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ABSTRACT

In investment casting, the removal of wax from the shell is a critical step which may
cause shell failure. It would be advantageous to predict the stress development during
de-waxing process with computer simulation. The process was simulated with
the consideration of two aspects: (i) The thermo-physical data required to model the
shell and wax behaviour in the autoclave environment and (ii) A simulation capable of
capturing the interaction between shell, wax and the autoclave environment. Data on
mechanical properties, thermal properties, permeability, rheology, thermal expansion
and density was gathered for wax and shell as appropriate. FLOW-3D® was used to
simulate the de-wax process such that the shell and wax can be simultaneously
modelled. It is shown that the Von misses stress exceeded the expected critical failure
stress at certain nodes after steam was introduced to the system. Waxes with higher
viscosity were predicted to reach the critical stress sooner. The simulation showed that
for the selected drainage orifice sizes there was no or little difference in the time taken
to reach the critical stress. Wax compressibility which was considered to represent shell
permeability was predicted to have a large effect on shell cracking prediction. In general,
the statistics of failure in validation test limited the conclusions that could be
drawn. Waxes predicted to show differences in cracking and drainage with increasing
orifice size did so in the experiment. The simulated drainage times were greater than

determined experimentally by around 380 s and this requires further investigation.
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Chapter 1- Introduction

1. INTRODUCTION

The investment casting (IC) process is widely used to manufacture of metal components
for different applications including those used in automotive, aircraft, and power gas
turbines as well as in the areas of more traditional activity such as sculpture for
decorative purposes (Paton, 2001). It allows components to be produced with accurate
dimensions if the process is closely controlled compared to other casting methods (Yuan,
et al,, 2004, Campbell, 2011). The IC process is able to provide accurate dimensions with

tolerances normally quoted to 0.5 % or smaller range (Piwonka, et al., 2000).

1.1 The investment casting process

Investment casting, a process traditionally known as lost wax casting, has been used for
more than six millennia. Archaeologists proved that the technology was being used as
early as 4500 BC in Thailand by the local tribes (Beeley& Smart, 1995). Around 1900,
the process was used to manufacture gold fillings and dental inlays for false teeth. In
1932, the lost wax ceramic block mould process was developed to work with cobalt-
chromium alloys known as “Vitallium”, for dental applications and orthopaedic purposes

(Beeley & Smart, 1995).

The modern IC industry started during the Second World War when the capacity of the
machine tool industry could not achieve the demand for military components. Attention
turned to IC to produce precision components for armament and aircraft parts (Beeley&
Smart, 1995). The applications in commercial markets have continued to grow and in

2012, the world sales value for castings reached to £ 7.53 Billion (Blayson, 2013).
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The IC process is used to produce precise metal casts by moulding liquid metal within a
ceramic container made of repetitive layers of ceramic derived from slurry and ceramic
particles. The typical stages of IC processes are illustrated in Figure 1-1. Polymeric
materials for example paraffin wax in the molten phase are injected into a negative
mould usually made of aluminium and solidified to form a solid wax pattern. Multiple
patterns are assembled onto a wax runner system and a pouring cup (ceramic) to form a
pattern tree. Waxes to make typical pattern trees can be categorized into two basic types,
unfilled and filled. Unfilled waxes are designed to be used in runner (or sprue) sections
of a pattern tree because of their lower melting point and lower viscosity. This increases
the de-waxing rate and reduces the possibilities of mould cracking. Filled waxes are
commonly used as the main component as they have better mechanical properties and

offer higher dimension accuracy with less shrinkage.

The pattern tree is washed with a chemical solution and rinsed with water to provide
suitable surface condition for ceramic adhesion and dried. The dried wax patterns are
dipped in the ceramic slurry and sprinkled with refractory particles ‘stucco’ on the
surface before drying. The dipping-coating and drying process is generally repeated
sequentially to build a layered structure comprising typically 6-8 layers. The first layer
(known as prime coat) which come in contact with the molten metal (after de-waxing)
during casting are preferably materials with good refractoriness such as Zirconium
Silicate (Zircon), Zirconia, Alumina, Magnesia, Calcia or Yttria. The refractory material
for the subsequent layers (backup coat) is usually selected on the basis of cost where
materials such as Alumino-Silicate are preferred. The final coating (sealing layer) is
normally the ceramic slurry without stucco which is applied before final drying. The wax

is removed in the de-waxing process. Most commonly, the wax is removed in an
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autoclave de-waxing machine or by introducing gas burners to the shell to melt the wax.
This process is a crucial stage in the production of good quality shell moulds and the de-
waxing process is the main focus of this thesis. The shell is then fired to burn out any
remaining wax and organic components of the binders. The firing process also increases
the mechanical strength of the shell by fusing the stucco together. The molten metal is
then poured into the shell cavity and allowed to cool. Once the metal has solidified, the
ceramic shell is removed by vibration and/or blasting with sand (sometimes with a
water gun). The metal components are then cut off from the runner system and may be
further machined and heat treated depending on the cast metal specifications. More

detailed procedure on the process for this thesis is discussed in Chapter 3.

Should a hollow metal structure be required, the ceramic mould is then made with an
integrated ceramic core. The ceramic core is usually manufactured by injection
moulding and undergoes a de-binding process and firing before wax is injected around it.
After the wax is injected around the core to form the pattern, they are assembled
together with the runner system. The same procedure of slurry-stucco coating and
drying is carried out. The wax is then melted out leaving the shell with an integrated
ceramic core. Metal is then cast around the ceramic core. While the rest of the process is
much the same, the metal components will require a leaching step to remove the core

usually with a strong alkali.
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Wax Injection moulding Wax assembly

De-waxing |

Final product

Pouring molten metal Wax assembly

Figure 1-1: Stages in the investment casting process

1.2 De-waxing process and issues

There are few methods available to remove the wax from mould, they are solvent
extraction, flash firing, microwave, autoclave heat treatment and other patented
methods. Solvent extraction method allows the wax to be removed without heat thus
wax expansion exerting stress on shell can be prevented. This method however is
usually used for special purposes where wax pattern is soluble in the solvent (Beeley&
Smart, 1995). In the flash firing process, the moulds are rapidly heated up to a
temperature in excess of 800 °C in a convection furnace. The flash firing method has a

downside where ‘shadow’ effects can shield certain parts of the mould, because the heat
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transfer is by radiation (Beeley & Smart, 1995). Fabio et al (2009) and Rani &
Karunakar (2013) investigated the use of microwaves to de-wax. They found that
microwave de-waxing allows wax to be more easily re-cycled due to the milder
conditions compared to autoclaving, the wax structure and chemistry remain similar to
the original even after repetitive cycling. This method sounds promising, however this

de-waxing method is not commercially available.

