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By
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ABSTRACT

Casting high temperature alloys that solidify through a noticeable two phase
region, specifically platinum-ruthenium alloys, is a particularly challenging task due to
their high melting temperature and this necessitates careful design of the mold material
and mold geometry to produce defect free castings. Here fluid flow, heat flow, and
chemical interactions were investigated with simulations and casting experiments. Three
mold recipes were developed; an improved magnesium-phosphate binder silica sand
based system, a magnesium-aluminum phosphate binder alumina sand based system, and
a colloidal zirconia sol binder zirconia sand based system. The fluid and heat flow
analysis has shown, and has been verified by experiment, that using a mold material with
a low heat diffusivity, (the product of thermal conductivity, heat capacity, and density)
will improve casting quality by delaying solidification and reducing interdentritic
porosity. A simple economic framework was developed to compare the price of different
ceramics with the results showing that silica is a more economic mold material at an
estimated 75% yield over a zirconia or alumina mold with a 100% vyield. This framework
neglected how secondary processing and efficiency gains affect cost. The likely
implementation of this research will be a zirconia face coat supported in the flask by
magnesium phosphate bonded silica. This will provide the required heat diffusivity and
mechanical support at the lowest cost to minimize interdentric porosity.
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1. Introduction

Successful castings are dimensionally accurate and mechanically sound. This
means that there will be no defects such as porosity, finning, cold shuts, scaling, thermal
warping, shrinkage, or any number of engineering terms that require additional
processing or warrant remanufacture. There is an enormous amount of literature on
casting defects and as such they will be discussed in detail here only as specifically
needed. For more information the reader is referenced to the ASM Handbook on Casting,
the AFS volume “Analysis of Casting Defects”, and Campbell’s work, “The Casting
Handbook”.

This discussion will focus specifically on the platinum 5% ruthenium alloy
commonly used for jewelry due to its high luster and hardness. This alloy is commonly
flask cast using a centrifugal casting machine. A centrifuge introduces the metal into the
mold faster than would be possible by gravity and reduces the riser head needed to fill
fine features, (filigree). Though flask casting is a different technique than shell casting,
(used primarily for super alloys) much of the discussion results summarized here can
generally be applied to both investment casting processes.

1.1 Motivation

The most common defects found in platinum castings are on the surface, and
because cast platinum is primarily used for jewelry, these are the principle concern for
quality. Some defects are small enough that they can be repaired by laser welding, but
this is costly and time consuming. Additionally, these defects can be small enough to pass
initial inspection and not be detected until later finishing steps. This further increases the
cost of repair and demands sound initial castings. Figure 1 shows two SEM images of
surface defects found in a ring.
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Figure 1: Two different surface pores. Pore “A” resulted from an entrained gas bubble that failed to

fully collapse, while “B” resulted from solidification shrinkage.

The defect in Figure 1A was determined to be a cold shut by observing the thin “tails”
radiating from the center. The pore in Figure 1B most likely formed as a result of
solidification shrinkage. The smaller pores on the inside walls and smooth irregular
surface support this.

Looking at other alloy systems, IN713C also suffers from defects that are similar to those

observed in platinum. Matysiak et. al.(1)

(1) have compiled a terse overview of common defects found in the IN713C alloy
after casting, though they do not report on solutions. Their observations support the
hypothesis about the formation of the defects observed in platinum.

1.2 Simplifying Assumptions

Assuming the geometry and alloy are fixed by extraneous conditions, (aesthetic
design and metallic luster for jewelry), the foundry is left to optimize the casting process.
To do this three things need to be considered; heat transfer, chemical interactions, and
fluid flow. These three phenomena are coupled, but with a few observations the design
process becomes tractable and the process variables reduce to; casting temperature, mold
temperature, mold composition, and fluid flow path. The simplifying assumptions made
are:

e The metal quality is consistent

¢ No metal-atmosphere reactions
e Minimal dissolved gas - Porosity does not vary with atmosphere

The assumption that the metal is consistently pure has been verified by inductively
coupled plasma mass spectroscopy (ICP-MS). Several lots of metal were tested and the
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composition was not found to correlate with parts rejected for defects. Both scrap and
virgin metal were tested from an industrial partner. Were the quality and purity of the
metal correlated with the observed defects, an additional variable would need to be
considered. Since no correlation was observed it can be concluded that any impurities or
defects found in the final casting must be a result of improper or uncontrolled processing
in the foundry.

The second observation is that the casting atmosphere is controlled by evacuating
the casting machine. Though there is negligible thermodynamic driving force for the
absorption of atmospheric gases (N2, CO2, O2, and H2) controlling the atmosphere
removes this possibility entirely. Platinum and ruthenium have no stable, non-volatile
oxides, nitrides, or hydrides at the casting temperature, and thus should not contain
dissolved gas from these reactions. Oxides, nitrides, and hydrides may appear at
temperatures well above the casting temperature, but because they are gas species they
should be carried away during filling. The formation rates of these compounds are very
slow and can be disregarded during casting operations. (2)

Platinum does have a strong affinity for carbon (3), though it has been discounted
as a possible contaminate. Residual carbon left on the surface of the platinum as grease
and oil from cutting operations has not been considered an issue because it should
volatize or combust into CO2 long before absorption into the platinum bulk becomes
possible. From Ferguson, carbon will not have an appreciable diffusion rate into platinum
at temperatures below ~900C at which point residual hydrocarbons should not be present.

Though platinum alloys don’t display the affinity for gas species that other alloys
do there is a tendency for a fluid to contain small amounts of dissolved gas. Sieverts’ law
states that the concentration of a gas dissolved in a metal is proportional to the partial
pressure of that gas in the atmosphere. By casting the same alloy under both vacuum and
natural atmospheres the amount of dissolved gas can be assessed. This is referred to as a
variable pressure, reduced pressure, or Straube-Pfeiffer test. This is a common test
performed primarily in aluminum foundries to determine the amount of dissolved
hydrogen. Further reading is available in the ASM Handbook Vol 15: Casting. A
qualitative comparison between porosity observed in alloys cast in air (4), and those cast
under vacuum in the lab show negligible difference in the size, morphology, or
concentration of porosity. This observation shows that porosity in platinum alloys is not a
result of gas coming out of solution, which again reduces the number of variables that
need to be considered.

1.3 Concepts and Variables

From inspection there are three concepts the casting engineer must consider when
assessing the casting process; heat transfer, fluid flow, and chemical reactions. From
these three concepts, and the above assumptions, four primary variables arise; mold
temperature, metal casting temperature, mold properties, and flow design. Figure 2
illustrates this concept.
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Heat
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Figure 2: lllustrating how three physical concepts reduce to four processing variables

Within the design landscape formed from these four variables the casting engineer
must find the optimum balance that results in the highest casting yield. This work will
explore the relationship between these variables.
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2. Fluid Flow

2.1 General Considerations of Fluid Flow

Designing the rigging, the flow system surrounding the part, is the most challenging
and crucial part of the casting process. The governing equations of fluid flow have
limited predictive power to aid the design process and as such rigging systems often rely
on empirical iterative experience. This experience is slowly being justified by cleaver
experiments, but is still far from completely characterizing the physics involved. The
installation of liquid metal into a cavity involves the displacement of air or mold gas,
(even under very good vacuum), and this constitutes a multi-phase flow with a turbulent
free surface, one of the hardest to accurately model. Aspects of flow considered here
include:

e Assessment of compressibility

e The effect of surface tension, acoustic impedance, and viscosity

e The evaluation of the Weber and Reynolds numbers

e Maintaining flow rate while reducing hydraulic diameter

e The relationship between geometry and solidification

e Computer simulation

A discussion of fluid flow must start with an assessment of compressibility. The

flow velocity estimation is much lower than the speed of sound in the liquid metal and by
realizing this, compressibility effects can be neglected. (5)

(5) Szekely covers this in greater detail in his text.

The transmission of acoustic information, how fast pressure fluctuations translate
through the fluid correlates inversely to the average size of the turbulent eddies. The
speed of sound through water is ~1485ms™ while in liquid platinum it is
~2400ms™.(6) The speed of sound when multiplied by density results in the characteristic
impedance of the medium. Water’s characteristic impedance is ~1.5x106 N*s*m™ while
platinum’s acoustic impedance is ~51.26x106 N*s*m™. Higher acoustic impedance
reduces the mean turbulent eddy size, and this should be considered when analyzing
simulation results based on a fluid similar to water. Since the impedance is higher for
platinum, the attenuation of small eddies should be greater than simulation results predict.

