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Abstract

The MedCast project is advancing the materials and methods used in the casting of
orthopaedic implants. This paper presents results from two aspects of the project namely:
rapid shell technology and casting modelling.

Research is being conducted on the evaluation of the Rapid Shell drying process. The
mechanical properties of the rapid shell system including the changes in microstructure
are analysed within this paper. Encouraging results have been obtained, with a
functional shell being produced in one third of the time required for the secondary coats of
a traditional shell. The mechanical properties of the rapid shell were evaluated and
compared to those of a traditional shell system. Although a 20% reduction of mechanical
strength was observed, there is potential to improve the overall strength by the addition
of an extra coat whilst still maintaining a large reduction in build time. Additionally,
increases in permeability and changes to the microstructure were observed.

Computer modelling of the casting process is also presented. Two numerical modelling
methods, using the commercial CFD software package Flow-3D, have been applied. The
techniques were employed to determine possible factors in the creation of certain pinhole
defects encountered on component surfaces during post-casting machining operations.
The first method involved applying a customisation (Oxide Film Entrainment Model,
OFEM) capable of identifying the formation and end location of potential oxide film
entrainment events in liquid metal. The second evoked Flow-3D’s in-built particle
tracking capability to model the behaviour of entrained ash particles that adhere to the
mould wall during the mould preheat operation. A substantial in-process foundry trial
was performed to verify the simulation results. Good correlation between the trial data
and the particle tracker simulation was established suggesting residual wax remaining in
the mould after the dewaxing process (combusting to produce ash during preheat) is
responsible for a proportion of the pinhole imperfections.

1. Shell Technology

1.1 Introduction

The shell dipping stage of the Investment Casting process is a time consuming and
labour intensive process. The ceramic shell is produced by building consecutive layers of
ceramic shell by dipping the wax patterns in ceramic slurry and then coating in a stucco
material. Each shell coat is dried for between 1.5 to 6 hours under controlled humidity,
temperature and forced convection. The first (primary) layer is the most important coat in
the dipping process. This coat is in contact with the metal during the casting process and



must maintain strength and surface integrity. The secondary layers are built on this
primary layer to create a strong shell to withstand the overall stresses of the metal being
cast. Typically 4-6 secondary coats are applied to the shell, followed by a seal coat.

The shell dipping process can take between 40 to 60 hours on average. It is a significant
rate-limiting factor and costly process within the foundry @. The traditional method for
creating a shell mould is to use forced convection and humidity control to remove the
water and create a strong shell. The rapid shell method patented by Jones in 2005 @ uses
a super absorbent polymer (SAP) to bypass the traditional drying stage of the shell build
process @. The absorbent polymer extracts the water from the slurry, forcing the silica
colloid to gellate — allowing quicker re-dipping. The water is subsequently evaporated
during preheat before metal pour.

The rapid shell process can yield considerable savings by:

Reducing Lead time which is the main reason for using the SAP within a shell system
Less control of environmental conditions is needed - Humidity and forced convection are
not necessary to dry the shell. Temperature controls must however be present to
maintain the dimensional stability of the waxes.

Energy footprint reduction — The reduction in use of dehumidifiers and fans will reduce
the energy footprint of the foundry.

The only disadvantage 1s the cost incurred of the SAP consumables, which is however
significantly out-weighed by the positives displayed above. Within this study, a shell
system was first analysed using traditional drying and environmental methods and
subsequently re-tested using the rapid shell system. The objective of this study is to
evaluate the feasibility of the use of rapid shell drying technology within an investment
casting foundry. The mechanical and microstructural properties of the respective shells
are the basis of this study.

Traditionally, superabsorbent polymers (SAP) are used in the hygiene industry, and are
included in products such as disposable diapers and hygienic napkins ©. A
superabsorbent polymer is added to the stucco to soak up the water from the slurry and
cause gellation of the silica in a matter of minutes. This allows the next coat to be applied
without the need for hours of natural drying @. The rapid shell method works by
bypassing the time consuming steps of removing moisture to ensure that the silica
colloids within the shell structure as seen in Figure 1.
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Figure 1 Schematic representation of the structure of a rapid shell system
(a): At a microstructural level, there is a mixture of SAP polymer coated (green) and

uncoated stucco in the secondary layers, which also include natural voids inherent in
the dipping process.



