by Wang et al. [69] who reported that the velocity of the molten metal was
reduced by 20% when the foam pattern was coated with a low permeability coating and when
the pouring temperature was increased from 800 °C to 820 °C. However, the permeability and

type of coating used was not mentioned.

5.3.2 Metallostatic pressure
The effect of changing the metallostatic pressure on the fluidity length of LFC was shown in
Figure 4-6 and Table 4-5. It was concluded from the fluidity lengths of the fluidity strips with

different head heights that the effect of metallostatic pressure on fluidity of LFC is negligible.

The following mechanism might explain the interaction between the molten metal and the

foam pattern which offset any effect of the head height on the fluidity.

The initial contact between the liquid metal front and the foam pattern in LFC, with large
head height, would result in rapid evolution of gas and a large gap might form between the
metal front and the foam pattern. The existence of a large metal/foam interface at the
beginning of the cast strip is also confirmed by measuring the thickness of the metal/foam

interface in the fluidity strips, (see Figure 4-23 and section 4.3.2.4). The heat transfer
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coefficient of the molten metal to the foam should be reduced with increasing thickness of the
interface, leading to a reduction in the rate of decomposition of the foam pattern.

Figure 5-1 compares the temperature change at point 9 (located at the top fluidity strip of
casting “H2”) with point 15 (at the bottom fluidity strip of the same casting), both points

being 70 mm away from the beginning of the cast strip.
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Figure 5-1. Comparison between the temperature rise at point 9 and 15 with different casting head
heights, (casting H2).

This shows that the rise in the temperature at point 9 (head height of 110 mm) was more
gradual than in the case of point 15 (head height of 260 mm). The comparison of the cooling
curves of the points with different casting head heights in other castings (D2 and J) showed a
similar effect. This suggests that either the velocity of the molten metal is lower or the
metal/foam interface is thicker in the case of the top fluidity strip. However it can be assumed
that the velocity of the molten metal was approximately similar at different casting head
heights as the fluidity length at different head heights were similar (see Table 4-5). The
thickness of the metal/foam interface was probably different at the beginning of the fluidity
strip, for different casting head heights (for example it was shown in Figure 5-1 that the

temperature rise was different at the beginning of the bottom and the top fluidity strips of
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casting H2 which results in different thickness of the metal/foam interface). This difference
did not greatly alter the fluidity length. This is probably due to a stabilizing effect between the
velocity of molten metal and the metal/foam interface; a thick interface slows down the
velocity of molten metal because of greater back pressure and slows down the degradation
rate of the foam pattern because of the reduced heat transfer. This should result in reduction in

the thickness of the metal/foam interface increasing the velocity of molten metal.

This is also in agreement with reports in the literature. For example, Tschopp [10] indicated
that increasing the metallostatic head pressure from 254 mm to 560 mm increased the fluidity
by only about 10% when the casting thickness was 3.2 mm. He also concluded that altering
the metallostatic pressure to improve the fluidity of LFC had a disadvantage in that it had a
minimal effect on fluidity, and a large change in the casting head height was needed to bring
about any significant change. Pan and Liao [12] also reached the same conclusion, as they
reported that no definite gain in fluidity was obtained after increasing the sprue head height

from 100 mm to 150 mm.

5.3.3 Coating thickness

The results of the fluidity tests demonstrating the effect of the coating thickness are shown in
Table 5-4. When the molten metal was cast at 680 °C, and the pattern was coated with a low
permeability coating (see Figure 4-7d), reducing the coating thickness by over four times
(from 0.3 to 1.3 mm) caused a 50% reduction in the fluidity length. When the molten metal
was cast at 780 °C and the pattern was coated with a low permeability coating, and the coating
thickness was increased by the same amount, the fluidity was increased by 20% (see Figure
4-7b). Therefore, the effect of increasing the thickness of a low permeability coating on

fluidity was influenced by the pouring temperature.
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Table 5-4. The effect of coating thickness on fluidity of LFC.

Coating | Low Permeability High Permeability
Thickness T (°C) T (°C)
(mm) 680 780 680 780
0.3 180 182 201 274
1.3 91 220 217 260
Difference | -50% +20% +8% -5%

Liquid decomposition byproducts are not thought to be wicked into the coating before the
liquid metal stops flowing, only afterwards. Wetting and wicking of the liquid decomposition
byproducts into the coating should not therefore occur in the region of the metal/foam
interface, because their molecular weight is too high. Interpretation of the fluidity results
should not involve the liquid decomposition byproducts, but depend upon the ease of removal
of the vapour byproducts. Another argument against liquid decomposition byproducts playing
a role in fluidity is that casting with reduced molecular weight foams (which should produce

less liquid decomposition byproduct) showed no effect on fluidity (see section 4.2.7).

With a high permeability coating, fluidity length was increased with increasing casting
temperature, at both coating thicknesses (0.3 and 1.3 mm); however there was little difference
in fluidity length with changes in coating thickness (+8% and -5% for casting at 680 °C and
780 °C, respectively). Of course, high permeability coatings would be associated with easier

removal of gaseous and liquid byproducts.

The relative resistance against removal of the decomposition byproducts is defined to be the
coating thickness divided by the coating permeability. This factor is calculated and shown in

Figure 5-2.
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Figure 5-2. The resistance against the removal of the decomposition byproducts for different coating
thicknesses and permeabilities. a) comparison between the high and low permeability coatings. b)
comparison between different coating thicknesses of high permeability coating. ¢) comparison between
different coating thicknesses of low permeability coatings.

As the coating thickness increases, the rate of heat transfer through the coating decreases
assuming they have the same thermal conductivity of coating (0.22 Wm™'K™), estimated from
the thermal conductivity calculated in section 4.4.7), therefore the fluidity length should be
increased. Increasing coating thickness also increase the back pressure because removal of the
vapour byproducts is more difficult through a thicker coating. This reduces the velocity of the
molten metal, e.g., the velocity of casting G, cast with the same casting conditions of casting
H2, except for the coating thickness (which was 0.3 mm) was 7.5 mms™ while the velocity of
casting H2 was 5.7 mms™. For the high permeability coating there was a little effect of
coating thickness on the fluidity length at either high or low temperatures, which suggests that

the high permeability coating is effective in allowing the gaseous decomposition byproducts
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to escape. The small increase in fluidity with increased casting temperature probably reflects

the reduction in heat transfer to the mould with increased coating thickness.

With the low permeability coating, an increase in the back pressure would be expected with
an increase in coating thickness (see Figure 5-2a), which would increase the interfacial gap,
retard foam degradation, and reduce metal velocity from 7.5 to 5.7 mms™ (by about 25%) and
the time of freezing from 22 s to 15 s (about 31%) explaining the 50% reduction in the

fluidity length, at 680 °C, with increased casting thickness (comparing casting H2 and G).

Thus the coating thickness affects both heat transfer from the casting to the mould and also
the back pressure in the interface and the metal front velocity. With the high permeability
coating, the effect on heat transfer and back pressure and velocity seem negligible. With the
low permeability coating heat transfer has a small effect at higher temperatures (780 °C),
giving a 20% increase in fluidity, but back pressure dominated at lower temperatures,

(680°C).

5.3.4 Coating permeability
Increasing the permeability of the coating from low to high increased the fluidity of LFC in
any casting condition, however the amount of increase differed; for example a 58% increase
in the fluidity length was reported when the foam pattern was coated with a 1.3 mm coating
and cast at 680 °C, but the increase was 15% when the casting temperature was 780 °C), see

Figure 4-8.

It is thought that the increase in the fluidity length was due to the increased coating

permeability allowing easier removal of the decomposition by-products. The liquid
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decomposition by-products are wicked into the high permeability coating more readily as less
reduction in the My, of the liquid decomposition byproducts is required to become absorbed
by the refractory coating when the pattern is coated with a high permeability coating [21].
However, it was argued earlier that the liquid decomposition byproducts do not play a role in
determining the fluidity, but the vapour byproducts are obviously vented through a high

permeability coating more easily [54].

Increasing the permeability of the coating from low to high increased the velocity of the liquid
metal from 5 to 8.8 mms™” (shown in Table 4-13), probably because the gaseous byproducts
are easier to remove from the mould and the molten metal stream is confronted with less back
pressure, resulting in a greater rate of heat transfer from the molten metal to the foam pattern.
The heat transfer coefficient from the molten metal to the foam was increased by about 40%
(from 365 to 515 Wm™K™") when the coating permeability was increased (see section 4.4.9).
The thickness of the metal/foam interface was not considerably increased, from 1.3 to 1.8
mm, (although the estimated error of this measurement is about + 0.5 mm), but this change in
the thickness would explain the change in the heat transfer coefficient from the molten metal
to the foam. The heat transfer coefficient from the molten metal to the mould was assumed to
be similar for the high and low permeability coating (see Table 4-13), since the thermal

conductivity of the coating should not be greatly affected by its permeability.

In summary, increasing the permeability of the coating reduces the relative resistance against
removal of the gaseous decomposition byproducts significantly (see Figure 5-2 a) and this
reduces the amount of gas in the metal/foam interface and increases the heat transfer from the
molten metal to the foam which leads to an increase in the metal velocity by 76% (see Table

4-13), increasing the fluidity length. Since in any casting condition, increasing the
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permeability of the coating increased the fluidity of LFC, this can be used as a key parameter

to improve the fluidity of LFC.

5.3.5 Effect of foam pattern type

Foam type

Using a brominated foam pattern instead of conventional EPS did not offer any improvement
in the fluidity of LFC (see Figure 4-10). Brominated foam patterns might have a different heat
of decomposition compared to conventional EPS, but also offer a different mechanism of
foam decomposition by releasing hydrogen bromide at high temperatures(during casting)
[28]. This accelerates degradation of the foam pattern and subsequently increases the quality

of castings by reducing the formation of folds [25, 29].