There are other less common de-waxing methods available. There is a patented method
which removes the wax by saturating the ceramic shell mould with water and then
immersed slowly in a hot oil bath so that heat is introduced in localized areas for low
stress wax removal (Yang, 2009). Branscomb (2010) patented a similar idea where the
shell was immersed in a fluid having a relatively low boiling point to prevent shell
cracking. The fluid selected should be hot enough to transfer heat through shell but low
enough to limit steam generation from moisture in the shell. These methods can
eliminate cracking of the mould but more work would need to be done to understand if
the fluid affects the quality of the mould, through the introduction of shell inclusions or

effects on the mould production rate.

At present, autoclave de-waxing is the most common method being used in foundries.
De-waxing with an autoclave simply requires the wax pattern coated with ceramics to be
placed in the chamber of the autoclave and allowing heat from steam to melt the wax
either by heat transferred to the ceramic shell surface or directly on to the wax from the
pouring cup. An autoclave consists of two chambers where the main chamber is used for
the de-waxing process and the other chamber, located at the back of the machine is used

to generate steam (Figure 1-2). Steam is compressed up to typically 0.8 - 0.9 MPa and
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released into main chamber when the steam valve is open. Generally, the steam pressure
in the de-waxing chamber rises up to required pressure within a few seconds and after a
period of hold, the chamber is de-pressurised slowly to atmospheric pressure (typically
333.3 Pa-s'1). The low depressurisation rate is to prevent water in the shell pores re-
boiling, expanding and cracking the shell. It also limits the sudden expansion of any

remaining molten wax which could then lead to shell cracking.

%/ Steam valve

Steam )
\H Ceramic shell
e \\ | /\

De-waxing machine door
i 1 r A
Heating coil Water - % x
Molten wax Wax drain

S \\ =7

Figure 1-2: Schematic diagram of an autoclave. There are two separate chambers with the main
chamber to de-wax the shells and the rear chamber to produce high pressure steam.

The advantage of de-waxing with steam (gas) is that it is able to provide higher energy
per unit time compared to using heated water (liquid). De-waxing steam pressure is
usually set at 0.8 MPa because the steam heat enthalpy does not increase greatly above
that value according to the steam tables (Figure 1-3) and applying pressure above this

setting is therefore inefficient. Jones et al. (2002) for example had set the maximum
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pressure and temperature for the autoclave at approximately 0.7-0.8 MPa and

180- 200 °C respectively.
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Figure 1-3: Saturated steam enthalpy as a function of pressure (Rogers & Mayhew, 1994). Steam
enthalpy (gas) increase rapidly with steam pressure up to 0.8-0.9 MPa and then more slowly
beyond that.

One of the major drawbacks using autoclave to de-wax is induced shell cracking. Shell
cracking incidents are believed to be mainly caused by the expansion of wax during the
rising pressure stage. This is because when steam in the autoclave heats the system, IC
wax expands at a higher rate than the ceramic shells causing a pressure build up in the
shell mould cavity. Mueller (2007) suggests that most edge features where cracks occur
are pulled apart rather than pushed together, indicating that cracking is caused by
internal pressure from the wax. A few other mechanisms have been suggested that
contribute to shell cracking such as the autoclave not working properly, shelling process
inconsistency (poor green strength), wax blend inconsistency, high depressurisation
rate, inadequate gates for liquid wax flow, viscosity of the liquid wax being too high,
permeability of the green shell mould is too low or the mould has too complicated a

geometry. There are a few geometry designs such as overhangs, wax flow restrictions or
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sharp edges which can cause shell cracking. Overhang (Figure 1-4) is where a wax
pattern tree contains a cavity where waxes accumulate during the de-waxing process.
The other design limitation is flow restriction where the structure of pattern which is
usually in the form of ceramic cores in long thin sections restricting the flow of wax
during de-waxing. Sharp edges are another design that leads to shell cracking due to

stress concentration in that region.

Overhang

Figure 1-4: Wax and core structure of a pattern tree which commonly cracks at the overhang
position. The pink section would be made of unfilled wax while the green parts would be made of
filled wax and the yellow is the ceramic pouring cup

Any mechanism of mould cracking is not desirable and can be avoided by rapidly
applying sufficient heat to the exterior of the ceramic shell to melt a thin layer of wax
adjacent to the interior surface and allow the wax to seep into the pores of the shell
before the bulk of the wax starts to expand. The effective loss of volume of the wax
pattern allows the wax to expand freely and reduces the stress on the inner shell surface.

Mueller (2007) found that cracking can be avoided if steam is directed to melt the
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interior earlier (from bottom through the pouring cup) and allow the wax to collapse

inward rather than heating the shell surface first.

Shell cracking has been reported to affect approximately 20 % of the total moulds being
manufactured and it is believed that 80 % of shell cracks originate during de-wax
(autoclave or flash-fire de-waxing) while the rest are probably caused by handling
(Synder, et al., 2003). Snow (1998) appears to suggest even more shell cracking issues
have actually occurred during de-waxing. He suggested that 90 % of shell cracks occur in
the autoclave and at least 90 % of those originate from the interface of shell and wax

(de-wax cracks).

Previously, many iterative experiments have been carried out to reduce shell cracking.
Some foundries have tried to insulate the inside of complicated geometries such as
hollow cylinders with paper packing or refractory wool, such that the wax melts
progressively inwards from the exterior (Beeley& Smart, 1995). Occasionally, on sharp
edges, the penetration of wax into the surface of shell to relieve pressure is not sufficient.
Therefore, some have used adhesive aluminium foil tape to stop steam penetration
locally (Figure 1-5). By doing this, it slows down the heating rate of the shell in the
cracking prone region so that the wax does not expand and crack the shell. This method
can prevent a crack under the foil, however, occasionally it tends to shift the stress and
crack a previously “good” area. Some foundries are easing the pressure during de-
waxing of particularly difficult moulds by venting configurations (known as weep or
pop-vents). This method offers more orifices for the molten wax to flow out of the mould
and relieves the pressure build up. However this method increases the risk of shell

inclusion in the cast and this method should be used minimally. Another method
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commonly used is to put a metal insert in the wax pattern and remove it prior to de-
waxing. This allows the runner wax to have a cavity in which to melt and collapse
inwards rather than bursting the shell. However, this only works if the cracks occur
along the middle section of the pattern tree. Some foundries had achieved shell cracking
prevention by cooling the pattern mould in a refrigerator to cool the wax surface and
thus create a greater temperature differential between wax and heat source (Beeley &
Smart, 1995). Snow (1998) had suggested that reducing the total mass of material in the
autoclave by reducing the number of pattern moulds and waxy residue could help to
reduce shell cracking. These trial and error studies are found to be useful and have been

adopted as a common practice in some foundries.