The suppression of turbulence in metal flows is also aided by the high surface
tension of the liquid. Liquid metals have surface tensions much larger than water based
fluids. The surface tension of water is ~0.07Nm™ while the value for platinum is closer to
~1.8 Nm™ (7).

The dynamic viscosity of liquid platinum is ~7.1x10 Pa s at its melting point (7),
while water at ambient temperature has a viscosity of ~1x10° Pa s. This difference is
roughly equivalent to the difference between milk and water. Thus, it is expected that
there will be less splashing in reality than shown in simulation. As such, for the same
arguments above, iterating the mold design based on the results of fluid simulations using
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water is acceptable because the results of the simulation will overestimate the severity of
splashing, entrainment, and turbulence.

The dimensionless modified Weber number is the ratio of kinetic energy to
surface energy. The dimensionless Weber number can be summarized as the product of
density (p), velocity squared, and characteristic length (L) divided by the surface tension

)

W, = pv?Dy~1 1
Wemadified = We/48 2
Wemodified = Exinetic/ Esurface 3

When the Weber number exceeds unity there is a strong chance for gas
entrainment. Observing the ratio of density to surface tension as ~10,000 we can see that
the Weber number during platinum casting will be greater than unity in channels of
~1mm when the velocity is greater than ~0.25ms™.

Campbell suggests a constant fluid-gas interface speed of near 1ms-1 to reduce
entrainment of gas. The estimated metal entry speed into the mold is ~10ms-1 which
correlates to a Weber number of almost 100. This reveals that the fluid will splash and
break up, entraining air or other mold gas. Alternatively, when the fluid separates the
surface will begin to solidify and this can lead to cold shuts, as seen in Figure 1A. A
Weber number this high confirms casting under vacuum is a sound practice, though this
may not completely resolve cold shuts.

The flow into the mold has a high Reynolds number indicating that the inertial
forces are much greater than the viscous damping forces. Normally this would lead a high
probability for a transition from laminar to turbulent flow. Analyzing the centrifugal
casting process the Reynolds number was calculated to be near 36,000. This is based on
the viscosity reported by (7)and a hydraulic diameter of 1mm. In channel flow, as in a
water pipe, the transition from laminar flow to turbulent normally occurs between
Re~2,200 and Re~4,000 as indicated on the Moody Diagram. Though, as discussed by
(8), it is possible to suppress the transition from laminar to turbulent flow up to Reynolds
number of ~40,000.

The suppression of the laminar to turbulent transition at a higher Reynolds
number is complex; there are three flow path modifications that can be made. As reported
by Gad-el-Hak riblets may be added running in the direction of the flow. Small riblets
allow pressure fluctuation rarefaction upstream of the flow by creating a quiescent and
compliant boundary layer. Without these riblets pressure fluctuations are reflected by the
walls and grow. The riblets act to dissipate this growth and reduce turbulence when
placed parallel to the direction of flow.

Riblets also increase the heat transfer by increasing the ratio of perimeter to area
per unit length of the flow path. Increasing the super heat can offset this increase in
circumference to area ratio, but requires calculation and thermochemical inspection prior
to implementation to determine if there will be any detrimental reactions with the mold or
atmosphere. Chvorinov’s rule; which relates solidification time (t) to the effective
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enthalpy of fusion (Hf”) and volume to surface area ratio of the section (V/A), both
squared, by a constant (C) that collects thermodynamic property constants, can be used to
compare different section geometries.

= ol (7) 4

The Effective enthalpy of fusion (H¢) combines the standard enthalpy of fusion
(Hs) with the heat capacity of the metal (Cp) multiplied by the difference between the
casting temperature (T) and the melting temperature (T,). The difference between casting
temperature and melting temperature is the superheat.

Hi = Hi + Cp(T-Tm) 5

The additional super heat needed to maintain the same solidification time can be
calculated from equations 4&5. Figure 3 illustrates the additional superheat needed to
maintain the same solidification time for three different geometries all of unit area. To
compare these geometries, the circular cross section is calculated with no superheat.

A

\ \ b f}.-‘!
4 ¥
Fa Jr‘. .l“\
;\\ A
e

\ 4
A/P = 2822 A/P = 2179 A/P = 1899
(T-Tm)=0 (T-Tm)= 295 (T-Tm)= 486

Figure 3: As can be seen from above, per unit length into the page, a decrease in the area to
perimeter ratio requires an increase in super heat to maintain the same solidification time. The ratio
of enthalpy of fusion to specific heat is estimated at 1000:1 based on data taken from Smithells and is

relatively constant for metals.

The idea of riblets is correlated to the second method of reducing turbulence,
reducing the effective hydraulic diameter by introducing interior corners. The effective
hydraulic diameter can be estimated by the largest circle that can be inscribed in the flow
cross section. As the aspect ratio, or faceting of the cross sections changes a reduction in
turbulence with a nearly constant flow rate can be observed as reported by Svoboda and
reproduced in Figure 4.
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Figure 4: Both cross sections have the same area, but turbulence was notably reduced with the

cruciform flow geometry.

The third geometric modification that can be made to manage turbulence is to
lower local pressure before the metal enters the cavity by increasing the flow cross
section. A divergent area will reduce the local pressure and will encourage turbulent
eddies to dissipate. This is also discussed qualitatively by Grad-el-Hak, Campbell, and
Szekely.

The “Casting Handbook™ and the ASM Handbook on casting both cover rigging
design in detail. Further inspiration for flow paths can be found by consulting fitting style
loss tables found in volumes such as Mark’s Engineering Handbook. By inspecting head
loss for different geometries a casting engineer can estimate how a mold will fill
qualitatively, which most times is adequate provided the other casting variables are also
controlled.

Fundamentally this line of reasoning should lead the casting engineer to conclude
that the metal needs to pass through a screen like set of narrow passages to dissipate
turbulence. This is standard practice for many aluminum foundries. Though, as shown by
the analysis of cross section shape to additional super heat required, this is not an option
for metals that solidify quickly such as platinum. Hence it is up to the casting engineer to
find a balance between turbulence dissipation, (entrainment reduction), and solidification
time. As evidenced by Figure 1A displacement of mold gas in the cavity and the
minimization of splashing are the most relevant aspects of fluid flow to consider for
platinum casting.

2.2 Filling vs Feeding

Returning to the discussion of fluidity it should be noted that increasing fluidity
not only allows the metal to flow a longer distance in a channel, increasing the
probability the mold will fill completely, but also helps with feeding during solidification.
As discussed by Campbell alloys that have a long freezing range; are more dendritic than
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eutectic, exhibit approximately four times lower fluidity than eutectic alloys. As such,
alloy development to balance casting and physical properties should always be in the
forefront of foundry management.(9)

As the metal is solidifying, from thin sections to thick, it is shrinking. This
shrinkage is, for the most part, a cause of internal void formation. Normally the
morphology of these voids is jagged because of internal tensile failure. If the alloy has
narrow freezing range, substantially free of dendritic solidification, these pores can have
a spherical shape because the metal remains fluid even after failing in tension. Voids are
normally formed where the metal has been last to cool. This most commonly leads to
porosity found in the center of the casting. Because platinum alloys have a high casting
temperature, and part geometries have a high surface area to volume ratio, shrinkage
porosity due to a lack of feeding is seen throughout the casting. Dendrite formation
significantly reduces the metals’ ability to feed shrinkage. Figure 5 below gives an
illustrated depiction of feeding.

.
r
1
¥

1. Liquid feeding 3. Interdendritic feeding

— - ———— *
2. Mass feeding 5. Solid feeding
(elastic) (plastic)

4, Burst feeding
(macro) {micra)

Figure 5: Campbell’s illustration of feeding mechanisms. See his work for a more complete

discussion on feeding.

Figure 6 shows the solidification structure of the Pt-5%Ru alloy. Dendritic
solidification is noted with pores forming at grain boundaries and between dendrite arms.
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Figure 6: Dendritic solidification structure of the Pt-5%Ru alloy from (10)Circle indicate pores that

have formed ether at gain boundaries or in between dendrite arms.

The dendrites grow from the walls into the flow creating obstacles. Thermal dendrites,
those forming spontaneously from local temperature or pressure fluctuations, along with
dendrites broken from the wall significantly inhibit the flow of liquid metal to solidifying
sections.