Since the fluidity of the castings with untreated EPS and brominated EPS were similar, this
suggests that the heat transfer coefficients of h; and h, were not changed when a brominated

foam pattern was used instead of a conventional EPS.

The molecular weight of the Foam pattern

No effect of the molecular weight of the foam pattern on the fluidity of LFC was incorporated
in Equation 4-13; however, a lower M,, foam degraded more easily and should have a lower

heat of degradation.

However, there was no significant difference between the fluidity length of the castings made
with untreated Probead-70™ patterns (M, of 327,000 gmol™) and irradiated Probead-70™

patterns (M, of 85,000 gmol™). This shows that although reducing the M, of the foam pattern
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helps the removal mechanism for liquid decomposition byproducts (see section 2.4) it did not
change fluidity. It also suggests that the heat of degradation of the pattern is not a significant

factor for fluidity.
Foam pattern density

Reducing the density of the foam pattern (from 27 to 16 kgm™) increased the fluidity length
of LFC greatly (with more than an 80% increase when the density was reduced by about
40%). This is also in agreement with Equation 4-12 and Equation 4-13 which state that the

time of freezing and the fluidity length depend on the mass of foam degraded.

The amount of gas evolution and rate of foam degradation should also be affected by the
density of the foam pattern. The rate of heat transfer from the molten metal to the foam is also
influenced by the foam density as the heat required for degradation is lower when a lower

density foam is used.

This is in agreement with the work carried out by Tschop [10] who stated that foam density
was a parameter which can be reduced to eliminate misrun. This has the disadvantage of
reducing the strength of the foam pattern which can result in distortion and damage during
compaction of the mould, in addition to increasing the collapse rate of the foam pattern which

may be disadvantageous.

5.3.6 Summary of the effect of the casting parameters on the fluidity of LFC
It was shown that, except for the casting head height, parameters, such as pouring

temperature, coating permeability, coating thickness and density of the foam pattern, affected

the fluidity of LFC of Al alloy (21L99).
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Increasing the coating thickness from 0.3 mm to 1.3 mm affected the fluidity of LFC greatly,
although only if a low permeability coating was used. Coating thickness did not show a
consistent effect on the fluidity of LFC; for example, at higher pouring temperatures (780 °C),
increasing the coating thickness increased the fluidity length by 20%, while when the molten
metal was cast at 680 °C, increasing the coating thickness reduced the fluidity length by 50%,
(as was to be expected). This was due to increasing the back pressure and the reduction in the
molten metal velocity. It was also concluded that changing the thickness of the high

permeability coating does not influence the fluidity length significantly.

Increasing the permeability of the coating from low to high increased the fluidity length in
any casting condition, and the increase in the fluidity length differed from 10% to 58%

depending on the casting condition.

Similarly, increasing the pouring temperature from 680 °C to 780 °C increased the fluidity
length in all of the casting conditions except when a thin low permeability coating was used
(no improvement in fluidity was reported in this case). It was also considered that increasing
the pouring temperature affected the fluidity length by increasing the velocity of the molten
metal, mostly by accelerating the degradation of the foam, rather than affecting the time of
freezing, as the heat transfer coefficients from the molten metal to the foam and to the mould

were not changed significantly.

According to these results, increasing the casting temperature when a low permeability
coating is employed, or reducing the permeability of the coating when the molten metal is cast

at high temperature, is not recommended as it might reduce fluidity in LFC.

Therefore, three casting parameters of pouring temperature, coating thickness and coating

permeability affect fluidity of LFC, and their effect depends on the state of the other two
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casting parameters. Figure 5-3 shows the effect of the mentioned casting parameters on the

fluidity of LFC.
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Figure 5-3. Fluidity of LFC vs. the resistance against removal of the degradation byproducts for different
coating thicknesses and permeabilities (permeability/thickness) at different temperatures.

This shows that the fluidity of LFC was reduced due to increasing the resistance to the
removal of the decomposition byproducts (defined to be the permeability of the coating
divided to the coating thickness), i.e. reducing the coating permeability or increasing the

coating thickness at both pouring temperatures of 680 °C and 780 °C.

The results showed that neither using a low M,, foam pattern or brominated foam pattern had
an effect on the fluidity of LFC although they increased the quality of the castings ([25, 29]
and section 4.5.6). Instead, reducing the foam pattern density from 27 to 16 kgm™ increased

the fluidity length by more than 80%.
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5.4 The nature of the metal/foam interface

5.4.1 Observation of the interface
The radius of curvature at the metal front for the bottom fluidity strip of casting H2 was
determined to be 18 mm, and the estimation of the length of the metal/foam interface was 2-3
mm (see section 4.3.2.4). This means that the interface is concealed by the curvature of the
advancing molten metal and that is probably the reason that no gap was observed between the
advancing molten metal and the foam pattern in the real time x-ray observation of the EPS
strip castings. The radius of curvature at the molten metal front was greater than the thickness
of the metal/foam interface so the interface is concealed by the curvature of the advancing
molten metal, (see Figure 5-4). If otherwise, a light zone would have been observed between
the metal and the foam pattern and the foam in the real time X-ray (as was observed in the

case of castings with vertically positioned plates of irradiated Probead-30™,

Figure 5-4. The metal/foam interface is not detected in real time X-ray observation if the thickness of the

interface is smaller than the radius of the metal flow at front.

The metal/foam interface is sometimes [13] called a “gap”. The results of thermogravimetric
analysis of EPS decomposition showed that nitrogen and CgHg gas were the decomposition
byproducts at 110 °C, the temperature at which the EPS foam collapses. It also showed that at

a temperature of about 405 °C, styrene is the major component of the decomposition
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byproducts; this temperature is only reached for the decomposing foam at regions very close

to the molten metal front (see Figure 2-7).

The temperature distribution from the molten metal to the foam was shown in Figure 2-7,
which shows that the temperature across the interface reduces from more than 400 °C
(temperature of the decomposition byproducts adjacent to the molten metal front) to 100 °C
(temperature of collapsing foam). In this range of temperature both gaseous and liquid
decomposition byproducts can exist. Liquid byproducts form at a significant distance from the
molten metal front and survive for periods of the order of seconds at lower temperatures (up
to 400 °C) compared to gaseous byproducts [34]. Therefore, the metal/foam interface can be
assumed to be a zone containing both liquid and gaseous byproduct in which the amount of
liquid byproducts increases with distance from the molten metal to the foam pattern, and the

amount of gases reduces in the same direction.

5.4.2 The thickness of the metal/foam interface

As mentioned earlier the thickness of the metal/foam interface was about 6 mm at the
beginning of the fluidity strip and this thickness decreased to 1 mm just before solidification
(see section 4.3.2.4) for the bottom fluidity strip of casting H2 (this was estimated using the
data obtained from the thermocouples in the foam pattern based on the rate of temperature rise
at a point). The points located at the entrance of the fluidity strips (Points 12 and 13) were
expected to have a thicker interface, as at the initial moment of casting, when the liquid metal
enters the fluidity strip, the liquid metal is in direct contact with the foam pattern. This close
contact should cause a high heat transfer rate from the molten metal to the foam pattern
resulting in a high rate of foam degradation and evolution of gas. The accumulation of gas

between the molten metal and the foam pattern reduces the heat transfer from the metal to the
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foam, and affects the rate of the foam pattern degradation and the amount of gas evolved.
Hence, the interface was estimated to have a length of 1-2 mm on average, in the fluidity strip
however a value of 6 mm was also reported for a short length at the beginning of the fluidity
strip (for the first 10 mm) (Figure 4-23). This value is in agreement with reports in the

literature [63] (see Figure 2-7).

Figure 5-5 compares the temperature rise at the time that the liquid metal reached different
points of the bottom fluidity strip of casting H2 (points 12, 13, 14) and this shows that the
temperature increased faster at the beginning of the cast strip (point 12). It can be concluded
that there is a gap with varying thickness between the molten metal and the foam pattern, as
was indicated by the temperatures recorded by thermocouples 12, 13 and 14 (10, 25 and 40

mm away from the beginning of the strip, respectively).
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Figure 5-5. Comparison between the temperature rise of point 12, 13 and 14 located at the bottom fluidity
length of casting H2.

This is also the case for the upper fluidity strips, as shown in Figure 5-6, which compares the
temperature rise for different points located in the top fluidity strip of casting H2 (points 7 and
9). This shows that point 9 located at the very end of the casting strip (70 mm away from the

beginning of the cast strip, in which the fluidity length was 85 mm), showed a more gradual
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increase in temperature when the liquid metal reached that point, compared to point 7 (located

40 mm away from the beginning of the same cast strip).
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Figure 5-6. Comparison between the temperature rise of point 7 and 9 located at the top fluidity length of
casting H2.

This change in the interface thickness can be caused by a higher velocity of the liquid metal
and/or faster rate of foam degradation due to a closer contact between the metal and foam
pattern, however a large interface was probably formed immediately after the first contact of

the liquid metal and foam and the thickness of the interface was reduced further in the casting

strip (see Figure 4-23).
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5.5 Irradiation processing to increase casting quality

The porosity contents of the castings with different M,, foam patterns were measured and
found to be related to the extent of the defects at the base of the castings caused by the
globules of the liquid polymer (see Figure 4-37). The results also showed that the porosity
content of the castings has reduced with reducing the defects at the base of the castings by
using a lower My, foam pattern. This is support for the wicking and wetting theory of Zhao et
al. [42] and Davies and Griffiths [8]. These results confirm that if the liquid degradation
byproducts displaced to the casting/coating interface do not reach a critical molecular weight,
they can release bubbles of gas into the liquid metal, increasing the porosity content of the

casting as shown in Figure 4-35.