De-wax Vent

Aluminium foil

Figure 1-5: Adhesive aluminium foil and pop vent to reduce a shell cracking problem.

Addressing cracking issues is important because mould cracks increases labour
intensive shell reworking, inclusion in cast, extra machining work (cast defects) and
sometimes distortion in cast metal resulting in scrap metal. Shell mould cracking was

identified as being critical to quality due to its impact on metal run-out and inclusion

10
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scrap (Ferg, 2001). Fine shell cracks are usually repaired with ceramic paint
(e.g. Magnacote®) or with ceramic paste (e.g. fire cement). However, occasionally, the
shell is beyond repair and thus disposal is the only option. Scrapping shells is costly in
terms of both raw material loss and in reduced output from the production line. With all
these issues, it is important to address mould cracking problems in the early stage of the

process before they increases the cost of the cast components in later stages.

1.3 Motivation of the Project

The motivation of this work arises from the uncertainty of the IC wax supply chain and
because of this, there is a need to establish a quicker process of understanding and

analysing the wax characteristics affecting mould cracking.

There are many aspects affecting the wax supply chain in the IC industry. An example of
wax supply interruption is by natural disaster. All major resin manufacturers who had
facilities in the Gulf Coast of the United States were devastated by the Hurricane Katrina
in 2005 which was an unpredictable natural disaster. This caused a disruption in the
supply chain of raw materials for IC wax manufacture. When the supply chain was
interrupted, sourcing the raw materials from other suppliers varied the quality of wax,
resulting in unpredictable wax behaviour. The characteristics of the raw materials also
vary according to other factors such as the weather and environment. Another possible
or even probable interruption to the supply chain occurs when specification are forced
to change to satisfy the standard of environmental control in the country. Some
materials could possibly become unavailable for use in the wax mixture due to the
regulations in the country of operation. Moreover, the merging of suppliers with small

market shares has in the past also cause the discontinuation of their products suitable

11
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for use in this industry. Verta (2013) found that the wax producers worldwide have
shrunk from 21 to 7 between 1990 and 2013. This allows the companies to narrow their
production line and increase profit margin (Verta, 2013). Beeley & Smart (1995)
mentioned that some foundries tend to change wax suppliers from time-to time due to
their business strategy to increase production rate, more to perceive superior quality
and greater quality control, lower price, attain better service from supplier, or new

injection machines with different injection criteria.

This volatile supply situation has put foundries in a position where predictive capacity
of mould failure would be most helpful through computer simulation. Simulation
however needs thermo-physical data to function well and methods for data gathering

need to be readily available.

1.4 Objective

The main objective of this work was to develop a computer model to predict shell
cracking in the IC process and to aid in eliminating the issues discussed in this chapter.
This thesis builds on the pioneering work of Cendrowicz (2004) where he developed a
simplified one dimensional model of the de-wax process. A range of waxes known to
show differences in shell cracking propensity are studied including filled and unfilled
types. Thermo-physical data on both shell and wax materials is required for input into
the model and experimentation is required to be undertaken to verify the modelling

output. The de-wax process can be simplified to the following sequence.

12
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Table 1-1: Mechanism that occur simultaneously during the de-waxing process

Heat transfer stages Shell properties Wax properties

Steam energy transfer Thermal conductivity

across the shell -
Heat transfer coefficient

l Thermal expansion
Specific heat capacity
Heating of the wax Thermal expansion
Thermal conductivity
l Density
Specific heat capacity
Melting of the wax and flow Permeability Melting point
out of mould
Viscosity
l Surface tension

Shell and wax interactions Shell mechanical properties
and properties relating to
failure

The thesis is divided into three main parts. First part (Chapter 2) is a literature review
relating to the de-wax process. The second (Chapter 3 and 4) develops the
characterisation methods of shell and wax under conditions close to those that develop
in the autoclave and thus most applicable to modelling the de-wax process. The last
section (Chapter 5) of the thesis describes the computational modelling work developed
to predict shell cracking. In Chapter 6, additional experimental data on the de-waxing of
a simple geometry designed to cause shell failure is reported to allow comparison to
simulation data. The potential of the model is discussed and conclusions are drawn.

Recommendations are made for future work.

13
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2. LITERATURE REVIEW

This chapter presents the published work related to de-waxing process or the
fundamental theories required to understand the process. It covers the work published
in journal and conference papers (IC specific) related to the characterisation work on
shell and wax systems. This chapter also includes discussion on IC studies with

computer simulation.

2.1 Microstructure of wax

Investment casting waxes occur in two forms, filled and unfilled. IC waxes are complex
mixture of materials including natural or synthetic waxes, natural or synthetic resins,
solid organic fillers, and even water (wolff, 1999). Fillers are added to conventional
pattern waxes to improve dimensional stability and are usually made from cross-linked
polystyrene (XLPS), terephtalic acid, isophtalic acid, poly-alpha-methyl-styrene and

water (Torres, 2003).

Torres (2003) studied a commercial wax (Hyfill B417) containing XLPS filler using laser
diffraction and found the mean size of the filler to be 60 um with a wide size distribution.
Torres also measured the content of filler using x-ray diffraction and nuclear magnetic
resonance and showed it to be 40 volume %. These values appear typical of commercial

waxes.