Again, as discussed by Campbell the feeding of long freezing range alloys is
approximately a factor of four less than that of a short freezing range alloy. If the alloy is
strictly set by extraneous requirements it is up to the casting engineer to find a solution to
the feeding problem.

There are two main avenues that can be pursued to this end. One is to increase the
superheat. With a higher superheat the metal will take longer to solidify because it will
have to reject more energy to the mold. This thermal energy will be stored in the heat
capacity of the metal, which will stay liquid longer in the center of the casting allowing
more time for feeding to take place.

The second option the casting engineer can exploit is to increase the section
thickness of the feeding system. By ensuring the part solidifies from the thin sections to
the thick feeding can be encouraged. Installing heavy sections near gates and filling from
multiple locations enhance feeding.
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2.3 Flow Simulation

As discussed by Grad-el-Hak flow simulation and visualization are valuable tools
when designing flow systems. The stochastic nature of multiphase, free surface and high
Reynolds number flow makes an exact solution difficult, but approximate solutions often
yield enough qualitative and quantitative information to assist design. For the casting
engineer simulations can identify low pressure areas that are prone to entrainment, the
location of hydraulic jumps, and areas prone to jetting, such that the rigging system can
be modified. Removing these trouble spots will allow the mold to fill smoothly and with
minimal entrainment. This section covers:

e Lagrangian, Eularian, or Lattice-Boltzmann simulation algorithms

e Software selection
e Validation
e Limitations

There are three main approaches to computational fluid dynamics problems.
These are the Eulerian, Lagrangian, and Lattice-Boltzmann methods. The Eulerian
method tracks flow field properties at specific locations using a fixed grid to discretize
the geometry. The Lagrangian method shifts with the movement of the fluid tracking
each particle and its flow properties. Both of these methods involve solving the Navier-
Stokes equations through an iterative process. Sometimes they are combined, as when
tracking the progression of a free surface, for efficiency. The Lagrangian approach is
effective at tracking the fluid while the Eulerian is more efficient to track the air, a part of
the system that is generally less complex owing to the density and viscosity differences.
There are usually free surface tracking algorithms that attempt to capture the physics of
surface tension, and bubbles. In general these approaches become computationally
expensive as layers are added to improve resolution.

The Lattice-Boltzmann method (LBM) discretizes the fluid into particles that are
both streaming and colliding. This algorithm is more efficient because it defines a simple
interaction equation between volume elements then progress from time step to time step.
By solving the velocity and pressure flow field from particle-particle reactions the many
body problem of the two previous methods is averted.

One of the best free surface tools available for analyzing casting geometry has been
developed by the film industry to animate ocean dynamics. The film industry requires
efficient algorithms that produce results that capture the various length scales exhibited
by turbulent eddy formation and growth. As a design tool the casting industry requires
simulations that are qualitatively real, are computationally efficient, and are easy to
implement.

Dr. Nils Thuerey has incorporated a very compact LBM solver into the open source
animation program Blender (11). Blender can import a computer generated mold and, by
adding some fluid control volumes, fill that mold with fluid. A brief user guide for
developing a fluid simulation is attached as appendix A. Figure 7 shows some flow
simulation results from initial work produced with Blender.
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Figure 7: Some preliminary visualizations to look at splashing and jetting in the rigging.

Entrainment can be seen in the pouring cups of the center and right images.

The American Institute of Aeronautics and Astronautics defines validation as:
The process of determining the degree to which a model is an accurate representation of
the real world from the perspective of the intended uses of the model. (AIAA G-077-1998)

This has been interpreted as, “Solving the right equations”. Mold filling
simulations have been performed as a qualitative way to assess bubble entrainment,
splashing, and turbulence. To validate this, a quantitative comparison of a drop falling on
a bath is shown in Figure 8 below.

Figure 8: The image on the left has been generated by Blender while the image on the right was

captured with a high speed camera.!

From Figure 8 the similarity in fluid structure after the splash is evident. Without
the need for further analysis this shows that Blender adequately represents reality.

! Left, Blender: http://www.youtube.com/watch?v=20wgK5Ky64E

Right, High speed: http://www.youtube.com/watch?v=5KI10adlOxKc


http://www.youtube.com/watch?v=2owqK5Ky64E
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3. Heat Flow

3.1 General Considerations of Heat Flow

There are two distinct temperatures to discuss in casting; the temperature above
the melting point the metal is poured (the superheat), and the temperature of the mold.
The superheat governs aspects of the fluid properties, while the combination of superheat
and mold temperature governs the heat flow during solidification. Other aspects involved
in considering the heat flow from the metal during solidification are the material
properties of the mold and the section geometry. These will be discussed in subsequent
sections.

Temperature is one of the easiest variables to control in the casting operation. It
simply requires more energy input prior to pouring the metal into the mold. In a lumped
thermal model, as is appropriate in casting operations to estimate the transient heat
transfer time and thus time to solidification, temperature proportionally increases
solidification time.

The empirical validation of heat transfer out during casting was pioneered by
Chvorinov in 1960. Perhaps most recently a brief investigation into the filling and
solidification of metallurgical grade tin in pyrex tubes was performed (12). From this
investigation the length the metal flowed, the fluidity (for a full discussion on concept of
fluidity see Campbell), increased with increasing superheat. This is to be intuitively
expected, because even though the heat transfer rate also increases with superheat, there
is still more energy stored in the heat capacity of the metal that needs to be dissipated.
Fluidity also encompasses the metal flow conditions, but this will be discussed in a
subsequent section.

From a simple heat transfer analysis the solidification time can be estimated based
on half the effective diameter. The most complete derivation of the equation below comes
from Poirier but also available from Flemings and Campbell. It is based on the results
obtained from Chvorinov.

Vo2 Tm—Ti}F 6
—=— kC,\t
A \/E{ piHy Pt

V | Volume (cm3) H | Enthalpy of Fusion (W g-1)
A | Area (cm2) k | Mold thermal conductivity
T,, | Metal Melting Point (K) p | Mold Density

T; | Mold Temperature (K) C, | Mold Heat Capacity

p; | Metal Density t | Time in seconds
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The above equation assumes a semi-infinite mold. This model also assumes that there is
no heat transfer resistance at the mold metal interface and that the temperature in the
solidified metal is constant. This model is validated by Chvorinov’s data.

To account for super heat, the enthalpy of fusion (Hs) can be combined with the
additional energy stored in the heat capacity of the liquid metal in a term designated the
effective enthalpy of fusion (H¢).

He = He + Cp(T —Tpp) 7

Where T is the casting temperature and T, is the melting temperature of the
metal. Inserting effective enthalpy of fusion into the heat flow analysis above, the
solidification time as a function of superheat and mold material can be investigated. As
shown in Figure 9.
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Figure 9: For three different ceramics, silica, alumina, and zirconia superheat is plotted against
solidification time. The geometry used to produce this plot was a circular pipe with a one millimeter

radius. Table 1 below lists thermodynamic values for the ceramic materials.

Zirconia’s high density and specific heat suggest that, from Chvorinov’s explicit
relation, much less superheat can to be used to significantly increase solidification time
when compared to silica or alumina.

The conclusion to be drawn from this thermal analysis is that superheat increases
solidification time. As such the practical limit of superheat is reached as a result of
chemical reactions with the atmosphere or mold material. If the mold material erodes,
decomposes, or reacts with the metal a reduction in superheat is required. Until this point,
more superheat will lead to better castings by enhancing flow into fine detail and
promoting feeding.

Though this conclusion is not surprising it wasn’t immediately clear that
solidification time was so strongly correlated with the physical properties of the mold
material. From the literature the most relevant mold parameter is the melting point. Here
it is shown that melting point, while important is only one aspect of choosing the correct
mold ceramic.
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4. Mold Ceramic

4.1 General Considerations for Mold Ceramics

As discussed by Kingery and Carnigila(13) the criteria used to evaluate the
applicability of a refractory system are; toxicity; thermochemical stability; melting point;
and mechanical durability.

When choosing an oxide as a mold material, availability and cost must also be
considered. These will be dealt with explicitly in a subsequent section; the author has
discounted ceramics with a price per pound that is greater than one hundred times the
current silica based refractory. The reader is referenced to the economic modeling section
for a more thorough discussion of this choice.