Figure 5-7 shows the relationship of the M,, of the foam pattern and the porosity content,
related to the critical M,, proposed for wetting of the pattern coating by the liquid polymer
residue, and wicking of the liquid polymer residue into the coating, for a high permeability
coating [21]. Assuming that the My, measured in these experiments for the copolymer was
comparable to the My, measurement results from the degraded PS experiments of Davies and
Griffiths [8] which was established in section 4.5, the most irradiated foam samples reached a
M, just below the critical value for wicking into the coating. These foam patterns resulted in

castings with the least porosity.
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Figure 5-7. Relationship between casting porosity and M,, of the foam patterns related to the M,, at which
wetting and wicking can occur, (for a high permeability coating).

It was also shown that the PMMA part of the copolymer foam pattern experienced the major
part of the My, reduction by y-irradiation. This emphasizes the role of the conjugated aromatic
ring in the styrene in increasing the radiation resistance of polystyrene, denoted the protective
role of polystyrene in PS-PMMA copolymer [99], thereby decreasing the efficiency of My
reduction due to increasing cross-linking. The effect of the y-irradiation is to reduce molecular
weight by chain scission. In the case of polystyrene, this chain scission is accompanied by
cross-linking, which prevents any reduction in M,,; therefore, irradiation of pure polystyrene
foam (PS) had no measurable effect on its molecular weight (see Figure 4-30). PMMA, on the
other hand, had its molecular weight reduced progressively by increasing amounts of chain

scission with increasing radiation.
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Although pure PMMA foam responded better to irradiation with respect to its M,, reduction
than the copolymer, casting with low M,, pure PMMA may not result in a good casting
because, for example, it may lead to a larger interface between the liquid metal front and the
foam pattern (because of the higher decomposition rate for low M,, foams), perhaps resulting
in the collapse of the surrounding moulding sand into the metal/foam interface. Furthermore,
low M,, foam patterns made from pure PMMA might increase the difficulties associated with
making the pattern cluster, as reducing the M, of the foam may make the patterns

unacceptably fragile.

It was also found that, while the E-beam was not quite as effective as y- radiation in reducing
the My, of the foam patterns, the dose rate of the E-beam irradiation was significantly higher
than in the case of y-irradiation. Therefore, assuming that there is no unwanted heating of the
pattern and associated distortion, E-beam irradiation would be the preferred method of M,

reduction.

The hardness of the Al castings (2199 alloy) was not found to be affected by reducing the My,
of the foam patterns. This is probably because the cooling rates of the castings with untreated

and irradiated foam patterns were similar and did not affect the microstructure of the castings.

The reduction in porosity would not be expected to show up clearly in a hardness test as it is a

surface property.

As results showed, castings made with a low My, foam reduced the numbers of defects at the
bottom surface of the castings. A surface with less defects and consequently a casting with
less porosity content should result in better mechanical properties. This was confirmed as the
fatigue properties of the LFC were improved to about double if the My, of the foam pattern

was reduced to about 49,000 gmol™'; however, the improvement in the fatigue properties of
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the casting was observed to be considerable only when the M, of the pattern was reduced
below the critical value to wick into the refractory coating (see Figure 4-39) and did not show

a gradual trend of improvement with gradual reduction in M,.

The cast iron LFC with reduced My, foams (Probead-30™) did not show any improvement in
their porosity content. However no defects were found at the base of any of the cast iron
castings even in the case of castings made with untreated foam patterns. This is probably due
to the high temperature of cast iron LFC at which the critical My, to wick into the coating is
reached much faster compared to Al LFC (2199 alloy), and also less liquid decomposition

byproduct is produced, and more quickly vaporized.

The flowing molten metal had a higher velocity when it was filling lower My, foam. An
increase in the velocity of liquid metal changes the shape of the metal/foam interface. As
Ainsworth and Griffiths [46] suggested, increasing the velocity of the molten metal (when
filling a vertically positioned plate from the bottom) increases the instability in the metal/foam
interface. They also concluded that a metal/foam interface with a planar shape can be

produced if the foam plate is filled with a velocity of 5 mms™ and less.

The irregularity in the metal/foam interface shown in Figure 4-45, Figure 4-46 and Figure
4-48 could be due to the fact that degradation of a low M,, foam was easier, resulting in the
evolution of large amounts of gas, which led to the formation of a large gap ahead of the
metal front while decomposition of an untreated foam pattern would take more time and heat.
It was shown that in the case of casting with an untreated pattern, the degrading foam became
entrapped in the flowing metal where different streams of liquid metal joined together. But in
the case of castings with irradiated foam patterns, the flowing metal experienced less

resistance in decomposing the pattern which also led to increasing the velocity of the molten
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metal (see Figure 4-47), and increasing the instability of the metal/foam interface. Therefore,
casting with low M,, foam pattern could benefit the quality of the castings if the velocity of

molten metal is controlled in order to avoid formation of unstable metal/foam interface.

Finally, the effect of using brominated and low M,, foam pattern was compared here because
both are thought to increase the quality of LFC. In the case of using brominated foam
patterns, hydrogen bromide gas is released at high temperatures (during casting) [28] and this
speeds up degradation of the foam pattern and subsequently increases the quality of castings
[25, 29]. While, in the case of using low M,, foam patterns, the removal mechanisms of
byproducts from the mould were assisted, as wicking of the liquid decomposition byproducts
of a low My, foam occur faster because less or no reduction in My, is required to reach the
critical My, to become absorbed by the coating. Therefore less bubbles are released from the
globules of the liquid byproducts waiting to reach the critical My, which trapped against the

casting/coating interface in the case of a low M,, foam.

5.6 Summary

The results of the current work clarify the effect of different parameters on the fluidity of
LFC. The advantage of this work is that the effect of different casting parameters at different
casting conditions was examined and the fluidity results showed a good degree of
consistency, although reproducible LFC fluidity test results are notoriously hard to achieve

[71].

It was also aimed at explaining and predicting the effect of different parameters on the
fluidity and the time of freezing in LFC (Equation 4-12 and Equation 4-13). The heat transfer
coefficients of the molten metal to the foam pattern and to the mould were estimated for a

particular casting condition, and were used to predict the fluidity length of some of the
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fluidity tests. The prediction of the fluidity tests was reasonably accurate in cases where the

estimated heat transfer coefficients were still valid for the casting conditions.

The velocity of the molten metal, the time of freezing, the thickness of the metal/foam
interface and the fluidity length were also measured for some of the fluidity tests by
employing thermocouples embedded in the pattern and the effect of different casting

parameters on these were explained.

In summary the fluidity results showed that to increase the fluidity length the most significant
parameters are the permeability of the coating and the pouring temperature. While the pouring
temperature is not recommended to be increased in order to increase fluidity, as it would
introduce higher solubility for hydrogen in the liquid metal and can increase the porosity of
the casting [10] and can also cause loss of alloying elements such as Mg, the coating
permeability can be a key parameter to improve the fluidity of LFC as at any casting
conditions increasing the coating permeability increased the fluidity length (from 10 to 60% ).
Another parameter is the density of the foam pattern, although the effect of casting with a
very low density foam pattern is not known, but the high collapse rate of low density foam
and consequently formation of the a large metal/foam interface might harm the quality of the

castings.

In parallel to the fluidity of LFC, the quality and mechanical properties of Al LFC (2L99
alloy) was shown to be improved by employing low My, foam patterns. The porosity content
of the castings was shown to be related to defects on the bottom surface of the horizontally
cast flat strips. It was suggested that the liquid byproducts of the foam pattern decomposition
become absorbed by the coating only if their M, has been reduced to a critical value [8].

Reducing the initial M,, of the foam pattern to/or below the critical value for wetting and
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wicking into the coating was shown to reduce the porosity of the castings, by encouraging
earlier wicking, and this was reflected in improved tensile and fatigue properties associated

with irradiated foam patterns.

The porosity content of the cast iron castings made with reduced M, patterns (Probead-30™)
did not show any improvement when compared to the castings with untreated foam patterns
probably because wicking to the coating is not an issue in the case of cast iron LFC, due to its

much higher casting temperature.
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6 CONCLUSIONS

. A reproducible fluidity test has been devised to determine and compare the fluidity of
Al alloys cast using the Lost Foam Casting process. The test was found to be highly
reproducible as the standard deviation of different fluidity tests varied from 3% to 8%
of the mean fluidity lengths.

. Lost Foam Casting of Al alloys produces a laminar flow in the bulk liquid.

. The effect of casting head height was insignificant on the fluidity of Al 2199 alloy, for
the range of head heights used here, from 110 to 260 mm, corresponding to a
metallostatic pressure of from 2626 to 6206 Pa.

. Increasing the thickness of a low permeability coating when using high casting
temperatures (780 °C) increased the fluidity of the Al 2199 alloy by 20 %, while at a
lower casting temperature (680 °C) the fluidity length was reduced by 50 %.
Increasing the thickness of a high permeability coating did not affect the fluidity
length significantly. It is not recommended to alter coating thickness in order to
improve the fluidity properties of LFC. This is because the coating resistance against
removal of the gaseous decomposition byproducts for the high permeability coating
was negligible, while with the low permeability coating a high back pressure was

produced which reduced the velocity of the molten metal, affecting the fluidity length.

. The heat transfer coefficient of the molten metal to the mould in the case of Al 21.99

alloy LFC was not influenced significantly by changing the permeability of the
coating (the thermal conductivity of the high and low permeability coatings are
approximately the same); however the heat transfer coefficient of the molten metal to
the foam increased when a high permeability coating was used instead of a low

permeability coating (by 40%). This is because the metal/foam interface is thicker in
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10.

11.

12.

the case of a low permeability coating and results in a lower heat transfer rate from the
molten metal to the foam pattern.