2.2 Permeability and Porosity

The shell build process, where slurry and stuccos are laid layer upon layer produces

shells with high porosity typically in the region of 20 %. Porosity of the shell can be

14
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determined by several methods including mercury intrusion, Archimedes, gas
absorption and simple mass volume measurements but it is permeability of the shell
which is of most important in determining the flow of gas (steam) and wax into the
structure. The permeability, K and porosity of the shell are important as they allow the
steam to penetrate the shell for efficient heat transfer and also allow wax to permeate
the shell to relieve pressure. The heat from the steam both melts and expands the wax
applying a pressure sufficient to allow the wax to penetrate into the shell (Gebelin, et al.,
2001). Snow (1998) carried out a burst strength test on a cylindrical geometry showing
that the shell cracked when applied pressure reaches 2.2 MPa and assumed 1.7 MPa as a
pressure for wax to penetrate the shell. Snow et al. (2002) estimated that the wax could
penetrate the shell to a depth of 2.54 mm in 30 seconds at a pressure of 896 kPa without
cracking the shell. Even though it is understood that wax does permeate into the shell,
there is still a restriction to the flow of wax which can lead to failure. Cendrowicz (2004)
suggested that the colloidal silica network holding the filler and stucco particles together
limits the wax infiltration into the shell during autoclaving. Jones et al. (2003) postulated
that only the base wax (liquid) can enter the primary coat and the fillers (solid) are

prevented from penetrating the fine silica colloidal network by filtration.

Synder et al. (2003) found that permeability was not directly related to the total shell
porosity in a shell layer but to size distribution of pore throats. This means that
measurement of shell porosity is not a true representation of the permeability, K of the
shell. Cendrowicz (2004) had use the relationship of 0.5 x K95 to estimate the average
pores diameter. This relationship was derived originally by Brinker& Scherer (1990)

who carried out work on sol gel processing.
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Synder et al. (2003) showed that the overall permeability of shell is usually determined
by the primary coat which is in contact with the wax. Whitehouse & Dahlin (2008)
suggest that the prime coat controls as much as 50 % of the permeability of the entire
shell in a system of a single prime coat and six layer shell. They also found that the
number of layers of prime coat has less effect on shell cracking than porosity of prime

coat (varied by different slurry composition).

The permeation of the shell by wax is also dependent on other variable such as the
viscosity and surface tension of the wax (Whitehouse & Dahlin, 2008). In their study, it
was shown that wax viscosity had a significant effect on shell cracking, the higher the
viscosity the more shell cracking was observed. Snow et al. (2002) showed that wax
permeation increased as the wax viscosity decreased (with increasing wax temperature)
resulting in greater penetration into ceramic shell. Hahn & Rosmait (2002) found that
the permeability of the shell tends to increase with a decrease in temperature
(Figure 2-1). This shows that it is important to measure the permeability of shell at the
temperature of interest. The permeability of IC shell materials can be measured using
the procedures outlined in British Standards 1902-10.2:1994. This method uses a table
tennis ball as negative mould to allow the ceramic shell to be applied to it. The sample is
fired at 700 °C to completely burn off the table tennis ball and air is passed through the

shell to determine the permeability.
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Figure 2-1: Actual permeability at different furnace temperature. D has 2 prime coat and the 2nd
coat is stuccoed with 30-80 Alumino-Silicate (one less back up coat). E and F has same number of
coats except there is different in composition of fillers in back up coat which not described (Hahn

& Rosmait, 2002).

Cendrowicz (2004) used another method to measure shell permeability. The wax
assembly was heated to melt the wax and pressure applied to force the wax through the
shell (Figure 2-2). The flow rate of the permeating wax was determined by mass. The
procedure was carried out by first injecting wax into a copper pipe and shelling one end
of the assembly. The other end of copper pipe was connected to the gas compressor and
the copper pipe was heated in an oven to melt the wax. The copper pipe was then
pressurised and permeate collected. This method allows the measurement of the green

shell permeability since it does not require the firing process.
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Figure 2-2: Permeability of wax through shell apparatus (Cendrowicz, 2004)

2.3 Mechanical Properties of Shell

Shell thickness is often increased in foundries to prevent shell cracking. The load
bearing capacity of shell increases with the square of thickness, but only linearly with
the flexural strength (Bergna& Roberts, 2005). Cendrowicz (2004) however, argued that
the shell thickness has a small effect on the shell stress base on a one-dimensional model
simulation. This was because the simulation is operated solely on conduction and
therefore the time to melt the wax surface is increased by a factor of four. Therefore,
when the melting time was large, the shell stress became less sensitive to the changes in

shell thickness.

A number of papers have shown that the shell’s green strength was reduced when
moisture from steam was introduced to the interstitial of colloidal binder system. Jones
et al. (2003) undertook mechanical testing to examine the effect of moisture on the shell

by immersing the samples in hot water prior to testing. Cendrowicz (2004) did the same
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test and found that shells that were soaked in boiling water halved the ultimate failure
stress compared to the normal dry shell (from 5.13 to 2.66 MPa). He also found the

weakening effect was observed regardless of the soaking time.

It is common to add fibre or polymers into the ceramic slurry to enhance the mechanical
properties of shell. Shell moulds produced with glass fibre and insoluble organic fibre
additions have been found to be less susceptible to autoclave cracking due to increased
green strength (Beeley & Smart, 1995). Yuan et al. (2004) investigated the influence of
steam on polymer and organic fibre modified ceramic shells. The polymer modified
system of a flat bar was found to have a 38 % reduction in strength from 7.8 MPa when
shell was placed above steam bath for 15 minutes. Under the same condition, fibre
modified system showed much less strength reduction. Jones et al. (2004) found that in
dry condition, however, polymer modified systems were shown to have higher strength
compared to fibre modified shells. Latex can be added to the binder systems to increase
the mechanical strength of moulds (Jones, et al., 2002; C. Yuan, 2004). This was probably
because the latex increased the elasticity of shell in green state and absorbed the

expansion of wax during de-waxing.

In addition to moisture being introduced to the shell during autoclave de-waxing, there
are other factors that affect the shell mechanical properties. Branscomb (2002) showed
that shell samples that were hand coated were lighter in finished weight than the robot
coated duplicate parts with green flexural strength of 2.75 MPa and 5.86 MPa,
respectively. The difference being more than double is sufficient to prevent mould
cracking. Jones et al. (2002) found that wax penetrated into the shell during the de-

waxing process and that this penetrated wax increased the mechanical strength of shell
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when tested at ambient temperature. This could be because of the wax residuals in the
pores or on the surface of the shell. At the same time, penetration of wax into shell pores
relieves the pressure developed in mould and allows the shell to survive. In a further
paper, Jones et al. (2003) suggest that wax penetration into the shell provides extra
volume for wax expansion increasing the probability for shell to survive the de-wax

process (Jones, et al., 2003).