(b) The SAP polymer coated stucco absorbs the water from the slurry (blue) and rapidly
dries and colloids the silica within the system - allowing for quicker dipping of
subsequent layers.

(c) Water is retained in the polymer during the dipping and dewax process.

(d) During pre-heat, the water is burned off from the shell system. As the water
evaporates, more voids are formed in the shell

One inherent property of superabsorbent polymers is their tendency to swell while
absorbing water. The swelling of the SAP causes bulging and delamination of the shell
network, as shown in Figure 2 @,

(a) (b)
Figure 2 a) Bulging of secondary layers due to SAP swelling and b) Primary surface
delamination in preliminary rapid shell trials

To eliminate this bulging, an optimised method was developed. A portion of the stucco
was coated in SAP and then mixed with uncoated stucco according to a specified
percentage. This reduced thermal mismatch and excessive bulging of the SAP.

1.2 Materials and Methods
1.2.1 Rapid Shell Materials

A generic shell system was installed and tested to evaluate the performance of the rapid
shell system. Two acronyms were given to these two shell systems — “MEDGEN” &
“MEDRAP”. The MEDGEN shell system used traditional (generic) materials and drying
times to benchmark normal strength and performance for this system. The MEDRAP
system applied a superabsorbent (rapid drying) polymer technology into the secondary
stucco layers to reduce drying times significantly.

1.2.2 Shell Production Schedule
Table 1 and Table 2 show the composition of the MEDGEN primary and secondary
slurries respectively:

Table 1 MEDGEN primary shell system recipe

Slurry Identification and Classification MEDGEN Primary

Type Sol Filler Polymer Wetting Agent Antifoam

Primary | Remet LP | 200 mesh Zircosil 200M | AdBond ADII Victawet 12 Burst RSD10

Table 2 MEDGEN secondary shell system recipe

Slurry Identification and Classification MEDGEN Secondary

Type Sol Filler Polymer Wetting Agent Antifoam

200 mesh fused silica
Secondary | Remet LP 900 mesh Molochite AdBond BV Burst RSD10




Table 3 shows the stucco, drying time and drying room settings

Table 3 MEDGEN shell build schedule

Coat Slurry Stucco Air Speed (ms?) | Dry Time [Hours]
1 primary 50/80 mesh alumina silicate 0.4 24
2-6 secondary | 30/80 mesh alumina silicate 3 1.5 per coat
seal coat | secondary none 3 24
Total 55.5 Hours

Table 4 shows the firing schedule used for all samples which were tested.

Table 4 MEDGEN/MEDRAP firing schedules

MEGEN/MEDRAP Heating Schedule Time
Stage 1 Ramp from Troom — 1000°C | 20°C/min
Stage 2 Dwell @ 1000°C 60Mins
Stage 3 Cool to  Troom —

The stucco was applied using a sieve (rainfall sanded) on the primary layer and using a
fluidised bed for the secondary coats. Rainfall sanders “showers” stucco over a rotating
assembly to apply stucco to the surface. A fluidised bed “fluidises” the stucco using
compressed air. The assembly is then lowered into this bed coating the slurry in stucco.

The MEDRAP dipping procedure varied from the MEGEN system as follows:
+ The drying times of the secondary system were reduced by sixty minutes, from 90
minutes to 30 minutes
+ No forced air convection was passed over the secondary layers as they were dried
+ The primary and seal coat application and drying time was unchanged from the
MEDGEN system

Samples were also subjected to a heating schedule similar to an industrial environment
to investigate cracking of the MEDGEN and MEDRAP shell systems. Industrial heating
schedules require shells to withstand being placed in a furnace at over 900 C from room
temperature. It is essential that this thermal mismatch does not result in cracking of the
shell due to the presence of water within the MEDRAP shell structure. This was tested by
utilising the Modulus of Rupture (MOR) tests and edge test bars which were also fired at
900°C for two and a half hours to assess cracking and changes in strength.