The velocity of the molten metal with the high permeability coating was more than
that of the low permeability coating (by about 70%). This was also the case for the
time of freezing (by about 10%).

Reducing coating permeability reduced the fluidity of Al 2L99 alloy LFC in any
casting condition (from 10% to 60%), and is the most significant parameter that can be
used to alter the fluidity of Al LFC (2L99 alloy). This is because removal of the
gaseous decomposition byproducts is easier when a high permeability coating is used
and this reduces the back pressure in the interface, and consequently increases the
velocity of molten metal.

Reducing the density of the foam pattern increased fluidity in Al LFC (2L99 alloy)
significantly; however it may have a detrimental effect on the quality of the castings.
Using lower M,, foam patterns, nor brominated foam patterns, had no significant
effect on fluidity in Al LFC (2199 alloy).

Solidification in Al LFC occurred at the tip of the metal flow rather than at the
beginning of the fluidity strip.

Thermogravimetric analysis of the decomposition of EPS foam showed that at about
106 °C nitrogen gas was released, corresponding to the collapse of the foam structure,
but a considerable mass loss (over 99%) occurred at about 403 °C, where styrene is
released.

Equations to describe the fluidity of LFC and the time of freezing were derived based

upon a heat balance between the heat transfer from the molten metal to the mould and
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13.

14.

15.

16.

17.

18.

19.

the heat absorbed by the foam to decompose the foam pattern. These were able to

predict the fluidity in castings using measured velocity data.

The My, of foam patterns containing poly methyl methacrylate (PMMA) was
decreased by y-irradiation and electron beam irradiation.

The reduction in My, due to irradiation increased in effectiveness with increasing
amounts of PMMA in PS-PMMA copolymer foam patterns.

Irradiating the copolymer foam patterns up to values of 189 MRad reduced their
flexural strength, but they could still be used in the casting process. However, when
pure PMMA was given a 100 MRad dose, it became too friable to be used.

The porosity content of Al 2199 alloy castings was reduced by reducing the M,, of the
foam patterns used in the casting process.

Defects were found at the bottom surface of the castings, due to the entrapment of
liquid polymer degradation byproducts at the casting-coating interface. These were
decreased, in size and number, when reduced My, foam patterns were used.

The fatigue life of castings was increased by reducing the My, of the foam patterns
used in the casting process, probably because the critical My, for wicking the liquid
pattern degradation byproduct into the permeable coating was more quickly reached.
However, the increased fatigue life was obtained only when the My, of the foam was
reduced below the critical M,, for wicking into the coating.

Electron beam irradiation is the preferred method of reducing the pattern My, as it was
found to be about 25 times quicker in delivering the same dosage as y-radiation
However it is approximately 7-10% less effective in reducing the My, of the foams

compared to y-rays.
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20. The quality of cast iron LFC was not dependent on the M,, of the foam pattern; this is

21.

because of the high temperature in Lost Foam iron casting which suggests that the
decomposition byproducts are mostly or completely vapour, and any liquid byproduct
can be rapidly wicked into the coating.

Al LFC (2199 alloy) with low My, foam pattern benefited from easier decomposition
of the foam when the pattern was positioned horizontally, but the metal/foam interface
formed an instable, irregular shape which can be detrimental to the quality of castings

when the low My, foam pattern was cast vertically, and filled from below.
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7/ FURTHER WORK

Considerable progress has been made in understanding the effect of casting parameters on the

fluidity of LFC. The quality of Al LFC (2L99 alloy) was also improved by employing

irradiation processing to reduce the My, of the foam pattern. Nonetheless, further research is

needed in the following areas:

1.

Now that it is known that Al LFC (2L99 alloy) can benefit from low M,, patterns,
other starting materials with lower initial My, such as polylactic acid, or polyglutamic
acid might be suitable to foam and carry out LFC process with, to examine the effect
of using those foam materials on the filling behaviour of the molten metal and the
quality of castings.

The UTS of Al 2199 alloy LFC, using low M,, foams were only about 12% more than
castings with untreated foam pattern while the reduction in the porosity content was
about 85%. Further mechanical tests showed that the fatigue properties of the casting
with reduced M,, foams were twice of the fatigue life in the case of casting with
untreated foam patterns. It is also of interest to examine further, the relationship
between porosity content of the castings with lower M,, foam patterns, and mechanical
properties of the castings such as UTS, to determine why the improvement in the
properties is not great. For example the improvement in the mechanical properties of
heat treated and as cast castings, due to using low My, foams can be examined.

The size and temperature of the metal/foam interface was studied here but a detailed
model of the metal/foam interface (the nature of the interface particularly) is still
required. For example, research on the amount of the liquid polymer in the
degradation byproducts (compared to the gaseous byproducts) at the metal/foam

interface which changes from the foam pattern to the molten metal front. This might
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lead to a better understanding of the mechanisms of entrapment of the foam pattern
byproducts into the molten metal stream.

While reducing the My, of the foam patterns has benefitted the quality of the castings
when the cast strips were positioned horizontally, casting with vertical irradiated foam
plates showed that the metal/foam interface formed an unstable interface, probably
because of the high velocity of the molten metal when filling a low M,, foam pattern.
Therefore, the critical velocity for planar mould filling (from the bottom) using low
M,, foam patterns needs to be established. To investigate the critical velocity of the
molten metal to prevent irregular metal/foam interface for casting with a certain M,,
foam pattern, a bottom filling casting is suggested with the ability of controlling the

molten metal velocity in order to establish the optimum and the critical value.
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10APPENDIX Il Results of the fluidity tests.

Table 10-1 Results of the fluidity test, cast at 780 ° C using high permeability coating of 0.3 mm

thickness (1).

Casting conditions (A1)

F Type EPS
oam
Density (kgm ) 27
. Type High permeability
Coating Thickness (mm) 033
Casting Temperature (° C) 784
Alloy 21.99
Results detail
Fluidity Length (mm)
Head Standard
Level height L1 L2 L3 L4 Sum Mean andar
Deviation
(mm)
1 260 295 245 275 295 1180 277 23
2 210 360 285 245 270 1096 274 57
3 160 280 260 255 260 1052 263 11
4 110 280 270 265 255 1068 267 10
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 20 20 20 20
2 20 17 22 22
3 22 22 20 23
4 20 27 20 20
Total length (mm) 4396 Mean (mm) | 274
Mean (mm) 285
Sidel Total (mm) 2280
Mean (mm) 264
Side2 Total (mm) 2116

One of the fluidity strips located at the second level was considerably longer than the others as
it was filled completely, highlighted in table.
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Table 10-2 Results of the fluidity test, cast at 780 °C, high permeability coating of 0.3 mm thickness (2).

Casting conditions (A2)

Type EPS
Foam ) 3
Density (kgm ) 27
. Type High permeability
Coating Thickness (mm) 0.36
Casting Temperature (° C) 783
Alloy 21.99
Results detail
Fluidity Length (mm)
Head Standard
Level height L1 L2 L3 L4 Sum Mean andar
Deviation
(mm)
1 260 310 320 290 300 1120 305 13
2 210 300 300 280 290 1170 292 9
3 160 280 305 260 250 1095 274 24
4 110 240 260 230 260 1096 247 15
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 12 27 21 15
2 20 19 20 18
3 17 16 22 17
4 26 16 20 25
Total length(mm) 4475 Mean (mm) | 280
. Mean (mm) 289
Sidel
Total (mm) 2315
. Mean (mm) 270
Side2
Total (mm) 2160
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Table 10-3 Results of the fluidity test, cast at 780 ° C , high permeability coating of 0.3 mm thickness (3).

Casting conditions (A3)

Type EPS
Foam . 3
Density (kgm ) 27
. Type High permeability
Coating Thickness (mm) 0.29
Casting Temperature (° C) 778
Alloy 21.99
Results detail
Fluidity Length (mm)
Head Standard
Level height L1 L2 L3 L4 Sum Mean ancar
Deviation
(mm)
1 260 340 255 315 275 1185 296 38
2 210 310 275 280 260 1125 281 21
3 160 260 215 240 250 965 241 19
4 110 250 285 225 270 1030 257 26
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 15 22 25 21
2 22 23 17 20
3 20 22 23 25
4 21 24 26 21
Total length(mm) 4304 Mean (mm) | 269
Mean (mm) 264
Sidel Total (mm) 2112
Mean (mm) 273
Side2 Total (mm) 2184

In this test a series of successive thermocouples were inserted into the foam pattern.
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Table 10-4 Results of the fluidity test, cast at 780 ° C using high permeability coating of 1.3 mm thickness.