The mechanical strength of shell is usually determined in terms of flexural strength

which can be measured using either 3-point bend test or 4-point bend test ( Figure 2-3).
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Figure 2-3: Illustration of 3-point bend test setup (left) and 4-point bend test setup (right) (ASTM
C1161-13, 2013). Blue arrows indicate the direction of force exerted on the samples. Red arrows
indicate the stress state of samples during testing which can be relate to the stress during
pressurisation of wax expansion in shell.

Flexural strength is largely a measure of the flaw size distributed in the shells. The flaws
are the location of stress concentrator which initiates the cracks. The critical flaws for
strength in shells are frequently pores and chipped edges developed in sample
preparation. The 3-point bend test gives a load pattern leading to maximum stress at the
centre of the span, which means the test is most influenced by the small area under load
(Jones, et al,, 2002). The 4-point bend test however puts a greater proportion of the
sample under uniform stress and facilitates finding the critical flaw that is randomly

placed (Richards, et al., 2003). According to Richards et al. (2003) taking into account
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the possible errors of the test, 77 samples are required to give reliable results, and he
had used a total of 128 samples in his test. He showed that 3-point bend test gives 1 MPa
higher mean strength than 4-point bend test and 3-point bend test has greater scatter in
the results than 4-point bend test on investment casting shells. This large scatter is
reasonable since if there is a flaw detected in a 3-point bend test-concentrated area, the
shell exhibits low strength; whenever the flaws are away from the three point focus
gives a relatively higher strength value. However, the probability for the flaws to be in a
relatively small area reduces and thus giving an impression of higher flexural strength. It
is important to note that this difference between the two tests is only distinct if there are
sufficient samples tested. Richards et al. (2003) also compared the 4-point bend test
with two different sample preparation method, moulded and sawn (then sanded), and
results were shown to be similar. This is attributed by samples breaking prior to testing

during the sanding process to leave the stronger samples to be tested.

Mechanical test designed specifically for shell evaluation is the wedge test (Figure 2-4).
This test allows the wedge geometry strength to be used as a monitor of the overall shell
strength since the sharp edge is prone to shell cracking (Yuan et al, 2004). Wedge
strength is generally lower than flat samples. This was suspected due to the processes of
drying and expansion of wax in the autoclave resulting in higher concentration of
stresses on trailing edge specimens (Hyde, et al., 1995). However, the mathematics of
the strength tests should all give the same mechanical value if the materials presented to

the test were all uniform in every respect.
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Figure 2-4: Schematic diagram showing the setup of the wedge test with trailing edge blade test
piece (Hyde, et al., 1995)

Another form of mechanical strength test is known as the burst test method. It can be
used to test the strength of shell by inducing a hoop stress to the surface of shell (Synder,
et al,, 2003). A polyvinylchloride pipe (or any high thermal contraction material, e.g.
LDPE) is used to replace the wax to produce a cylindrical shape shell (Figure 2-5). The
pipe is conventionally invested but the pipe is removed from the shell by freezing. This
allows the pipe to shrink and the shell to be removed easily. Water is then used to
pressurize the cylindrical shell until the shell cracks. The recorded pressure allows the
calculation of shell strength. This test allows the green strength of shell to be measured
without being affected by the wax residuals left from the de-waxing process but of
course is more complex to perform and tests tensile strength in a different way to

conventional bar bending.
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Figure 2-5: Burst test setup to measure the hoop stress of a cylindrical geometry shell mould
(Synder, et al., 2003).

While it is normal procedure to measure strength for shell development and in
production control for modelling of shell behaviour it is also important to know the
Young’'s modulus, E (modulus of elasticity (MOE)) which is used to quantify the stiffness
of a material. Snow (1998) and Cendrowicz (2004) determined the MOE with the results
obtained from the 3-point bend test. The gradient of the linear region of a stress-strain
curve from a 3-point bend test is used to represent the Young’s modulus (Figure 3-12).
However due to the very small deflections before failure in 3-point bend analysis of shell
materials, the reliability of the test must be questioned. Young’'s modulus can also be
determined by vibration in some systems this is achieved by ultra sound.
Asmania et al. (2001) used the ultrasonic method to observe the effect of porosity on
Young’s modulus and Poisson’s ratio of alumina ceramics. The advantage of using the
ultrasonic method (especially for composite) is that the flexibility of directing the
ultrasonic beam through the material at different axes and thus able to obtain the
complete set of elastic constants (Brown, 1988). This means that Young’s modulus (E),
bulk modulus (B) and shear modulus (G) that vibrate on different axes or points can be

obtained.
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Poisson ratio can be determined if Young’s modulus and shear modulus or bulk modulus
and shear modulus are known (Liu, 1996). Li et al. (2014) used a Poisson ratio of 0.24
for the investment casting shell in their modelling work. The mathematical formula to

obtain Poisson ratio, v are described as below:

E 1 3B—F _ 3B —2G Equation 2-1
26 6B 2(3B+06)

2.4 Thermal expansion and density

It is a common understanding that shell cracking will occur if the total expansion or
expansion rate of wax is higher than the shell. Jones et al. (2002) showed that the
cracking of shell is a direct result of wax expansion by observing the thermal profiles
across the shell and wax during de-waxing. This section discusses the density of shell
followed by wax. It is important to first understand that density is the inverse of specific
volume and changes of these parameters with temperature is known as thermal

expansion.

The temperature of interest forthermal expansion of shell is approximately 180 °C.
Gebelin et al. (2001) suggests that the thermal expansion of each layer of shell should be
measured before the subsequent layer is added. This would allow the prediction of the
shell thermal expansion with a different configuration of layers (Gebelin, et al., 2001).
This suggestion allows versatile shell thermal expansion results calculated in models,
however the sample preparation is complex and consistent data is difficult to obtain.
This procedure was recommended where different shell build varieties are frequently
being used and an estimate of shell strength needs to be derived. Gebelin et al. (2001)

measured the thermal expansion of prime coat on a conventional dilatometer and found
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that the percentage of expansion was at the maximum when the temperature reaches
approximately 70 °C and then reduced linearly with temperature. This observation
could be accounted for by the expansion of moisture in the prime coat and as soon as the
moisture evaporates, it starts to shrink. No experimental results were presented on this

aspect with respect to the subsequent layers in this paper.