This section will cover:

e Toxicity

e Thermochemical Stability & Melting Point
e Mechanical Durability

e Making a slurry

e Binding the ceramic

4.2 Toxicity

From all possible oxides available naturally, (excluding carbides, nitrides, and
borides which have associated problems such as volatile thermal decomposition and
oxidation), there are several that need to be discounted due to their toxicity. Beryllia,
thoria, chromia, and urania are toxic enough that their benefit to the foundry is negligible.
The cost of additional safety precautions needed when handling these materials
outweighs their benefit. This results in an even shorter list of available ceramics that can
be used as molding materials.

4.3 Thermochemical Stability & Melting Point

Both Mellor(14)and Vines(15) cite that when melted in magnesia or calcia
crucibles platinum becomes hard to work. This could be a result of the alloy absorbing
the gas phase oxide, or providing a surface for catalytic reduction and the formation of a
platinum alkali intermetallic. Both magnesia and calcia have high vapor pressures at the
melting point of platinum. As a result these refractories are unsuitable mold materials for
platinum casting in spite of their low cost.

Silica will also form a volatile sub oxide at the casting temperature of platinum
(14). This has been observed by Ainsley et. al. when heavy sections of platinum have
been cast in silica molds. Based on these observations it is clear that a primarily silica
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based mold material is substandard. Davis et. al.(15-17) report on the decomposition of
mullite above 1600C and note the evolution of silicon monoxide in atmospheres with low
oxygen partial pressure. Similar results are expected from zirconium silicate (zircon).

Magnesium aluminate spinel is another promising oxide system in which
platinum has almost negligible solubility.(18) They suggest that this is because platinum
coordinates to a 1V fold planer oxide instead of a tetrahedral structure, and that this planer
coordination elastically strains the octahedral or tetrahedral sites in the oxide enough to
substantially reduce solubility. There was no other explanation found in the literature for
why platinum had such a low solubility in Mg-Al spinel.

Though spinel has a melting point over 2000C it also suffers from lattice
inversion at high temperatures. Aluminum will swap from an octahedral coordination to a
tetrahedral coordination near 800C. This causes a volume change that can lead to
cracking. Spinel can be stabilized with the addition of alumina or by optimizing process
parameters.

From the above discussion; oxides that possess melting points above 1800C, are
reasonably available, and will not adversely react with platinum are few. Table 1 lists
these oxides and relevant data.
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Ceramic Melting | Thermal Conductivity | % Linear | Heat Density | Bulk Cost
Point [W (cm K)™] (approx. | expansion | Capacity [gem®] | [$ m?]
[°C] values at 2000C or | at 1000C @1000C
M.P.) DK
Sio2 1723 15 .04 1.161 2.65 $1869.52
(vitrified)
Al203 2054 112 .82 1.227 3.95 $11669.07
MgAI204 | 2135 .085 6 1.238 3.95 $15065.29
(Spinel) (est)
ZrO2- 2715 .0328 99 0.635 5.68 $85151.34
Calcium
stabilized
Y203 2410 .030 ~1 0.562 5.01 $47604.63
TiO2 1857 - - - 4.23 $45228.93

Table 1: Compiled physical properties of oxides that can be used as mold materials for platinum

casting.?

Because titania provides no mechanical, chemical, or economic benefit over
alumina it will not be discussed. Spinel is included in the above table because it was
considered to be the refractory of choice before some of its physical properties came to
light.

2 All data except for yttria comes from Carniglia. Data for yttria has been extrapolated from Kline et. al.
and Goldstein et. al. Cost data; for silica was supplied by Lane Ind.; for alumina and spinel, Brenntag

Specialties; for zirconia, Remet Corp.; and for titania and yttria, Stanford Materials.
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4.4 Mechanical Durability

Mold material strength is calculated as the modulus of rupture (MOR). The
material is formed into bars that are subsequently broken in a three point bending
machine. The maximum load, normalized by the cross sectional area is the modulus of
rupture, with units of stress. For homogeneous materials the modulus of rupture will
equal the tensile stress. For ceramics, and very brittle materials, this is complicated by the
inherent presence of defects. Generally the Wiebull modulus is used as the specific
failure stress of ceramic materials. The research conducted here did not pursue this
because defects are a natural part of the manufacturing process and calculations based on
MOR are more relevant when comparing different mold compositions. Because porosity
and thus strength can be modified easily by adjusting process variables, such as firing
rate and temperature, thermodynamic stability is initially more relevant.

The discussion of mold strength is complicated by the solidification shrinkage of
the metal. If the mold material is too strong the metal will not be able to deform the mold
and lead to a tensile failure of the metal (a hot tear). If the mold material is too weak the
flow of liquid metal will wash away fine detail during casting.

Adding to the strength issue is the issue of vitrification, or glass formation. If the
mold material becomes glassy in an interior geometry at the end of solidification it will
be in a compressive stress state. This compressive stress will be on the order of the yield
stress of the metal, ~200MPa. Amorphous materials that have been cooled in
compression are extremely hard. A remarkable example of this property is the Prince
Rupert drop. To fracture or abrade the glass the inherent yield stress of the glass plus the
compressive loading, in this case the yield stress of the metal, must be overcome. With
this understanding it is advisable to find a material that will not form an amorphous
phase, and adjust the strength of that material to ensure that it is less than the ultimate
tensile strength of the metal. Silica will vitrify while alumina and zirconia are much less
likely too. The currently used silica mold material has a green strength (MOR) of
0.92MPa and a fired strength of 2.03MPa. This has proven to work well is most
applications. Higher green strength can help reduce mold damage during handling prior
to final firing and should be pursued when possible.

Carnigila presents that the best assessment of ceramics resistance to thermal
shock is the linear coefficient of thermal expansion. From the above table, alumina has
the lowest thermal expansion, though in this regard there is little difference from one
ceramic to the next in this list.

Because it is economical to fire the mold ceramic at temperatures less than 1000C
and the casting temperature of the metal is over 2000C the mold will suffer a temperature
gradient of 1000C at the mold metal interface. This can cause spalling, flaking of the
ceramic off the mold walls, at the metal-mold interface.

4.5 Making A Slurry

For flask casting operations the ceramic slurry must be cast around the wax
pattern to form a monolithic refractory. The ceramic slurry must have a low enough
viscosity to fill fine details, dry without shrinking and cracking, possess enough green
strength to support itself, and fire, without cracking, into a dense body. These
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requirements are largely controlled by the initial ceramic slurry composition, but are also
influenced by heating rates and times.

The two most important aspects of slurry design are particle size distribution and
dispersion. As discussed by Norton(19) and Carnigila(13) having a wide particle size
distribution increases packing density and lowers slurry rheology. Lower rheology is also
accomplished by manipulating the surface potential of the particles by altering the pH.

A high solid volume fraction reduces the likelihood of cracks forming during
drying and shrinkage during firing. When the solid particles take up more than 75% of
the volume of the slurry cracking during drying is completely avoided. At these loadings,
when a slow heating ramp is used during firing, particle growth is encouraged, the matrix
coarsens and shrinkage is again minimized. With a high solid volume fraction and wide
particle size distribution after drying VVan der Waals forces provide sufficient green
strength.

With high solids loading rheology is reduced by a ball bearing effect. The
increased density also reduces rheology by lowering the dilatancy, volume expansion
induced by flow. It should also be noted that the surface roughness of the cast part is
approximate to the average particle size radius.