Casting conditions (B)

Type EPS
Foam . 3
Density (kgm ) 27
. Type High permeabilit
Coating Thicknz:]ss (mm) : 1.4 ’
Casting Temperature (° C) 783
Alloy 21.99
Results detail
Fluidity Length (mm)
Hgad Standard
Level height L1 L2 L3 L4 Sum Mean .
(mm) Deviation
1 260 245 285 295 290 1112 278 22
2 210 230 245 290 265 1028 257 25
3 160 240 260 255 230 984 246 13
4 110 255 260 295 235 1044 261 24
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 25 26 21 14
2 22 22 22 28
3 21 25 20 17
4 22 16 15 22
Total length(mm) 4168 Mean (mm) | 260
. Mean (mm) 252
Sidel
Total(mm) 2016
. Mean (mm) 269
Side2
Total (mm) 2144

e The casting strips located in the first level (260 mm head height) have a non-smooth and irregular
shape front.
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Table 10-5 Results of the fluidity test, cast at 780 ° C using low permeability coating of 0.3 mm thickness

@.
Casting conditions (C1)
Type EPS
Foam ) 3
Density (kgm ) 27
. Type Low permeability
Coating Thickness (mm) 0.3 (not measured)
Casting Temperature (° C) 776
Alloy 21.99
Results detail
Fluidity Length (mm)
Level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 185 180 195 205 764 191 11
2 210 160 170 235 255 820 205 47
3 160 155 190 235 185 764 191 33
4 110 175 170 185 235 764 191 29
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 16 20 18 20
2 25 20 22 22
3 16 25 27 22
4 22 17 16 17
Total length (mm) 3112 Mean (mm) | 195
) Mean (mm) 252
Sidel
Total(mm) 2016
) Mean (mm) 269
Side2
Total (mm) 2144

200




Table 10-6 Results of the fluidity test, cast at 780 ° C using low permeability coating of 0.3 mm thickness

().
Casting conditions (C2)
P Type EPS
oam
Density (kgm ) 27
. Type Low permeability
Coating Thickness (mm) 03
Casting Temperature (° C ) 780
Alloy 21.99
Results detail
Fluidity Length (mm)
Level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 180 186 195 155 716 176 14
2 210 185 163 153 178 679 169 12
3 160 154 189 150 148 641 160 16
4 110 169 176 160 178 683 170 7
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 12 27 21 15
2 20 19 20 18
3 17 16 22 17
4 26 16 20 25
Total length(mm) 2719 Mean (mm) 170
Mean (mm) 175
Sidel Total (mm) 1400
Mean (mm) 164
Side2 Total (mm) 1312
e The filled strips are rough and irregular at the tip.
e The strips at the 3" and the 4™ levels of the casting are not filled vertically at the tip. It
might be due to entrapment of some gaseous by-product of the foam degradation.
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Table 10-7 Results of the fluidity test, cast at 780 ° C using low permeability coating of 1.3 mm thickness

@.
.Casting conditions (D1)
F Type EPS
oam
Density (kgm ) 27
. Type medium permeability ~
Coating Thickness (mm) 1.37
Casting Temperature (° C) 784
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 190 185 200 360 935 233 84
2 210 170 185 225 195 775 193 23
3 160 190 195 295 195 875 218 50
4 110 200 270 185 205 860 215 37
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 12 27 21 15
2 20 19 20 18
3 17 16 22 17
4 26 16 20 25
Total length (mm) 3445 Mean (mm) | 215
Mean (mm) 198
Sidel Total (mm) 1585
Mean (mm) 232
Side2 Total (mm) 1860

The casting strips located in the first level (260mm head height) have a non-smooth and irregular

shape front at the tip.

The standard deviations of the filled lengths are considerably higher indicating difference in the
fluidity lengths of the casting at different levels (head height).

* The coating used in this test was the medium permeability coating instead of low permeable

coating as the low permeable coating was run out.
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Table 10-8 Results of the fluidity test, cast at 780 ° C using low permeability coating of 1.3 mm thickness

Q).
Casting conditions (D2)
Type EPS
Foam ) 3
Density (kgm ) 27
. Type medium permeability ~
Coating Thickness (mm) 1.45
Casting Temperature (° C) 787
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 245 210 225 225(t) 904 226 14
2 210 240 175 255 255 924 231 38
3 160 220 190 210 230 848 212 17
4 110 220 210 250 260 940 235 23
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 17 22 25 21
2 21 26 30 24
3 17 21 17 23
4 25 20 22 27
Total length (mm) 3616 Mean (mm) | 226
Total (mm) 1712
Sidel Mean (mm) 208
Total (mm) 1904
Side2 Mean (mm) 238

e The coating used in this test was the medium permeability coating instead of low
permeable coating as the low permeable coating was run out.
o In this test a series of successive thermocouples were inserted into the foam pattern.
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Table 10-9 Results of the fluidity test, cast at 680 ° C using high permeability coating of 0.3 mm thickness.

Casting conditions (E)

Type EPS
Foam ) 3
Density (kgm ) 27
. Type High permeability
Coating Thickness (mm) 03
Casting Temperature (° C) 685
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 205 215 200 200 820 205 7
2 210 240 195 245 190 870 217 29
3 160 195 235 185 170 785 196 27
4 110 190 215 175 170 750 187 20
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 15 22 20 19
2 18 20 15 15
3 15 22 20 16
4 18 25 22 20
Total length (mm) 3225 Mean (mm) | 201
. Mean (mm) 211
Sidel
Total (mm) 1690
. Mean (mm) 191
Side2
Total (mm) 1535
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Table 10-10 Results of the fluidity test, cast at 680 ° C using high permeability coating of 1.3 mm

thickness.

Casting conditions (F)

F Type EPS
oam
Density (kgm ) 27
. Type High permeability
Coating Thickness (mm) 1.3
Casting Temperature (° C) 681
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 215 195 215 215 840 210 10
2 210 245 175 210 290 920 230 49
3 160 235 215 210 220 880 220 10
4 110 200 190 200 245 835 208 24
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 15 22 22 20
2 17 19 20 25
3 15 20 18 14
4 27 25 25 29
Total length (mm) 3475 Mean (mm) | 217
Mean (mm) 208
Sidel Total (mm) 1670
Mean (mm) 225
Side2 Total (mm) 1805
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Table 10-11 Results of the fluidity test, cast at 680 ° C using low permeability coating of 0.3 mm thickness.

Casting conditions (G)

Type EPS
Foam ) 3
Density (kgm ) 27
. Type Low permeability
Coating Thickness (mm) 037
Casting Temperature (° C) 680
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 165 190 185 190 730 182 12
2 210 185 185 165 * 535 178 12
3 160 225 185 185 160 755 188 26
4 110 200 200 160 180 740 185 19
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 12 27 21 15
2 20 19 20 18
3 17 16 22 17
4 26 16 20 25
Total length (mm) 2760 Mean (mm)* | 180
Mean (mm) 191
Sidel Total (mm) 1535
Mean* (mm) 175%
Side2 Total (mm) 1225

* one of the branches (second level) was not filled at all which might be due to breaking of the foam
pattern during the moulding process; therefore the mean fluidity length was calculated based on data
from 15 branches.
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Table 10-12 Results of the fluidity test, cast at 680 ° C , low permeability coating of 1.3 mm thickness (1).

Casting conditions (H1)

Type EPS
Foam ) )
Density (kgm ) 27
. Type Low permeability
Coating Thickness (mm) 136
Casting Temperature (° C ) 677
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 60 30 70 55 216 54 17
2 210 105 85 105 80 376 94 13
3 160 95 100 95 100 392 98 3
4 110 85 100 105 100 388 97 8
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 25 26 21 14
2 22 22 22 28
3 21 25 20 17
4 22 16 15 22
Total length (mm) 1372 Mean (mm) | 86
Mean (mm) 83
Sidel Total (mm) 664
Mean (mm) 88
Side2 Total (mm) 708
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Table 10-13 Results of the fluidity test, cast at 680 ° C , low permeability coating of 1.3 mm thickness (2)

Casting conditions (H2)
Type EPS
Foam ) 3
Density (kgm ) 27
. Type Low permeability
Coating Thickness (mm) 1.3
Casting Temperature (°C) 676
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 75 95 115 115 400 100 19
2 210 110 90 115 120 435 100 13
3 160 35 105 115 95 350 87 35
4 110 115 85 85 80 365 91 16
Front Curvature —Radius (mm)
Level R1 R2 R3 R4
1 15 18 25 22
2 25 20 16 16
3 20 25 25 27
4 28 30 28 24
Total length (mm) 1536 Mean (mm) | 96
Total (mm) 704
Sidel Mean (mm) 88
Total (mm) 840
Side2 Mean (mm) 105

o In this test a series of successive thermocouples was inserted into the foam strips.
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Table 10-14 Results of the fluidity test, cast at 680 ° C using high permeability coating of 0.3 mm thickness

and brominated EPS foam pattern.

Casting conditions (I)

Type Brominated EPS
Foam . )
Density (kgm ) 30
. Type High permeabilit
Coating Thickness (mm) N T
Casting Temperature (° C) 685
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 195 195 195 165 752 188 15
2 210 195 175 190 170 732 183 11
3 160 205 210 190 195 800 200 9
4 110 185 220 220 195 820 205 17
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 20 22 23 25
2 21 24 26 21
3 22 23 26 20
4 25 22 23 24
Total length (mm) 3104 Mean (mm) | 194
Mean (mm) 198
Sidel Total (mm) 1580
Mean (mm) 190
Side2 Total (mm) 1524

e The fluidity test was carried out using the brominated EPS foam pattern to study the effect of
using easily decomposable foam pattern on the fluidity properties of the LFC.

o In this test a series of successive thermocouples were inserted into the foam pattern.
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Table 10-15 Results of the fluidity test, cast at 680 ° C using high permeability coating of 0.3 mm thickness

and low molecular weight copolymer of (70wt.% PMMA and 30wt.% PS)- 71,000 gmol -,

Casting conditions (J)

Type

Probead-70 (70wt.% PMMA and 30wt.% PS)-

Foam M,, of 320,000 gmol’'
Density (kgm )
. Type High permeability
Coating Thickness (mm) 0.28
Casting Temperature (° C) 683
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 195 180 230 160 765 191 29
2 210 180 235 200 185 800 200 24
3 160 190 205 210 170 775 193 17
4 110 180 200 200 155 735 183 21
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 18 25 21 23
2 25 19 25 17
3 22 25 29 26
4 24 23 20 19
Total length (mm) 3075 Mean (mm) 192
Mean(mm) 196
Sidel Total (mm) 1565
Mean(mm) 185
Side2 Total(mm) 1510

e The fluidity test was carried out using low molecular weight copolymer of (70wt. % PMMA

and 30wt. % PS) having the molecular weight of 71,000 gmol ' .
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Table 10-16 Results of the fluidity test, cast at 680 ° C using high permeability coating of 0.3 mm thickness

and low density EPS foam pattern.