Following these tests, the rapid shell was evaluated with varying build time to assess
the limits of the rapid shell technology. New samples were dipped using a 15 (MEDRAP
15) and 5 (MEDRAP5) minute secondary dry time respectively to examine the
performance of the rapid shell system.

1.2.3 Test Methods
The following tests were carried out on the shell systems.
1) Modulus of Rupture (MOR) Testing
2) Edge testing
3) Thermal expansion testing
4) Permeability testing




5) Scanning Electron Microscopy (SEM)

(1) Modulus of Rupture Testing

The Modulus of Rupture tests were used to examine the fracture strength of both the
MEDRAP and the MEDGEN systems. These tests were carried out in accordance with BS
1902: Part 4: section 4.4:1984. 20 X 80mm samples were tested on an Instron 8500 at
different orientations. The samples were tested with the primary surface both facing up
and down within the experimental procedure shown in Figure 3.
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Figure 3 a) MOR Testing Schematic b) “Up” testing orientation and c¢) “Down” testing
orientation

This meant both the primary and secondary layers were tested in tension. The samples
were tested green (un-fired), green and wet, and fired. The green and wet testing is used
to best simulate shell performance during the de-waxing stage of the investment casting
process. It has been found from previous research that shell systems, when subjected to
high pressure steam, become weaker and can crack or fail during de-wax ©. Green and
wet test samples are placed over a steam source for thirty minutes before testing to
simulate autoclave conditions. A load application rate of 1 mm min™ was used for all MOR
tests. The failure strength, o maxwas calculated using ©.

3 PM ax L
oMAX = Swpz
Where, Puax: the fracture load
W the width of sample fracture area

H: the thickness of sample fracture area



(2) Edge Testing
Edge testing was also carried out to assess shell strength at sharp edges and areas of
stress concentrations. The test was first developed by Hyde et al in 1995 @ |
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Figure 4 (a) Edge Test Schematic and (b) Testing setup

The test was carried out on an Instron 8500 on green, fired and green and wet specimens.
Below are the required equations for the edge testing:

12.2FdSin6Cos8
o= L (2)
WT?

Where, 0:the wedge testing included angle
d: the length of the edge sample
W: the width
T: the thickness at the edge

Similar to the MOR testing regime, the samples were tested green, fired and green and
wet.

(3) Thermal Expansion Testing

The thermal expansion of the shell systems was also assessed to examine the expansion
and contraction of the shells during firing and cooling. Thermal Expansion dilatometry
was used to assess this thermo mechanical property.

A specimen of the unfired shell material under investigation was placed into the
specimen holder in contact with one end of the holder (Figure 5). A rod of similar material
to that of the specimen holder was then brought into contact with the other end of the
specimen. The sample holder was subsequently surrounded by a programmable furnace
and subjected to the same heating schedule as found in the production environment. A Pt
/ Pt 13%Rh thermocouple was located in contact with the sample to measure the
temperature. The relative movement of the push-rod and specimen holder, as the
specimen is heated or cooled, is recorded by a linear displacement transducer.
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Figure 5 Thermal Expansion schematic

Testing was carried out in two orientations- a) parallel to the primary surface and b)
perpendicular to the primary surface

b Tk
Secondary J Primary | Secondary | D Primary |
Coat Coat

8 ue

@ )

Figure 6 Thermal expansion testing a) parallel and b) perpendicular to the primary

surface

(4) Permeability Testing

Permeability is an important property of an investment casting shell system. The
permeability of a shell allows air to escape the mould during casting — eliminating back
pressure and non- fill during metal fill. A porous shell is also needed during de-waxing as
this allows for high heat transfer to the wax and wax ingress into the shell to avoid shell
cracking. Permeability measurements allow for the assessment of how porous the ceramic
is, which could also be linked back to fracture strength of the shell.

The permeability of a shell was tested in accordance with BS1902:Section10.2:1994
methods. The test pieces are made using International Table Tennis Federation (ITTF)
approved 3 star table tennis balls and impervious mullite rods ©® and tested at a
temperature of 1200°C.