By adjusting the slurry pH to maximize the positive zeta potential on the particles
the lowest apparent viscosity will be observed. The pH that corresponds to the maximum
positive zeta potential is oxide specific. Table 2 lists possible ceramic oxides with the pH
that corresponds to the maximum positive zeta potential. Effective dispersion is usually
accomplished at low pH, but can also be done at high pH. Carnigila notes that dispersions
at low pH exhibit a lower apparent viscosity than those dispersed at high pH. (19)

Ceramic System Maximum Zeta Potential (pH) Point of Zero Charge (pH)
Silica <0 15

Alumina 5 9.2

Zirconia 4 7

Table 2: The pH of maximum positive zeta potential is dependent on the metal oxide acid-base
character.(13)

4.6 Binding the Ceramic

The current silica based refractories use magnesium phosphate as a binder to
provide both the low temperature and high temperature strength. This binder is reacted
from magnesium oxide and phosphoric acid just prior to the refractory being cast into the
flask. Though it has shown reasonable strength, and is as thermally stable as the silica
itself, as previously discussed magnesium oxide will evolve a vapor species at the casting
temperatures of platinum. Phosphorous oxides also form low melting point eutectics with
platinum in addition to decomposing upon reaching temperatures of ~1600C. (16, 20)

Ceramics can also be bound together with colloid suspensions. Colloidal silica is
the binder of choice for many shell casting operations. There are also colloids of alumina,
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zirconia, and yttria among others. These colloids are pH stabilized and can be mixed
directly with the bulk ceramic to make a dense mold. When fired these colloids exhibit a
lower melting temperature than their bulk counterparts. This reduction is normally around
5% of the melting point. The lower melting colloid helps control sintering rate and
provides more design flexibility.
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5. Cost Model
5.1 Profit, Yield, Price and Cost

Cost is a fundamental tenant of any manufacturing process. The cost model of a
foundry hinges on successful castings that can be delivered as products. By minimizing
the cost per part in labor and materials and maximizing the yield, a foundry will
maximize its profits. What follows is a simple cost-benefit analysis to compare the
additional material costs with the yield from a better refractory. The foundry cost model
is illustrated in the equation below

Profit/Casting = Yield * (Price — Cost) - (1-Yield) * Cost 8

Here cost includes the metal, ceramic, and the associated labor to; make the mold,
cast, and prepare the casting for secondary machining. Price represents the sale price of
the part. For this analysis price is taken to be constant.

What is not obvious from the above equation is the relationship between yield and cost.
Working under the assumption that there is some minimum cost to produce a part, and
that there are diminishing returns for increasing yield by increasing the cost, the equation
below can be written. The assumption that there are diminishing returns to yield from by
increasing cost is appropriate based on the idea that theoretically increasing monetary
investment in the casting process to reduce variation will eventually lead to a near 100%
yield, and there is relatively high yield after very little initial investment. Because there
are many costs associated with the processes that have been lumped, it is unclear what the
exponent represents in real terms. The next section will derive the additional yield
required to justify the increase in material cost encountered when changing mold
ceramic.

Yield = 1- { Cost }* 9

The operational costs are fixed and can be neglected for this analysis, being
lumped into the “cost” variable. By substituting the yield equation into the profit equation
we can see that there will be an optimum that is most sensitive to our cost per casting.
Here we can see that there will be negative profit if our price is lower than our cost over
yield.

Profit/casting = Price * { 1 — Cost™ } - Cost 10

Or
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Profit/casting = Price * Yield - Cost 11

When the profit equation above is differentiated with respect to cost and set to
zero to find local maxima the relationship between price and cost where profit will be
maximal can be found.

@ max Profit: Price= Cost®™* X1 12

To verify this model the exponential variable “X” needs to be determined by
fitting the curve to data. As such, differing ceramic systems can be fit with this model and
very little auxiliary data to determine which ceramic system will maximize profits by
increasing yield for their associated cost. By lumping the variables and inspecting the
rates of change of profit against those variables it is assumed that there is little or no
correlation between variables. This is to say that costs associated with using higher
quality ceramic are not associated with increased secondary processing costs.

5.2 Justifying A Higher Cost Ceramic

Table 3 lists the most promising ceramic systems and their cost per cubic inch.
Volume is used to normalize the cost due to bulk density differences.

Ceramic System Bulk Cost [$ m™]
Silica $1869.52
Alumina $11669.07
Zirconia $85151.34

Table 3: Some systems and their associated cost per volume.
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To determine if an increase in material cost will increase profits the relationship
between yield and cost must be determined. To simplify the math it is assumed that with
the current SiO2 system there are no profits. This allows the representation of price in
terms of cost and yield.

@ Profit=0 Price = Cost/Yield 13

To compare one ceramic to another the profit equations for both are equated.
Below the subscript Si indicates silica.

Profit > Profits; 14
Price*Yield — Cost > Price*Yields; — Costs; 15
Yield > (Cost — Costg;)/Price + Yields; 16

Equation (13) can be substituted into (16) yielding

Yield > { (Cost-Costs;j)/Costs; + 1}Yields; 17

From the above equation we can now calculated the minimum additional yield
necessary to justify shifting to a higher cost ceramic. The missing part of this analysis is
the measured yield when silica is used as the ceramic. For this work yield from silica
refractory is estimated to be 75%.

Using the bulk cost estimation from Table 3, the above analysis shows that the
increase in cost associated with switching to an alumina based ceramic from a silica
based one is not economical even if yield approaches 100%.

This economic analysis is by no means complete, but does provide a framework
to build a complete model on. Secondary processing costs have not been considered, nor
has the necessity of moving to a better performing ceramic been weighted.

A key component of assessing yield is part geometry. Parts with filigree will need
to be cast with enormous superheat, and the standard silica based material will not work
driving up the value of a more suitable ceramic.

This analysis simply compares the incremental improvement needed across the
board to justify switching to a higher cost ceramic. This analysis also neglects any
additional processing costs, such as acid etching the ceramic off the metal, though these
should differ only slightly from one ceramic to the next.

The model most notably neglects secondary processing costs and rework. The
goal here was to determine if yield alone could justify switching to a higher cost mold
material. A more thorough analysis needs to be undertaken to truly compare ceramics.
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6. Methods

6.1 Overview of Methods

The investigation into the platinum casting process was initiated by benchmarking
the established variables. For an industry standard refractory the modulus of rupture was
determined using a three point bending test, the superheat and mold temperatures were
noted, and the flow geometry was modeled.

Initial tests were conducted with an increased superheat. This lead, as supported
by Ainsley, to mold breakdown. It quickly became evident that a better mold material
was needed to support higher superheats. Simultaneously the fluid flow path was being
simulated and tested. (16)

6.2 Ceramic Testing Scheme

An iterative methodology was used to test new ceramic systems. This process is
illustrated in Figure 10. The cycle was started with an initial literature review and has
been run for each ceramic composition tested.
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Figure 10: Illustration of the testing and iteration process used to evaluate changes in the casting

process.
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7. Results and Observations

7.1 Molds
7.1.1 Ceramic Recipes

A full list of all refractory compositions tried and notes on different additives is
compiled as Appendix B. The most promising mold recipes are listed here for silica,
alumina, and zirconia.

The silica mold material that was developed is based on the commercially
available Lane system. (Available from Lane Industries). It consists of a trimodal
distribution of silica particles suspended with a 70/30 mixture of 85% phosphoric and
37% hydrochloric acid. Equal weights of each powder with mean particle diameters of
~2,~4, and ~19 microns were combined to broaden the distribution.

Binding was accomplished by the addition of magnesium oxide. It was found that
MgO with a lower specific surface area, and thus less reactive, provided more working
time to prepare the molds. The supplied MgO from Land Ind. appeared to be light
burned, or simply calcined, meaning that it was very reactive, while dead burned, or hard
burned MgO from Premier Ind. worked better.

The slurry is mixed by adding the acid to water, then the silica powders to the
acid solution all while mixing. When the powder is fully dispersed, ~10min of mixing,
the MgO is added. Mixing is continued for two minutes. The slurry is then evacuated and
poured into the flasks. Table 4 lists the recipe. Table 5 displays the original silica recipe
that was provided by the manufacturer.

2509 2um silica

2509 19um silica

1009 4um silica

11ml 70/30 85% H3PO4 / 37% HCI
127ml Deionized Water

6.69 Dead Burned MgO

Table 4: The most promising silica based mold system. Water and acid are combined and while
mixing silica powder is added. Mixing was difficult at first. Premixing silica powder is recommended
but not needed. After 10min of mixing the MgO is added. Mixing is continued for 2 min then the

slurry is evacuated to remove bubbles. After evacuation the slurry is placed into the flask.
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6139 2um silica

12.7 4um silica

12.2ml 70/30 85% H3PO4 / 37% HCI
162.3ml Deionized Water

29 Activated MgO

Table 5: The original silica recipe as supplied from the manufacturer (Lane Industries)

The alumina system that was developed mimicked the silica system. It was
noticed that alumina by itself started to react with the acid because the viscosity of the
slurry increased with long mixing times. Thus shorter mixing times were used and mixing
was done at a higher rate. Ingredients were added in the same manner as the silica mold
material. Again dead burned MgO was used as the binder.

The particle size distribution was significantly different for the alumina system.
Here two particle sizes were used, a fine distribution of 0 to 0.2mm, and a coarse
distribution of 0.2-0.6mm. The recipe for the alumina system is displayed in Table 6.