Casting conditions (K)

Type EPS
Foam . 3
Density (kgm ) 16
. Type High permeability
Coating Thickness (mm) 0.3 (not measured)
Casting Temperature (° C) 683
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 360 360 360 360 1440 360 0
2 210 360 360 360 360 1440 360 0
3 160 360 360 360 360 1440 360 0
4 110 360 360 360 360 1440 360 0
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 0 0 00 00
2 0 0 00 00
3 00 00 00 )
4 0 0 o0 o0
Total length (mm) 5760 Mean (mm) | 360
_ Mean (mm) 360
Sidel Total (mm) 2760
_ Mean (mm) 360
Side2 Total (mm) 2760

o The fluidity test was carried out using low density foam pattern (EPS). This facilitates
studying the effect density of the foam pattern in fluidity of the LFC.
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Table 10-17 Results of the fluidity test, cast at 680 ° C using high permeability coating of 0.3 mm thickness

and Probead-70™ foam pattern.

Casting conditions (L)

Probead-70 (70wt.% PMMA and 30wt.% PS)-
Type
Foam M, of 320,000 gmol
Density (kgm ) 24
. Type High permeabilit
Coating Thickness (mm) N TR
Casting Temperature (° C) 685
Alloy 21.99
Results detail
Fluidity Length (mm)
level Head L1 L2 L3 L4 Sum Mean Standard
height Deviation
(mm)
1 260 195 195 185 175 825 206 33
2 210 185 230 200 195 820 205 24
3 160 175 195 235 185 790 197 27
4 110 185 215 175 175 750 187 20
Front Curvature —Radius (mm)
level R1 R2 R3 R4
1 20 22 15 19
2 23 25 26 24
3 24 26 29 24
4 22 15 26 36
Total length (mm) 796 Mean (mm) | 199
Mean(mm) 205
Sidel Total (mm) 1645
Mean(mm) 192
Side2 Total(mm) 1540
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ABSTRACT

Lost foam casting offers freedom of design. However the quality of the castings obtained is often reduced by
entrapment of degradation byproducts from the foam pattern. These can be absorbed by the permeable pattern
coating, once heat from the liquid metal reduces their molecular weight sufficiently, which suggests that starting
with a low molecular weight pattern may lead to higher quality castings. The molecular weight of expanded
polymethylmethacrylate-polystyrene copolymer foam patterns was reduced by exposure to y-radiation, and then
cast with an Al-7Si-0.3Mg alloy. The porosity of the castings was reduced by as much as 77%, compared to the
porosity of castings produced with unirradiated foam patterns.

Introduction

The Lost Foam casting (LFC) process uses an expanded foam pattern, usually expanded polystyrene (EPS) in the
case of Al casting, or a copolymer of polystyrene (PS) and polymethylmethacrylate (PMMA) for ferrous
castings. The expanded foam shapes are assembled to make a cluster using a hot wax adhesive, given a thin layer
of a permeable refractory coating and, once dried, surrounded by vibrated, compacted dry sand in a moulding
box. The pattern is not removed, but when the molten metal is poured into the mould it causes the foam pattern
to degrade; the liquid metal thus replaces the pattern gradually to fill the mould and achieve the final cast shape.

The pattern decomposition by-products consist of vapour and liquid polymer. The permeable refractory coating
on the pattern allows the vapour by-products to escape, and also absorbs the liquid polymer residue. The quality
of Lost Foam castings is often reduced due to entrapment of these vapour and liquid by-products in the liquid
metal during the mould filling process; therefore study of the degradation by-product removal mechanisms is
essential to improve casting quality.

In the case of Al casting, the pattern breaks down predominantly to a viscous liquid residue, which when
transported to the metal-coating interface can be wicked into the permeable coating [1]. Davies and Griffiths
examined the molecular weight of the liquid polymer degradation by-product, and concluded that a critical
molecular weight, and hence critical viscosity, was necessary for its absorption into the pattern coating [2].
Casting experiments showed that when the liquid polymer degradation products are displaced to the metal-
coating interface they would form globules of polymer which may remain for some time after the advancing
metal front has passed. Once sufficient degradation has occurred the polymer is wicked into the coating [2,3].

This understanding of the behaviour of the liquid polymer residue suggests that low molecular weight (Mw)
foams may be a more desirable pattern material than the currently used expanded polystyrene (EPS), (which
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typically has a molecular weight of greater than 300,000 gmol™ [2]). Beginning with a low molecular weight
(Mw) foam, (perhaps lower than the critical Mw for wicking into the permeable coating), may assist the removal
mechanisms of the pattern decomposition by-products.

Chain scission is the breaking of a molecular bond causing the loss of a side group or shortening of the overall
chain [4]. This can be achieved by y-irradiation, in the case of polymethylmethacrylate (PMMA), while
irradiation of polystyrene does not have the same effect on Mw, due to the stabilising presence of the aromatic
ring which promotes cross-linking reactions. Polymethylmethacrylate is more susceptible to reductions in Mw
when exposed to high doses of radiation, due to the predominance of chain scission over cross-linking reactions

[5].

Pure PMMA was not available in foamed form; hence a foamed copolymer of polystyrene (PS) and PMMA was
used in these experiments instead. The work reported here was aimed at exploring the effect of using y-
irradiation to reduce the molecular weight of this copolymer foam pattern material, and determining the effect of
using these low molecular weight foam patterns on the quality of Al alloy castings.

Experimental Procedure

Foam patterns consisting of a copolymer of 70wt.% PMMA and 30wt.% PS in the shape of rectangular plates, of
dimensions 450 x 180 x 10 mm, were exposed to y-irradiation (using a cobalt-60 source) in order to reduce their
molecular weight. The foam patterns were exposed to dosages of up to about 190 MRad. Before irradiation, the
foam patterns were sealed in polythene bags under a vacuum of 0.5 bar to attempt to minimize the presence of
oxygen and reduce cross-linking. In addition to y—irradiation of the copolymer foam patterns, the effects of
different parameters such as irradiation with or without vacuum, irradiation of a copolymer or of pure foam
PMMA, and irradiation using y-rays or an electron beam, (E-beam), were also compared.

Following the irradiation procedure, the Mw of the irradiated foam patterns was measured using Gel Permeation
Chromatography (GPC) by Rapra Technology (Shrewsbury, UK). The GPC system used for this work was
calibrated with polystyrene calibrants and all of the results were expressed as ‘polystyrene equivalent’ Mw. It
should be appreciated that there could be considerable differences between these polystyrene equivalents and the
true Mw of the samples which is common in conventional GPC, although comparisons between results obtained
in this work would still be valid.

Strips of dimensions 10 x 40 x 300 mm were cut from the irradiated foam patterns, coated with a high
permeability coating of thickness 0.3 mm, and cast horizontally with 2L99 aluminium alloy (Al-7wt.%Si-
0.3wt.%Mg) with a pouring temperature of 780°C and 150 mm head height. All castings filled completely.

The quality of the castings made in this way were characterised by measurement of their porosity content,
obtained by image analysis of samples cut from the centre line of the castings, ground and polished to 1 pm. The
defects of particular interest were internal porosity, and surface concavities thought to be associated with the
entrapment of liquid polymer degradation byproducts at the casting-coating interface. The internal porosity was
characterised by measurement of their total area, while the surface concavities, which were only found on the
bottom casting surface, were characterised by measurement of their total length and frequency.

To examine the effect of irradiation of the foam patterns on mechanical properties of the castings obtained, test
bars were taken from the centre line of the castings, (of dimensions 8 x 8 mm cross-section and 70 mm gauge
length), and subjected to tensile testing at a strain rate of 1 mm min™'. In addition, 3 point bending was used to
determine what effect the y-irradiation had on the mechanical properties of the irradiated copolymer foams. This
was carried out on samples of dimensions 80 x 50 x 10 mm, subjected to a 30 kg load applied at 5 mm min™".

Results

The results showed that y-irradiation reduced the Mw of the foam patterns significantly, (by up to 85%). The
original foam patterns had a Mw of about 325,000 gmol™, which was reduced according to the amount of
irradiation received, to values as low as about 45,000 gmol’], as shown in Figure 1.
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Figure 1. The effect of y-irradiation on molecular weight.

Figure 2 shows micrographs of defects found at the base of the horizontal strip castings, thought to be due to the
occurrence of globules of liquid polymer degradation products trapped at the casting-coating interface. The
Figure shows the globules to be associated with porosity in the casting immediately above, showing that at least
some of the casting porosity was caused by gas evolved from the trapped globule, travelling upwards through the
liquid metal.

Figure 2. Defects occurring at the base of the castings. (a) Casting made with unirradiated foam pattern, (b) and
(c) castings made with irradiated foam patterns, (30 and 75 MRad respectively).

Figure 3 shows the porosity content of the castings made with irradiated foam was reduced as the foam pattern
molecular weight was reduced, from about 1.6% in the casting made with the unirradiated foam, to about 0.4%
in the casting made with the most irradiated foam (189 MRad, Mw of about 45,000 gmol™. In other words, the
porosity content of the castings was decreased by up to 85% due to irradiation of the foam patterns. A Fisher test
confirmed that the porosity content of the castings made with unirradiated foam and with the most irradiated
foam were statistically different at the 99% confidence limit.
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Figure 3. Graph showing porosity content of the castings reduced by decreasing the Mw of the foam pattern.

Figure 4 shows a correlation of the total length of the globular defects found at the base of the castings, measured
on a length of 25 mm, with casting porosity content. Figures 2 and 4 therefore suggest that porosity content of
the castings increased with size of the globular defects at the base of the castings, and that the total area of the

porosity associated with the liquid globules trapped during mould filling decreased with y-irradiation of the foam
pattern.
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Figure 4. Graph showing relationship between porosity content of the castings made with foam patterns of

different Mw, related to the total length of the defects found on the surface of the base of the horizontally cast
plates.