The measurement of wax thermal expansion can be more complex than shell as wax
changes phase from solid to liquid as temperature increases over the range of interest.
There are a few factors that have been found to affect the thermal expansion of wax.
Fielder (1999) demonstrated that fillers added to the wax reduce the volumetric
expansion. At a 40 % loading of cross linkage polystyrene filler, there was a 31.7 %
average reduction in volumetric expansion at 67 °C and a 29.5 % reduction at 100 °C
(Fielder, 1999). The thermal expansion can also be affected by the amount of
crystallinity in the wax (Sunderland & Richards, 2001). Sunderland & Richards suggest
that crystallinity in wax varies as a result of shear during wax injection and greater
crystallinity in wax increases the volumetric expansion. Beeley & Smart (1995) showed
that the addition of certain resins can reduce the crystalline structure and reduce the
expansion and contraction as a result. It was observed that the thermal expansion of
resin was linear with respect to temperature where a pure crystalline substance
increases its expansion significantly as it melts (Figure 2-6). The mixture of resin and
homogenous crystalline substance showed an intermediate thermal expansion curve

labelled in Figure 2-6 as wax.
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Figure 2-6: Comparison of expansion behaviour (Beeley & Smart, 1995)

It was found that the amount of crystalline material that converts to liquid was very
similar between two different heating rates, but the temperature at which the maximum
volume expansion occurred was different (Sunderland & Richards, 2001). They also
found that thicker sections expand at a lower rate than the thinner sections. This could
be because wax at thinner section experience more shear than thicker sections
introducing more crystalline. This observation helps to explain the higher probability of
shell cracking at sharp edges. Increasing the cooling rate of wax from 1 °C-min’! to
10 °C-min-! will increase the specific volume of pattern waxes by as much as 2 % and this
is because the high cooling rate does not allow sufficient time for the wax crystals to
arrange in a structured manner (Chakravorty, 1999). These factors affecting the thermal

expansion could help to determine which waxes are prone to causing shell cracking.

Sabau & Viswanathan (2003) measured the thermal expansion of solid wax over the
temperature range of 20-80 °C by thermo-mechanical analysis (TMA) and when wax is
fully melted, a hydrometer was used to obtain the density. The reliability of hydrometer

was not discussed and is doubtful since it is not designed to be used at elevated
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temperature and fillers in wax might restrict the floatation of a hydrometer. The thermal
expansion of the wax as a function of pressure and/or temperature was measured using
Pressure-Volume-Temperature (PVT) method (Torres, 2003; Chakravorty, 1999). This
method was carried out using a high-pressure indirect dilatometer (Torres, 2003).
Torres (2003) showed that as the pressure in PVT test is increased, the specific volume
of wax changes less with increasing temperature. Torres (2003) also showed that the
volume of wax change linearly due to temperature variations and it is greater in liquid
phase than in solid phase. Cendrowicz (2004) found that the coefficient of thermal
expansion for Hyfill B417 and Blayson A7-11 to be 0.00034 m-m1-K1 and

0.00043 m-m-1-K-1respectively over the temperature range of 25 to 100 °C.

The thermal expansion of material measured by one dimensional methods (for example
TMA) is convertible to a three dimensional value using Equation 2-2 providing that

there are no viscous effects in the volumetric deformation (Cendrowicz, 2004).

1dL 1dv Equation 2-2
“=1ldr " 3var

where L is length of sample, V is volume of sample, a is the coefficient of thermal

expansion and T is the temperature.

2.5 Specific heat capacity

Specific heat capacity is the amount of heat required to raise a specific amount of

material by a degree temperature.

The conventional method to measure heat capacity is differential scanning calorimetric

(DSC) which compares the rate of heat inputs for the same rate of temperature rise
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(Brown, 1988). Snow et al. (2002) used DSC and found fused silica (usually used in
backup coat) to have a heat capacity half that of zircon (usually used in prime coat). The
backup coat however is usually comprised number of six to eight layers where as the
prime coat is a single layer and not representative of the shell system. If only one
number is required to represent the heat capacity of shell system, the weighted average

heat capacity of the two materials taking into account the layer ratio is reasonable.

The specific heat capacity of IC wax has been measured by DSC (Cendrowicz, 2004;
Torres, 2003; Shobanjo 2011). Unfilled wax was found to have higher specific heat
capacity than filled wax; it was suggested to be due to the fillers acting as heat
conductors (Torres, 2003). The measurement using DSC also depends on the heating
rate. [t was shown that higher heating rates results in lower softening point temperature
in the specific heat capacity versus temperature plots (Torres, 2003; Shobanjo, 2010).
Shobanjo (2010) also clarified that the thermal history of wax does not affect the specific

heat capacity of wax.

2.6 Wax melting point

The melting temperature range for IC wax to transform from solid to liquid is largely
due to the blend of different materials (fillers and resins) in the wax. Torres (2003) and
Shobanjo (2010) shows that when filler is added into waxes (polydispersed) it increases
the range of melting temperature compared to homogeneous wax. Filler addition to the
blend also increases the melting point of wax (Shobanjo, 2010). As mentioned in section
2.4, resins are not crystalline and they do not have sharp melting points. This feature

will therefore increase the melting temperature range.
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Latent heat, L that is released during the transformation from liquid to solid can simply
be found by measuring the heat capacity of solid wax and melted wax and calculating the

value from the heat balance equation (Brown, 1988):

MunettCmete (Tr — Timetr) = —MsotiaLs sotia — MsotiaCsotia (T — Tisoria) ~ Eduation2-3

where m is mass, C is specific heat capacity, T is temperature and the subscript for melt

is molten wag, solid is solid wax.

Alternatively, if the pressure-temperature diagram is obtained, the latent heat of wax
can be determined using the Clausius-Clapeyron relationship. For example, a filled wax
(Cerita 29-51) was found to have a latent heat of 70-90 kJ-kg1 determined using this

relationship (Sabau & Viswanathan, 2003):

dP L Equation 2-4
dT ~ TAV

where dP is change of pressure, dT is the temperature change, L is latent heat, T is the

temperature and AV is the change of volume of material.