60g 0.2-0.6mm Alumina

100g 0-0.2mm Alumina

11ml 70/30 85% H3PO4 / 37% HCI
127ml Deionized Water

6.69 Dead Burned MgO

Table 6: Recipe for alumina based mold material. Water and acid are combined and while mixing
alumina powder is added. Mixing was difficult at first. Premixing alumina powder is recommended
but not needed. After 10min of mixing the MgO is added. Mixing is continued for 2 min then the

slurry is evacuated to remove bubbles. After evacuation the slurry is poured into the flask.

The zirconia system was substantially different from the silica and alumina
systems. It makes use of a colloidal suspension of nano particles of zirconia stabilized in
suspension by acetic acid to a pH of 3.5°. This formula was less free flowing than the
silica or alumina ones, but with slight vibration leveled easily.

® The zirconia sol is produced by Nyacol Nano Technologies, Inc. and is sold directly by them or through

the Remet Corporation.
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100g 0-.044mm Zirconia
100g 0.15-0.30mm Zirconia
18ml 20wt% 5-10nm Zirconia Sol

Table 7: Recipe for zirconia based mold material. The powders can be pre mixed, but this isn’t

necessary.

7.1.2 Firing Schedules

After investment, molds were left undisturbed on the bench for 4hrs. Then they
were placed in an environmental chamber at 80C and 10%RH for 12hrs. Dewaxing
followed at 150C for 3hrs.

A firing schedule was constructed based on the recommended schedule for the
commercial silica based mold material. The initial ramp was 1C/min to 400C from room
temperature. The molds were held at 400C for 4hrs to allow the silica mold to slowly
transition into the cristobalite phase. Though other mold materials were not subject to this
phase transition the firing schedule remained constant. After holding at 400C for 4hrs the
ramp of 1C/min was continued up to 1000C. Molds were held at 1000C for a minimum
of 2hr and up to 6hr before being cast. No variation in mold quality was observed by
holding for longer times.

7.1.3 Mold Material Tests

Modulus of rupture data for plausible compositions can be found in Appendix B.
This section reports the MOR of the standard silica, improved silica, alumina, and
zirconia mold materials that were developed.
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Figure 11: MOR of the unfired most promising ceramics.

Figure 11 reveals the impact of particle size distribution on ceramic strength. It
also shows that the zirconia system is approaching the empirically accepted ideal value of
2MPa.
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Figure 12: MOR of the fired most promising ceramics.

Figure 12 has notable scatter in the original silica recipe. This could be a result of
using the more reactive magnesia. Even though the original recipe appears more
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appealing than the improved silica recipe, the improved recipe suffers much less
shrinkage upon drying and thus is less prone to cracking.

7.1.4 Other Mold Considerations

Though zirconia has a higher strength than silica or alumina it was prone to
cracking while drying. This was likely due to the sol precursor forming a vapor barrier on
the free surface of the mold. These molds need an addition of something like starch or oil
that will a percolating network for vapor to escape. The silica and alumina molds have an
internal reaction, the formation of magnesium and/or aluminum phosphate that displaces
the water as it leaves the slurry.

7.2 Fluid Simulation Results

Fluid simulations used an initial flow rate of 10ms-1 and a gravity value of
150ms™ which had been estimated from the casting machine’s operating parameters. This
section will cover:

e Simulation workflow

e Simulations of single ring filling
e Runner and gate design

o Effect of a screen

o Effect of a conical diffuser

e Benchmark

e Evolution of sprue design

721 Simulation Workflow

The workflow for simulating fluids starts with the creation of a 3D representation of the
casting geometry. This geometry is then digitally assembled into an assembly. The
assembled tree is then exported from the design software (Solidworks) and imported into
Blender. The reader is referenced to Solidworks extensive tutorial library for generating
positives and assembling them into trees. The reader is also referenced to Appendix A for
detailed information on importing the geometry and performing the simulation in
Blender.

Once the rendering finished, splashing and entrainment were qualitatively
observed. The rigging was then modified and re-tested. This process is graphically
represented in Figure 13.
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. Simulate fluid flow
Identify problems

Design Mold in
SolidWorks

Adjust mold design

Figure 13: The fluid simulation design process

7.2.2 Single Ring Filling

The simulation iteration cycle started with an investigation of how one ring filled
with different runner and gate geometries. These results were briefly displayed in Figure
7 and are reprinted in Figure 14.

Figure 14: A representative selection of some initial designs.

Figure 14A is representative of splashing found by varying the angle between the gate
and runner and changing the distance between the sprue and the gate. A similar amount
of splashing was observed in all iterations of these parameters.
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Figure 14B summarizes an investigation into dissipation of the hydraulic jump
associated with the flow hitting a sharp corner before filling the part. The reflection of the
flow causes splashing that is of similar magnitude to that observed in Figure 14A.
Various sweeps and truncated sweeps were tested. Splashing was observed in all
geometries to some degree.

Figure 14C followed from Figure 14B. A local low pressure region can be seen on
the left side of gate. This low pressure region is unacceptable because it promotes
entrainment and this geometry was not developed further. The reader is referenced to
Appendix C for a full list of tests.

Figure 14B and C both also investigated reducing the fluid velocity entering the
part cavity by increasing the overall cross section of the flow path at the height that the
part started. This was accomplished by increasing the sprue diameter at the height of the
ring. Though the velocity was lower during filling the observed entrainment in the sprue
did not encourage further investigation of this idea.

7.2.3 Effect of a Screen

Screens comprised of very thin plates running parallel to the flow path caused a
dramatic reduction in turbulence. This coincides with Svoboda’s results from reducing
hydraulic diameter. This was concluded to be the best theoretical option though it was
rejected because it is impractical to fabricate. . Figure 15 is a captured frame from a ring
that has a screen in its gate.

Figure 15: The image on the left shows how the screen is oriented while the image on the right shows
the smooth filling of the cavity.
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7.2.4 Effect of a Conical Diffuser

Flow rate can be retarded if cross sectional area is increased. Increasing the cross
sectional area also allows turbulent eddies to grow and dissipate. These facts inspired the
use of a flared gate attaching the sprue to part. This design worked significantly better
than straight gates as shown in Figure 16.

Figure 16: The image on the left shows turbulence entering into the part cavity while the figure on

the right shows a smooth fluid front progressing up the gate.

Along with the exploration of diffusing the flow the use of a plenum was also
explored. The large volume helped dissipate turbulence and reduced the flow velocity so
the parts filled with a smooth fluid front.

7.25 Final Design and Benchmark

By combining the above a design that incorperates conical diffusers and fills from
the bottom was developed. This design was benchmarked against the traditional “button”
design. The results of this comparison are showing in Figure 17. Each frame in Figure 17
represents an elapsed time of approximately 0.042 seconds. The simulations estimate that
the mold fills completely in ~0.4 seconds, which is in good agreement with an estimation
based on casting machine parameters.

The last frames in Figure 17 show the proposed design free of turbulance and the
parts beginning to fill smoothly. This is compared to the “button” design at the same time
which continues to show turbulance.
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Figure 17: A side by side comparison of eight frames of the redesigned sprue (left) and the “button”
design (right). Frames are shown at the same time so turbulence can be compared. The total elapsed
time from top to bottom is ~0.29 seconds.
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7.3 Casting Results

To asses both filing and heat flow a pretzel shaped geometry was cast out of an
iron-niobium-chrome alloy in the three different mold materials developed. The
solidification structure of this alloy can be seen in Figure 18. The metal was cast at the
same temperature for each mold material (2000C).

Figure 18: Casting results; (A) shows a pore that formed in the improved geometry silica mold, (B)

shows a pore that formed in the alumina mold, (C) shows a pore that formed in the zirconia mold.

The second line reflects the same pores at high magnification.

The different pore morphologies displayed in Figure 18 support the conclusion
that minimizing Cppx for the mold material increases solidification time and promotes
feeding which decreases interdendritic porosity. The pores in the silica and alumina mold
materials (Figure 18 A&B) show the same jagged structure as those observed in the Pt-
5Ru alloys. The pore in the zirconia based mold material has much smoother edges. This
suggests that the pore was due to an entrained bubble and was not formed as a result of
solidification. It should also be noted that the edges of the casting that used an alumina
based mold are much rougher than those of the silica or zirconia molds. This suggests
that there was some metal mold interaction, the mold material thermally decomposed, or
was simply not strong enough.
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8. Conclusions from Results and Future Work

8.1  Fluid Flow

The results gained from this investigation clearly show that bottom filling parts
after having the liquid metal flow through a diffusing area reduces turbulence. This
reduction in turbulence will reduce entrained bubbles being captured in the final product.
Though the casting results are inconclusive in terms of entrained gas, the methodology
developed here should be widely applicable to the casting industry in general.