The UTS of the castings made with y-irradiated foam patterns increased slightly with decreasing molecular
weight, as shown in Figure 5. A Fisher test confirmed that the UTS of the castings made with the unirradiated

foam, and made with the most irradiated foam (189 MRad), were statistically different at the 99.9% confidence
limit.
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Figure 5. Graph showing Ultimate Tensile Strength of test bars of Al-7Si-0.3Mg alloy related to the Mw of the
patterns used.

To determine whether irradiation of the foam would cause a decrease in foam mechanical properties, and
therefore make the foam patterns unacceptably fragile during mould preparation, the maximum load at fracture
of irradiated foam samples was determined using a 3-point bend test. This is plotted against Mw of the foam
patterns in Figure 6, and shows a reduction in maximum load at failure with increasing irradiation and
decreasing Mw. The maximum reduction of foam strength was about 60%, which occurred in the most irradiated
foam (189 MRad).
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Figure 6. Results of 3 point bending tests on the irradiated foam patterns, showing that foam strength was
reduced by reduction of its molecular weight by y-irradiation.

Irradiating the copolymer foam patterns using the E-beam process, to deliver 80 MRad exposure, reduced the
Mw of the foam sample by 67%, compared to its original Mw. In contrast, when the same exposure was
delivered by y radiation, a 74% reduction in Mw was obtained, (extrapolated from Figure 1). This implies that
the effect of the E-beam was slightly less than that of y irradiation. This is due to the difference in the residence
time of the samples in front of the radiation sources, as obtaining 80 MRad from the E-beam process can be
achieved much more quickly than by irradiation with y sources (by about 25 times). A shorter irradiation time
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reduces the amount of ozone initiated oxidation and therefore the opportunity for chain scission and cross-
linking reactions.

To compare with the effect obtained with the foamed PMMA -PS copolymer, pure PMMA powder and pure EPS
were both exposed to 100 MRad of y radiation. The pure PMMA powder showed a marked reduction in Mw (by
95%) while pure EPS did not experience any reduction in Mw. This illustrated that the foamed PPMA-PS
copolymer owed its reduction in Mw to the effect of radiation on the PMMA.

Finally, the amount of reduction in Mw of the foam patterns when irradiated under normal atmospheric
conditions was found to be the same as that obtained when irradiation occurred under 0.5 bar pressure.

Discussion

The correlation between porosity and the defects at the base of the castings, shown in Figures 2 and 4, is support
for the wicking and wetting theory of Zhao et al. [3] and Davies and Griffiths [6]. These results confirm that if
the liquid degradation products displaced to the casting-coating interface do not reach the critical Mw, they can
release bubbles of gas into the liquid metal, increasing the porosity content of the casting.

The GPC analysis, measuring Mw of the irradiated foams, showed an obvious reduction in Mw (by 85% for an
irradiation of 189 MRad); therefore the Mw below the critical value for wicking into the coating suggested by
Davies and Griffiths, (about 70,000 g/mol for a high permeability coating) [2], was achieved. Figure 7 shows the
distribution of foam pattern Mw and the porosity content, related to the critical Mw proposed for wetting of the
pattern coating by the liquid polymer residue, and wicking of the liquid polymer residue into the coating, (for a
high permeability coating). Assuming that the Mw measured in these experiments for the copolymer is
comparable to the Mw measurement results from the degraded PS experiments of Davies and Griffiths [2,6], the
most irradiated foam samples reached a Mw just below the critical value for wicking into the coating. These
foam patterns resulted in castings with the least porosity. However, the desirable Mw for patterns for Lost Foam
casting is yet unknown. Very low Mw foam patterns may cause some other defects in the casting process, for
example, a more rapid evolution of gas from the more rapidly-degrading foam.
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Figure 7. Relationship between casting porosity and Mw of the foam patterns related to the Mw at which wetting
and wicking can occur, (for a high permeability coating).
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The results also found that the PMMA part of the copolymer foam pattern probably experienced the major part
of the Mw reduction by y-irradiation. This emphasizes the role of the conjugated aromatic ring in the styrene in
increasing the radiation resistance of polystyrene, thereby decreasing the efficiency of Mw reduction due to
increasing cross-linking.

Although pure PMMA foam responded better to irradiation with respect to its Mw reduction than the copolymer,
casting with low Mw pure PMMA may not result in a good casting because, for example, it may lead to a larger
gap between the liquid metal front and the foam pattern, perhaps resulting in the collapse of the surrounding
moulding sand into the gap. Furthermore, low Mw foam patterns made from pure PMMA might increase the
difficulties associated with making the pattern cluster in the LFC process, as reducing the Mw of the foam may
make the patterns unacceptably fragile, as suggested by Figure 6.

It was also found that, while the E-beam was not quite as effective as p rays in reducing the Mw of the foam
patterns, the dose rate of the E-beam irradiation was significantly higher than for y irradiation. Therefore,
assuming that there is no unwanted heating of the pattern, and associated distortion, E-beam irradiation would be
the preferred method of Mw reduction.

While the statistical test showed that the tensile properties of the castings made from reduced Mw foam patterns
were improved, compared to conventional LFC, the amount of improvement was small (6%). It would be of
interest to examine the fatigue lives of castings made with low Mw foam patterns, as less porous samples should
give much improved fatigue properties.

Conclusions
1. The molecular weight of PMMA-PS copolymer foam patterns is reduced by y- and E-beam irradiation.

2. The porosity content of Al alloy castings produced by the Lost Foam casting process was reduced by using
reduced molecular weight foam patterns.

3. y-irradiation of the foam patterns reduced their fracture strength in 3-point bending, and may make more
difficult the cluster making process.

4. Pure PMMA foam was associated with a greater reduction in molecular weight than the PS-PMMA
copolymer, while pure EPS did not show any reduction in molecular weight with y-irradiation.

5. E-beam irradiation would be the preferred method of molecular weight reduction compared to p irradiation,
due to its higher irradiation rate.
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ABSTRACT

In Lost Foam casting heat from the cast liquid metal causes the foam pattern to degrade and results in the
evolution of gas and formation of liquid polymer byproducts. These can cause cause a reduction in the casting
quality if they become entrapped in the liquid metal. However, the liquid polymer byproducts can be absorbed
by the permeable pattern coating, once their molecular weight (Mw) is sufficiently reduced by the action of heat.
Therefore using a lower molecular weight (Mw) pattern may lead to higher quality castings because less
reduction in Mw will be required before absorption of the liquid polymer byproduct into the pattern coating. The
Mw of expanded copolymers foam patterns can be reduced by exposure to y-radiation. The properties of castings
made with irradiated foam patterns, such as porosity content and fatigue properties, were compared with the
properties of castings made from unirradiated foam, to show the advantages of using the former.

Introduction

In the Lost Foam casting process the pattern is constructed of polystyrene (PS) foam, coated with a permeable
refractory layer, typically about 500 um in thickness. This is placed into a moulding box and surrounded by
loose, unbonded silica sand, which is compacted by vibration. The mould is then cast, with the polystyrene (PS)
pattern being degraded by the heat from the liquid metal, to form the desired cast shape.

The process confers great freedom of design compared to conventional casting processes. Complex patterns can
be made by joining together simpler shapes and cored features can be formed in situ, reducing machining costs.
However, the degradation of the polystyrene pattern produces liquid and gaseous byproducts, and if these
become entrapped in the liquid metal during mould filling, the quality of the final casting can be considerably
reduced.

Significant effort has been put into studying the thermal decomposition of the foam pattern and the removal
mechanisms of the degradation byproducts over the last 20 years, for example, by Zhao et al. [1], Shivkumar et
al. [2], Liu et al. [3], Caulk [4], Barone et al. [5], Molibog et al. [6], Sun et al. [7] and Hill et al. [8]. Previous
research has suggested that an important feature of the process is the permeable pattern coating, through which
the pattern degradation products must pass. In the case of casting with liquid Al alloys, the pattern tends to
degrade to form a mostly liquid residue. It has been proposed that the permeable pattern coating absorbs the
liquid polystyrene residue by a wicking action [7], although alternative suggestions have been put forward [1].
Detailed investigation suggested that once the liquid polystyrene residue degraded to reach a critical molecular
weight (Mw), (and hence critical viscosity), absorption into the pattern coating occurs. For example, for a

coating permeability of 1.2 x 107" m’ , the polystyrene, with initial Mw of 325,000 gmol™, is wicked into the
coating once the liquid degradation byproduct reaches a Mw of about 70,000 gmol™ [9].

This suggests that improved Lost Foam castings could be obtained if the material used for the pattern possessed
a lower initial molecular weight. The liquid polystyrene residue might then reach the critical Mw for wicking
into the pattern coating more quickly, and be removed more easily. This would presumably reduce the likelihood
of it being entrained in the casting, improving casting properties.

Apart from polystyrene, foam patterns are also made out of a copolymer of PS and polymethylmethacrylate
(PMMA). The Mw of the latter can be reduced by y-radiation, (which does not have the same effect on
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polystyrene) [10]. The results presented in this paper show how using irradiated foam patterns can produce
improved castings.