It is common to have wax data specification from supplier measured in terms of ring on
ball softening point and Ubelhode Drop Melt Point. Drop melt method uses a specially
shaped cup with a small orifice at the end and the wax is heated until first drop of wax
fall from the hole. The ring and ball method utilizes a ball bearing resting on a shaped
piece of the wax under test and wax is usually heated using water bath until the ball falls
through. Niles et al. (2002) found that the ring on ball method generally produces lower
values compared to the drop melt method. This is probably because of the extra weight

from the ball bearing causing the wax to giveaway at lower temperature.
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2.7 Thermal conductivity

Thermal conductivity describes the ability of a material to transfer heat. Most
conventional thermal conductivity instruments first measures the thermal diffusivity
which allows the calculation of thermal conductivity provided that density and heat
capacity are known. Sabau & Viswanathan (2001) and Cendrowicz (2004) suggested
transient line source method can be used to measure thermal conductivity of shell
materials. Transient line source method is carried out by supplying a known amount of
energy to the sample and measuring the temperature rise allowing the determination of
thermal conductivity. Commonly, this method is also known as laser flash analysis.
Sabau & Viswanathan (2001) also mentioned that a hot disk technique (or transient
plane source method) can be used to determine thermal conductivity of shell but it is not
as accurate. The reason was not discussed but it is postulated to be due to the possibility

of poor surface contact.

Some researchers have used the less conventional method to obtain the thermal
conductivity. Cendrowicz (2004) measured the thermal diffusivity of shell by using a
dynamic one-dimensional heat flow method. He measured the temperature change of
flat plate coated with investment casting shell then dipped into low melting alloy (250 °C)
and the thermal diffusivity was calculated using Equation 2-5. This method is valid in the
range where the mid-plane temperature has changed by a significant amount and not
yet reached equilibrium with its surrounding (Cendrowicz, 2004). Jones et al. (2003)
undertook a similar test using hot water as the heat source. They found that the thermal
conductivity of a shell used to cast steel is increased by a factor of two using hot water as

heat source compared to molten metal, and suggest hot water would simulate the
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environment of autoclave. This could be because the wetting of hot water in the pores of

shell increased the total heat transferred across the shell:

172 Y (Tf_Tm)
4l°In( 4 (Tf=Ty) ) Equation 2-5

a =
T2t

where « is the thermal diffusivity, 1 is the shell thickness, Tt is the final temperature, Tm
is the mid-plane temperature, Ti is the initial temperature of ceramic shell and t is the

time.

Measuring the thermal conductivity of wax is more complicated as wax changes phase
and expands significantly over the temperature of interest. Hot disk technique was
found to be un-suitable for measuring thermal conductivity of wax as the thermal
expansion of wax is relatively large and it pulls away from the sensor plate (Sabau &
Viswanathan, 2002). Torres (2003) and Cendrowicz (2004) measured the thermal
conductivity of wax (by CMold Laboratory Services) using transient line source method.
Torres (2003) found the thermal conductivity of filled wax and unfilled wax above 60 °C
yield very similar value and as temperature fell below 60 °C, the unfilled wax had a
lower thermal conductivity than the filled waxes and this was thought due to the loss
contact between wax and thermocouple as the wax shrinks (Torres, 2003). This could
also due to unfilled wax shrinking more than the filled wax. This shows that

differentiating the thermal conductivity between filled and unfilled wax is non-trivial.
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2.8 Rheological behaviour

The IC waxes are mainly a form of paraffin wax - a hydrocarbon compound. Torres
(2003) showed that waxes with higher molecular weight have higher viscosity. High
viscosity waxes reduces the rate of de-waxing and increase the possibility of mould
cracking. The addition of filler material into wax also led to increases in the wax
viscosity (Fielder, 1999; Torres, 2003; Cendrowicz, 2004). Fielder (1999) measured the
viscosity of waxes with four different types of filler (cross-linked polystyrene, cross-
linked acrylic, terephtalic acid (TPA) and water. His results showed that TPA filler had
the least effect with 310 % viscosity rise at 40 wt % solids loading while cross-linked
polystyrene (XLPS) gave the largest rise of 600 % - 680 % at 40 wt % solids loading.
Adding cross linked acrylic (XLA) at 40 wt % solids loading increased the viscosity by
400 % - 440 %, depending on the temperature. Wax with XLPS filler has higher viscosity
compared to XLA and this is because XLPS had finer particle size, which would increase
the rate of collisions causing greater internal resistance flow (Fielder, 1999). Torres
(2003) also mentioned that the flow in filled waxes appears to follow all the rules of
particles in a suspension, for example they can be modelled using Krieger-Dougherty

equation.

2.8.1 Rotational rheometer

The rheological behaviour of molten wax is usually measured using rotational
rheometer with a flat parallel plate setup to shear the wax. Torres (2003) used parallel
plates instead of cone and plate to measure wax rheology because the blends could not

be held in within the cone geometry. Cendrowicz (2004) agreed that cone geometries
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should not be used as waxes with filler particles or even solid wax crystals tend to
migrate to the apex of the cone, thus causing erroneous data. Concentric cylinder setup
is not recommended as the viscosity varies with respect to time as the filler sediments at
low shear (Torres, 2003). Another advantage of using parallel plates compared to
geometries is that the gap between two plates can easily be varied (Cendrowicz, 2004).
The sample preparation prior to test was found to be important. Cendrowicz (2004)
showed that preparing the wax with a thermal and a shear history changes the freshly

melted wax viscosity to the viscosity of samples obtained from wax injection machines.

Cendrowicz (2004) showed that during the de-waxing, the shear rate that occurs during
the permeation of the liquid wax through the shell would typically be 1000 s
Cendrowicz drew an exponential trend-line on the viscosity against temperature data
measured at 1000 s-1 for computer simulation purposes and the trend line had the form

of Equation 2-6:

i = trerexp — (T — Trep) Equation 2-6

where prefis the reference viscosity at the reference temperature Trer (taken as 0 °C), and

¢ is the exponent of viscosity in relation with temperature.

Torres (2003) uses the same equation to model the viscosity of wax with the assumption
that the wax was Newtonian, had constant heat capacity, thermal conductivity and
density. Cendrowicz (2004) also modelled the wax viscosity using Arrhenius type
equation (Equation 2-7). This equation could represent both the viscosity before and

after the melting point. The two equations (Equation 2-6 & Equation 2-7) however, do
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not vary with shear rate and constant shear rate (for example 1000 s1) has to be

assumed.

2 ( E ) Equation 2-7
=Aexp (==
where T is absolute temperature in Kelvin, R is universal constant, Ea is the activation

energy for viscosity and A is the Arrhenius constant.