8.2 Heat Flow

Casting results support the hypothesis derived from Chvorinov’s relation that
delaying solidification by decreasing the heat diffusivity, Cppx, for the mold will increase
feeding and reduce porosity.

8.3 Mold Ceramic and Economics

Developing other ceramic options must be tempered by economic considerations.
For future casting operations the improved silica ceramic should be used. It is more
tolerant to process variation and has the same cost as the original recipe.

Magnesium phosphate bonded alumina should not be pursued as a viable
alternative to silica. The low strength outweighs the higher thermal resistance. Other
bonding mechanisms could be explored that may increase the strength of the system. Xue
and Chen have published some promising results sintering alumina at 1000C with
colloidal titania and both copper and boron salts to create a fugitive liquid phase. This
work could be expanded to develop a new mold material.(21)

From the casting results, alumina is no better for solidification than silica. Zircon,
another possibility, costs ~$2/Ib and thus could provide a compromise between insulating
capability and economy. Yttria is also a possibility, but has very similar properties and
cost compared to zirconia. Yttria is commercially supplied by Stanford Materials and
Nyacol in the same product forms as the zirconia used to develop the mold recipe in this
work.

The zirconia system needs further development to become a useful flask casting
slurry. Cracking on drying was a significant problem even with the high green and fired
strength. Fumed silica is an additive that could provide porosity and prevent cracking.
Hydrolyzed cellulose could also provide enough porosity for the water to escape through.
Simply diluting the sol with alcohol could also help reduce cracking on drying but will
also most likely reduce strength.

For implementation, an initial dip coat of the wax in a zirconia slurry would be
the best compromise, creating a thermally insulating layer around the mold cavity and
minimizing the cost of the mold material.
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10. Appendix A — Using Blender

Importing the Mold

1.

Make the positive of the mold in SolidWorks. You will usually need to make an
assembly to attach different parts. Try to keep the assembly to as few parts as
possible. It doesn’t matter how complicated each part is.
a. Don’t save an assembly as a part. SolidWorks won’t be able to save the
STL file.

Save the assembly as a .STL file. The assembly will become multiple separate
.STL files, one file for each part. Keep the files in the same directory.

Open up Blender and click File — Import. Hold down SHIFT and click each
filename to select all the .STL files in your assembly. This will import each part

as a separate mesh, but all the meshes will be properly aligned in space.

Press “A” to deselect everything. Right-click any one part of your assembly. It
should be the only thing highlighted. Now, press “B” for border select, and left
click and drag to draw a box around your entire mold assembly. Make sure only
the mold itself is selected and not the camera or light source. (Hitting “5” on the
number pad to go into orthographic view mode helps with this). Press “Ctrl+J” or

click “Join” on the left hand side to join all the separate parts into one object.

Make a cube mesh, or use the cube mesh in the default scene. Scale the mesh
(right-click to select it, and press S for “scale”) until it is the size of the mold.
You can hit “Z” to go into wireframe mode, so you can see both the cube and the
mold. You can hit “S X”, “S Y”, or “S Z” to scale along only the X, Y, or Z axis.
Try to make the cube as small as possible while still fitting around the mold. Use
orthographic view mode by pressing “5” on the number pad. The shortcuts for

side, front, and top views are “1”, “3”, and “7”” on the number pad.
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a. You can save time in a later step if you duplicate this cube once you’ve
scaled it properly. Hit Shift-D to duplicate the cube and right click to put
it in place. One of the cubes will become the fluid sim domain (see step
12).

6. Now move or scale the cube as necessary such that the main sprue sticks out of
the cube a little bit. If you don’t have a sprue, you can click the mold mesh, hit
TAB to go into Edit mode, and extrude a face by selecting it and hitting “E”.
Then hit TAB to go out of Edit mode.

7. Hit “A” to deselect everything. Make sure you are in Object mode, not Edit
mode, and click the box. Select the inner cube. Click on the Modifiers icon on the
right side of the screen (looks like a wrench). Click Add Modifier — Boolean. A
box should pop up with a drop down menu with the word “Intersect” selected.
Click on this and change “Intersect” to “Difference”. Under “Object”, choose the
mold assembly. It should be the only object to choose. If it’s not, it’s probably
the one with the really long and complicated name. If there are a lot of objects

with the same name, the mold parts haven’t been properly joined into one object.

8. The cube should now look like the mold shape was carved out of it. If everything
looks good, hit “Apply”. This permanently changes the cube mesh into a cube

with the mold cut out of it.

9. The mold positive should still be visible. Right click to select it and hit “M” to
move it to another layer to get it out of the way. Click the second layer (or any
layer besides the first) when the box pops up. If the box disappears, you can hit
any of the numbers on the top row of the keyboard to move it to that numbered

layer (so press anything 2-9).
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10. Right-click the cube with the mold shape carved out of it. Click on the Physics

tab, and click on “Fluid”. Make the mold a volume-initialized fluid obstacle with

free slip.
11. Make more meshes to be fluid inflows and outflows as needed.

a. | recommend a volume initialized fluid inflow with an initial velocity in
the —z direction above the sprue, and a shell-initialized fluid outflow
around the inflow with the bottom face deleted. This outflow will delete
any excess fluid that climbs to the top of the mold. To delete the bottom
face of the outflow mesh, select it by right-clicking, hit TAB to go into
Edit mode, hit CTRL+TAB and press “F” to change the selection mode to
“Face”. Right click the dot in the center of the bottom face to select it and
hit “Delete”, then “F” to delete the face.

12. Make a cube mesh and scale it so that the mold and all inflows and outflows fit
inside it. Make the cube a fluid domain.

Baking

1. There are several domain settings you can change. Change “Viewport display”
from “preview” to “final”. Changing the “final resolution” directly affects bake
time — use low resolution (40-60) if you want results in the next few minutes, and
use high resolution (150+) and let it run overnight to make a nice video.

2. Change the “Real World Size” option in the Physics tab when you have the
domain selected. It defaults to 0.5 meters — usually I put this around 0.07 based
on the dimensions in my SolidWorks model. This defines the longest axis of the
Domain cube to be whatever distance you input and scales the model accordingly.

3. Change the “Simulation End Time” option in the Physics tab. It defaults to 4
seconds. If you change Real World Size, usually your mold will fill much faster
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than 4 seconds. For a real world size of 0.07 m and an inflow velocity of -10 m/s,
the mold usually fills in less than 0.5 seconds.

4. To change the gravity, click on the Scene tab on the right hand side and scroll
down to Gravity. You can input whatever gravity settings you want (in m/s?) on
this tab. | usually used -150 m/s®>. (Note: You may have to uncheck “scene
gravity” from the scene tab (the one with a light a ball and a cylinder) to adjust
gravity in the fluid domain).

5. Ensure “Remove air bubbles” is unchecked in the Fluid Boundary tab.

6. When everything is ready, right click the domain object, go to the Physics tab,
and click “Bake”.

7. If Blender crashes, you can try a couple of things:

a. Lower your resolution. | haven’t had much success over 200.

b. Decrease the time step between frames. To do this, either lower the
“simulation end time” or increase the number of frames in the simulation
(bottom of the screen).

c. Open another instance of Blender. | have no idea why this works.

8. Some other issues:

a. If the fluid leaks out the side of the mold, select the mold, go into edit
mode, and “recalculate normals”.

b. You can also try subdividing the mold into smaller polygons.

c. Changing the resolution also sometimes helps

Rendering

Once the file is done baking, you can render the simulation to save a video of the
simulation.

1. Position the camera appropriately. Right-click the camera object to select it, and
hit “G” to grab it and move it around. 1 usually hit “7” on the number pad for top
view, zoom out, and pull the camera far away from the mold. Also be sure to hit
“R” to rotate the camera so that it’s pointed at the mold.

2. To check and make sure the camera is pointed at the mold, press “0” on the
number pad. This will show you the camera view. If it’s not quite perfect, you
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can hold “Shift” and press “F” to go into Camera Fly Mode. In Camera Fly
Mode, you can move the mouse up, down, left, or right to pan the camera in that
direction, or you can hold down the middle mouse button and move the mouse to
translate the camera in that direction.