Experimental Procedure

Rectangular plates of a copolymer of 70wt.% PMMA and 30wt.% PS (PROBEAD-70) with a thickness of 10
mm, and length and width 180 x 450 mm, respectively, were irradiated by a cobalt-60 y-ray source in order to
reduce their Mw. The foam plates were exposed to dosages of up to about 190 MRad. In addition to this, the
effect of foam type, (the copolymer or pure PMMA), and irradiation source, (y-rays or an electron beam), were
also compared. The resulting foam patterns were cast with an Al-Si-Mg alloy, and the quality of the resulting
castings characterised. Another copolymer (PROBEAD-30, COPOL 1.3) (30wt.% PMMA and 70wt.% PS), was
also exposed to an electron beam to reduce its Mw with dosages of up to about 180 MRad. The effect of
irradiating the foam patterns was established by measuring their Mw and polydispersity using Gel Permeation
Chromatography (GPC), carried out by Rapra Technology (Shrewsbury, UK). The results of the GPC
measurements were expressed as ‘polystyrene equivalent’” Mw, rather than absolute values of Mw, but
comparisons between results obtained within this work would still be valid.

In order to ascertain the effect of y—irradiation on the mechanical properties of the irradiated foams, a 3 point

bending test was carried out on samples of dimensions 80 x 50 x 10 mm, subjected to a 30 kg load applied at 5
g

mm min’.

Foam strips were then cast of dimensions 10 x 40 x 300 mm, with a 0.3 mm layer of a high permeability coating

(12x 10" m’ ) and cast horizontally with 21.99 alloy (Al-7wt.%Si-0.3wt.%Mg) at 780°C and 150 mm head
height. All castings filled completely.

To characterize the quality of the castings obtained, their porosity was measured by image analysis, carried out
on polished samples taken from the centre line of the castings. Defects such as internal porosity and surface
cavities are considered to be associated with the entrapment of liquid polymer degradation byproducts at the
casting-coating interface. The internal porosity was characterised by measurement of the total porosity area,
while the surface cavities, which were only found on the bottom casting surface, were characterised by
measurement of their total length and frequency.

To establish the effect of using reduced Mw foam patterns on the mechanical properties of lost foam Al alloy
castings, a fatigue test was used. Test bars, of dimensions 10 x 40 x 300 mm, were taken from the centre line of
the strip castings, and given a T6 heat treatment, (solutionised at 535°C for 12 hours, aged at 135°C for 6 hours).
These samples were subjected to a high cycle fatigue test using 4 point bending, with maximum and minimum
forces of 2.5 and 0.25 kN, frequency of 67 Hz, and loading span on the top and bottom of the specimens of 20
mm and 60 mm, respectively. The samples were placed in the fatigue test with their as-cast surfaces intact,
arranged so that the base of the casting faced downwards. This meant that the surface containing the cavities
were suspected of being associated with liquid polymer degradation byproducts trapped at the casting-coating
interface, experienced the maximum stress.

Results

In Figure 1 the Mw of the foam pattern is plotted against the irradiation dosage received. The foam pattern
(PROBEAD-70) had an original Mw of about 325,000 gmol™, which was reduced according to the amount of
irradiation received, to values as low as about 45,000 gmol™ with the maximum y-irradiation, (a dosage of 189
MRad). The other copolymer type, which is usually used for ferrous castings, (COPOL 1.3) also showed a
reduction in its Mw due to the effect of the electron beam irradiation. The original Mw of the COPOL 1.3 was
271,000 gmol ™ and it was reduced to about 86,000 gmol by exposure to 160 MRad.
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Figure 1. The effect of y-irradiation on Mw of different types of foam pattern .
As the Mw of the foam pattern was reduced by irradiation, the mechanical properties of the foam pattern
decreased. The maximum load at fracture plotted against Mw of the foam pattern, has been shown in Figure 2.
The maximum reduction of foam strength in the most irradiated foam pattern (189 MRad), was about 60%.
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Figure 2. Results of 3 point bending tests on the irradiated foam patterns (PROBEAD-70), showing that foam
strength was reduced by reduction of its Mw by y-irradiation.

Figure 3 shows how the porosity content of the aluminium alloy castings made with the irradiated foam patterns
was reduced as the Mw of the foam pattern was reduced. The porosity content of the casting made with an
unirradiated foam pattern (Mw of 325,000 gmol™) was about 1.6%, and was reduced to about 0.4% in the casting
made with the most irradiated foam (Mw of about 45,000 gmol™). In other words, the porosity content of the
castings was decreased to about 25% of the original porosity, by irradiation of the foam patterns. A Fisher test
confirmed that the porosity content of the castings made with unirradiated foam and with the most irradiated
foam were statistically different at the 99% confidence limit.
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Figure 3. Graph showing porosity content of the aluminium castings reduced by decreasing the Mw of the foam
pattern (PROBEAD -70).

The castings showed defects (cavities) at the base of the cast strips, thought to be associated with globules of
liquid polymer degradation byproduct trapped at the casting-coating interface. This is shown in Figure 4, where
the surface cavities were associated with porosity immediately above them, indicative of gas released by the
liquid polymer degradation product rising up through the liquid metal above and becoming trapped in the
solidifying casting. Figure 5 shows the total length of defects found at the base of the horizontal casting strips
decreased with decreasing Mw of the foam pattern used, in agreement with the reduction internal casting

porosity.

Figure 4. Defects occurring at the base of the castings. (a) Casting made with unirradiated foam pattern, (b) and
(c) castings made with irradiated foam patterns, (30 and 75 MRad respectively).
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Figure 5. Graph showing the relationship between Mw of the foam patterns (PROBEAD-70) related to the total
length of the defects found on the bottom surface of the horizontally cast plates.

Figure 6 illustrates how, when the Mw of the initial foam pattern was lower than the critical value, (which was
about 70,000 gmol™ in the case of the high permeability coating used here), the fatigue properties of the castings
were much higher than when the castings were made with the unirradiated foam pattern (with an initial Mw of
32500 gmol™). The castings made with the foam pattern exposed to about 144 MRad of y-radiation, (Mw of
63,000 gmol™), had a fatigue life increased to nearly twice that of castings made with the conventional,
unirradiated patterns.
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Figure 6. Results of fatigue test showing that fatigue properties of the heat treated samples improved by
irradiation of the foam patterns used in the casting process.

The SEM results of the fracture surface of the specimens illustrated that the failure of the castings made with an
irradiated foam pattern with Mw of 63,000 gmol™, occurred due to a small surface-breaking defect on the bottom
surface of the casting (see Figure 7b). However the initiation of the fatigue failure of the casting made with an
unirradiated foam pattern was due to a near-surface pore with a diameter 4 times greater than that of the former
defect (Figure 7a).
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Figure 7. Graph showing the SEM results of the fracture surface from fatigue test. (a) casting with unirradiated
foam pattern (Mw of 32563,000 gmol™) and (b) casting with the irradiated foam pattern (144 MRad, Mw of
63,000 gmol™).

Discussion

Irradiation of the copolymer foam patterns reduced the Mw significantly, and this was observed in the case of
both copolymer types, containing 70% PMMA / 30% PS and 30% PMMA / 30% PS. The reduction in Mw, for
any dose of y-radiation, was greatest in the case of the 70% PMMA copolymer, than in the case of the 30%
copolymer, (see Figure 1). Irradiation of pure polystyrene foam (PS) had no measurable effect on molecular
weight. These results were obtained by y-irradiation, but a faster alternative would be to use an E-beam
irradiation method, where electrons are driven through the polymer foam structure instead of y-irradiation. This
is substantially faster, about 25 times, (and was used here to prepare the patterns used for cast iron Lost Foam
casting).

Irradiation of pure PMMA foam reduced the Mw significantly, (by up to 95%), i.e., the effect of irradiation
increased in effectiveness with increasing amounts of PMMA in the foam patterns. However, the foam structure
was obviously damaged by the radiation dose, with the pattern becoming friable and unusable for moulding. In
the case of the copolymers, irradiation reduced mechanical properties, as shown by the 3-point bending test
results in Figure 2, but the foam patterns were still readily useable.

The effect of the y-irradiation is to reduce molecular weight by chain scission. In the case of polystyrene, this
chain scission is accompanied by cross-linking, which prevents any reduction in Mw; PMMA, on the other hand,
has its molecular weight reduced progressively by increasing amounts of chain scission with increasing radiation
[10,11].

Measurement of the porosity content of the Lost Foam aluminium castings showed that this was related to
defects on the bottom surface of the horizontally cast flat strips, (see Figure 5). Reducing the initial Mw of the
foam pattern to, or below, the critical value to cause wicking of the liquid polymer byproduct into the coating
reduced casting porosity, (see Figure 3). Since the casting porosity is thought to be associated with the surface
defects caused by entrapment of the liquid polymer byproducts at the casting-coating interface, it follows that
reducing the initial Mw of the pattern reduces the extent of these surface defects, (for example, as shown in
Figure 7), and this is reflected in the improved fatigue properties associated with irradiated foam patterns, Figure
6.

Conclusions

1. The Mw of foam patterns containing polymethylmethacrylate (PMMA) was decreased by y-irradiation
and electron beam irradiation.

2. The reduction in Mw due to irradiation increased in effectiveness with increasing amounts of PMMA in
the foam patterns.
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3. Irradiating the copolymer foam patterns up to values of 189 MRad reduced their flexural modulus, but
they could still be used in the casting process. However, when pure PMMA was given a 100 MRad dose,
it became too friable to be used.

4. The porosity content of the castings was reduced by reducing the Mw of the foam patterns used in the
casting process.

5. The defects at the bottom surface of the castings, due to the entrapment of the liquid polymer
degradation byproducts at the casting-coating interface, were shorter than in the case of conventional
Lost Foam casting, when reduced Mw foam patterns were used.

6. The fatigue life of the castings was increased by reducing the Mw of the foam patterns used in the
casting process, probably because the critical Mw for wicking the liquid pattern degradation byproduct
into the permeable coating was more quickly reached.

7. Electron beam irradiation is the preferred method of reducing the pattern Mw, as it was found to be
about 25 times quicker in delivering the same dosage as y-radiation.
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