Gebelin et al. (2004) used the Carreau model to fit the wax viscosity as a function of
temperature and shear rate,y. The parameters -1y, 7w, 4Aandnare in function of
temperature which is obtained from experimental rheological data fitting (Gebelin, et al,,

2004). These parameters have no physical meaning. The Carreau model is described by:
n="1Nw+ @M —Nw)(1+ /12)-,2)(”7‘1) Equation 2-8

2.8.2 Capillary rheometer

A capillary rheometer is an instrument that enables measurements of the pressure
difference through a capillary with a known flow rate of a material. Torres (2003)
suggested the use of an extrusion rheometer to study the behaviour of waxes in semi-
solid state because the material in the die is kept under pressure, thus wall slip is less

likely to occur.

Torres (2003) carried out experiments on filled model waxes at temperatures between
47.5 and 55 °C. He found that significant viscous heating induced apparent shear
thinning behaviour. He estimated the increase in temperature from viscous heating was
9 °C with test geometry of 24 mm capillary length and 1.5 mm diameter at 47.5 °C. The

experiments were thus conducted between 0 and 500 s to minimise errors from
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viscous heating. To obtain data to represent the de-waxing process, low temperature
rheological behaviour should be carried out with low shear rate. This is more
representative since no significant shear will be introduced on wax during the de-
waxing process which mainly dependant on gravitational force. However, it is important
to note the rheological behaviour varies from wax to wax and the range of shear rate

value do vary with waxes.

2.9 Surface tension

Surface tension (y) of wax influences the penetration of wax into the porous shell and
the flow of molten wax out of the mould. Surface tension or wettability of a liquid on a
solid surface measures the cohesive energy present between molecules at the interface.
There are a few factors that affect the wetting of a surface such as substrate surface
roughness, heterogeneity of the surface, temperature, rate of wetting and liquid

properties (viscosity, surface tension and density) (Kumar & Prabhu, 2007).

The wettability of a fluid on a solid surface can be determined in terms of contact angles.
Jones et al. (2002) observed the contact angle between a molten wax droplet resting on
a shell prime coat material. This method is also known as sessile drop test. They found
that the greater the temperature, the smaller the contact angle. However, they suspected
that the contact angle reduces with temperature increment because of wax ingress into
the shell. This method to observe the surface wetting has its limitations since the shells

are porous.

A common surface tension test is the Du-Nuoy ring test which uses a circular wire often
made of Platinum. Torres (2003) had used this test to obtain the surface tension of wax

with different fillers particle compositions. Torres showed that the surface tension of
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wax decreases with increasing temperature and increases with filler addition. High

surface tension may increase the shell cracking probability.

Sauer & Dipaolo (1991) measured the surface tension of high molecular weight
polymers at elevated temperature using the Wilhelmy plate method. This method is
usually done by dipping and pulling a flat solid plate from the liquid and observes the
angle of meniscus interacting with the surface of solid. The same method was used by
Krup & Luyt (2001) to observe the properties of blends of linear low density polyethlyne
(solid plate) and an oxidized paraffin wax (liquid). The Wilhelmy method is appropriate
for heterogeneous and porous material such as wood (Petric, et al., 2009; Bryne, 2008).
Porous materials like IC shells however have not been tested with this method. The
Wilhelmy method gives reliable results with low variance therefore it is preferred over
sessile drop method (Lander, et al, 1993). The wettability studies using dynamic
measurements (for example Wilhelmy method) are advantageous over static methods
(for example sessile drop method) as they better represent the conditions in which the

materials are used (Kvitek, et al., 2002).

2.10 Interface heat transfer coefficient

A thin layer of undisturbed fluid in contact with a solid surface will exist when the solid
body is being heated or cooled by gas or liquid flowing over the surface. The heat
transfer restriction created by the undisturbed fluid is represented in terms of the heat

transfer coefficient.

At the shell-autoclave interface, the steam losses its latent heat and condenses on the

surface of the shell during de-waxing. This layer of condensate film affects the heat
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transfer coefficient at the shell-steam interface. Heat transfer across an interface
depends on surface wetting, the film thickness and the temperature gradients in the film
(Brown, 1988). Heat transfer across the interface also depends on adsorbed gases,
pressure, surface finish, hardness and fluid trapped between two surfaces (Brown,
1988). At the shell-wax interface, when heat is transferred from the shell to the wax

during the de-waxing process, some heat is loss in the gap between the shell and wax.

The complexity of the system increases as soon as the heat melts the solid wax at the
interface and the heat transfer coefficient in the gap changes. Jones et al. (2002) suggest
that the wax is fluid enough to enable heat transfer to take place by convection when at
120 °C (Figure 2-7). They also proposed that the heat transferred through the shell is
immediately removed from the wax shell interface and transferred to the wax solid-
liquid interface where the thermal energy is used to further melt the wax. If this idea

holds true, the heat transfer coefficient will reduce as the layer of liquid increases.

Temperature
Convection -180°C
currents
------ 120°C
B~ 80°C
"""" 20°C

Solid Liquid Shell Steam

Figure 2-7: Illustration of the heat convection on the melted surface of wax pattern (Jones, et al.,
2002)

Snow (1998) uses 220.6 W-m-2-K-! for the shell-wax interfacial heat transfer coefficient

in his work but the source of this value was not discussed. As a comparison, the interface
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heat transfer coefficient of 250 W-m-2-K-1 between the wax and aluminium injection die
was used based on preliminary estimations from experimental data by Sabau &
Viswanathan (2002). This shows that the heat transfer coefficient in both situations is
comparable. As a guidance for heat transfer coefficient measurement techniques in wax,
work carried out on metal casting can be used. The heat transfer coefficients for shell-
metal interface were determined by measuring the temperature on both the solidifying
metal and the mould then calculate with an inverse heat conduction method
(Konrad et al,, 2011). This technique estimates the heat transfer coefficient with the
temperature difference, AT at the alloy and mould interface (Figure 2-8). This method

has not been applied to waxes.
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Figure 2-8: Determination of the temperature drop AT at the interface alloy/mold (Konrad,
Brunner, Kyrgyzbaev, Volkl, & Glatzel, 2011)
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2.11 Numerical Simulation of the Process

To model the de-waxing process, a few mechanisms which occur simultaneously have to
be considered and the solution from one mechanism might be used to calculate the
simulation of next mec