3. Once the camera is set up, the materials for the mold and the liquid need to be
adjusted. To change the color and transparency of the mold, right click the mold
to select it, and click on the “Materials” tab on the right side of the screen. | have
found that scrolling down to “Transparency” and turning up the “Fresnel” and
“Blend” sliders makes the edges of the mold visible but everything else is
transparent. You can also append the materials from other .blend files and use
them. To do this, click File -> Append, and navigate to the .blend file with the
material you want. Click “Material” and hold down Shift and click to select all
the materials you want to import.

4. To change the color and transparency of the fluid, click the fluid domain, not the
fluid inflow. Adjust the material properties of the fluid domain.

5. To see if you like the materials, you can click “Render Image” in the Render tab
on the right side of the screen (or press F12). An image should render. (If you
want to save the image, hit F3).

6. If everything looks good, you can render an animation. Under the “Render” tab,
change the “output directory” option to something other than /tmp\ so that you
can find the animation. Change the output from “.PNG frames” to “AVI Raw”.
Hit “Render Animation” and let it run!

Tip: Pay attention to how many frames are in the simulation and what the simulation end
time is. AVI raw will output at 24 frames per second. If you have the default of 250
frames and a 4 second simulation, the video will play in slow motion, since 250 frames at
24 fps is over 10 seconds.

Also, if you want to use another rendering engine, like Cycles, the materials tab will have
completely different settings. If you use Cycles, the “Glass” material looks really good,
and you can change the index of refraction under the “IOR” option if you want to.
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11.Appendix B — Data on ceramic compositions

This appendix contains notes on the compositions investigated. | referenced
compositions are stored in the spreadsheet, “Compiled Mold Data” in the “Data on
Ceramic Compositions” directory.

This appendix is organized into several sub sections

e Aggregate — The main ceramic component
e Binder — What holds the aggregate together

e Additives — Chemicals tested to improve rheology and/or strength

Aggregate

Silica — currently being used by Tiffany & Co. An exploration of particle size
distribution has shown that tailoring the powder blend can reduce shrinkage as well as
increase green and fired strength. Formulas (1-34,40,42,44,F2-4,C13 ) have focused on

this material.

MgO - Dead burned(low specific surface area) MgO was investigated as a crucible
material. Formulas (35,39,43,49,C5,C8,C10 ) explored this material. Crucibles made

from this material were very strong, though they lacked thermal shock resistance.

Mullite - Mullite was explored as a possible mold material in formulas
(3,5,38,49,50,C12,C14). One very promising composition was developed using CAC as a
binding system(formula 50). A significant amount of time was spent trying to form
mullite during the firing process. Most of these compositions did not work. In situ mullite
formation was investigated in forumlas (3,4,6-12,15-23,26-28,44 )

Alumina - Alumina was explored as a mold material in formulas(41,45-49,F5,F6 ).
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Spinel - A very promising material due to its thermal properties. It has been
explored as a component in formulas (C10,C11) and as the base ceramic in formulas(C1-
C4,C6,C8-9,F1).

Zirconia - A very high melting temperature oxide that is very inert, and has high thermal
shock resistance. It has high green strength minimal shrinkage, and good fired strength.
Formulas (C7,C9-12,F7,C14 ) investigated this material

Binder

Subsections include acidic and basic binders.

Acid Binders
MgO Phosphate - It provides reasonable strength. It was used in formulas (1-
12,F1,F3).

Aluminum Phosphate — A bonding system that was proposed by Kingery as a low
temperature setting cement that can be fired up to high temperature. In initial tests in

formulas (F5,F6) showed weak fired strength. The molds cracking upon casting.

Colloidal Zirconia Acetate Stabilized — Used in formulas (C6,C13,F7,C14) as a binder.
When mixed with zirconia flour it provides excellent dispersion while increasing particle

loading. Green strength is reasonable and fired strength acceptable.

Basic Binders

CaO - A highly reactive oxide that readily hydrates to form Van der Waals
bonds. It was found to be too reactive to be used as an efficient binder. It was tested in
formulas (22,29,46)

Calcium Aluminate Cement - A binder system that resulted in very little
shrinkage, but low fired strength. It was used in formulas (48-50,C1-5,C7-12,F2-4)
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Additives

Fibers and Matrix modifiers
E-glass fibers — formulas (32,34,39,40,42,43,47,48,49) showed an increase in
green strength with a lowering of fired strength

Fiber-Frax alumino-silicate — Have not been quantitatively tested but have been
used based in formulas (F1-5,C13) based on the improvements seen from using E-glass.

Polystyrene beads — Were tested as a way to reduce the density and increase
permeability. This weakened the ceramic unacceptably and was rejected from further
development.

Use of Silicones/Phosphates/Alcohols/Other
BASF 1390 Antifoam — When used in formulas (F2-3,C13) with acid binding
systems it caused a significant increase in viscosity, most likely due to polymerization.

Aluminum isopropoxide — Used in formulas (C1,C4), compared to similar
formulas (C2), those that used al-propoxide seemed to have a lower viscosity Poly
Vinyl Alcohol — Used in formulas (13,14,17,19-22,25,C3,C4) to combat shrinkage. A
wider particle size distribution works much better to combat shrinkage than PVA so
investigation into this chemical was abandoned.

Aluminum powder — Tested in formulas (6,7) as a way to cause the slurry to
expand during setting. The concentration was too difficult to control to use this reliably.
Reactivity is highly pH dependent.

Ammonium phosphate — Used in formulas (13-16) to promote AIPO,4 formation.
The neutral salt did not provide enough dispersion force in the slurry and this route was
abandoned.

Ti0,- Used in formulas (25,26,29-34,40,42,48,C11,C13,F7,C14) as an aid to form

secondary phases during firing.
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PMMA (ADDMIX 15) — Used in formulas (C8-C12) to help with cracking on
drying as well as shrinkage. It worked reasonably well but lead to additional shrinkage

upon firing.

Use of Acid type additives

Citric acid — Tested in formulas (13,14,17,21,23-40,42-46) citric acid was not
effective at deflocculating and dispersing the particles.

Hydrochloric acid — Tested in formulas (1-12,21,34,42,F1,F3,F5) this acid was

marginally good at deflocculating and dispersing particles, but its effects on strength

were inconclusive and possibly deleterious. It is currently included as a component in the
Lane binder.

Polycarboxilic acid — (water reducer) A common Portland cement additive, it
seemed have little effect in formulas (15,16,C1,C2,C4), and negative effects when the pH
became acidic.

Magnesium citrate — Sol precursor used in formulas (27,28,47,C4) this additive

seemed to have little effect.

Use of Base type additives
Aluminum hydroxide — Used in formulas (26,29-34,40,42,F5) it was not strong

enough to provide reasonable green strength.
MgO as an additive —Used in formulas (3-5,9-12,24,27,28,42,C10,F1,F3,F7) as an
aggregate. Used in formulas (18,19,20,21,25,26,29-35,39-41,43,45-49,C5,C8) as a

component of the ceramic system.



Page |57

12.Appendix C — Index to Fluid Simulation Results

Related files are located in the “Fluids Simulations” -> “Simulation Files

directory. A picture has been provided for referencing the filename.

000 - Demo Diffuser

001 - Corner Stop After Ring Sprue
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002 - Fatter Corner in Gate

003 - Double Corner in Gate
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004 - One Spiral in Gate

005 - One Spiral in Gate, No Corner
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006 - Two Spiral in Gate, No Corner

007 - Plenum with One Diffuser
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008 - Plenum with Six Diffusers and
Rings

009 - Wider Plenum Six Diffusers
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010 - Plenum with Six Diffusers and

Rings and Skinnier Sprue

011 - Plenum With Six Rings, No

Diffusers
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012 - Plenum With Ten
Rings

013 - Rings on Top and

Side of Plenum
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014 - Short Plenum
(Op3cm)

015 - Very Short
Plenum (Op2cm)
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016 - Rings Top and
Side 0p25 in dia sprue
Op4 in tall plenum

017 - Triangle Cross
Section Pipes
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100 _benchmark

101 _distance_to_ring

102_squared_zigzag
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103_angle of ring

104 buffer

105_buffer without tail
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106 _with fin

107_base and fin

108 smoothened corner




Page |69

109 screen

110_6 rings raw

111 6 rings_screen
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112 _Plenum with Rings on Top
and Side

113 Plenum with Rings on Top
and Side_with screen

114 Final Design
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