A 2°C/min heating schedule up to 700°C was used to effectively burn the table tennis
ball out without cracking the shell. Permeability measurements were taken at a 5 and 10
minute dwell time to assess sintering of the ceramic and equation 3 was used to
determine the permeability of the samples.

sVen
— .o 3
n=— ®3)

Where, p: the permeability
s: the wall thickness of the sample
V. : the volumetric flow rate
n° the dynamic viscosity of air at the elevated temperature



a‘ the inner surface area
P: the pressure difference.

(6) Scanning Electron Microscopy

Scanning Electron Microscopy was used to analyse the microstructure of the shell
components. Due to the porous nature of the material shell samples were mounted in an
epoxy resin by vacuum impregnation. These samples were then polished using
metallographic preparation techniques. A Joel 6610 LV was used to analyse the shell
samples under partial vacuum.

1.3 Results & Discussion

1.3.1 Mechanical Testing

The mechanical testing carried out on the MEDRAP and MEDGEN system showed a
reduction in MOR and edge strength of the MEDRAP samples when compared to the
MEDGEN shell system (Tables 5 and 6). The reduction in strength was greater when the
samples were tested “up”. The MOR tests “down” showed a negligible difference between
the two shell systems tested. This result was expected as when the MOR test is
performed with the MOR bars down the results depend mainly on the primary layer,
which was the same for both shell systems. . On the other hand, when the samples were
tested “up” the secondary layers were in tension, suggesting that the rapid shell method
contributes to the overall reduction in strength between the two shell systems.

This reduction in strength is not necessarily detrimental within the shell system.
Assuming weaker shells would not fail under the weight/pressure during filling, weaker
shells will deform at an earlier stage of the metal solidification process, reducing the
probability of inducing residual stress or hot tearing ©. It was found that if the
compressive strength of the shell was larger than that of the yield strength of the alloy,
the deformation would be plastic - leading to residual stress and hot tearing. Also, if the
compressive strength of the shell was lower than the yield strength of the casting,
deformations would be elastic.

The reduction in strength could be compensated by an increase in the number of layers,
which would nonetheless still reduce overall shell production time. The addition of
polymer fibres in conjunction with the superabsorbent polymer could increase the green
strength to the same strength as the MEDGEN shell system. However, they would also
burnout during preheat leaving more voids in the shell than previously. More work is
needed to quantify these claims.

Table 5 MOR strength comparison
MEDGEN MEDRAP

T . } o .
est Orientation MOR Strength MOR Strength o Reduction
Up 6.51 MPa 3.73 MPa 43%
Green and dry
Down 4.94 MPa 4.72 MPa 4%
Up 4.33 MPa 2.90 MPa 33%
Green and wet
Down 4.07 MPa 4.24 MPa -4%
Up 4.40 MPa 2.73 MPa 38%

Fired
Down 3.63 MPa 2.91 MPa 20%




Table 6 Edge strength comparison

MEDGEN MEDRAP .

Test Edge Strength Edge Strength % Reduction
Green and dry 1.752 MPa 1.394 MPa 20%
Green and wet 1.389 MPa 1.220 MPa 12%
Fired 1.211 MPa 0.957 MPa 21%

Table 7 provides a summary of these results and compares MEDGEN and MEDRAP
permeability data.

It can be observed that the permeability of the MEDRAP shell was higher than the
MEDGEN shell system. This was due to a higher porosity present in the MEDRAP shell
system due to the burnout of the water-filled polymer during firing, resulting in the
formation of voids in the bulk material.

Table 7 Permeability Comparison

Test MEDGEN Shell System | MEDRAP Shell System | % Increase
5 Minute Dwell 11.265 m? 19.536 m? 42%
10 Minute Dwell 12.490 m? 19.803 m? 36%

Fig. 7 shows the thermal expansion results obtained with the two shell systems under
study.

These results showed an overall contraction of the rapid shell system. This was due to
the burnout of the water within the shell and the sintering of the ceramic and closing of
pores. These results are preliminary. Therefore, further tests are required to completely
understand the thermal expansion process that occurs in both shell systems.
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Figure 7 (a) MEDGEN/MEDRAP Thermal Expansion Comparison Parallel to Primary
Surface

(b) MEDGEN/MEDRAP Thermal Expansion Comparison Perpendicular to
Primary Surface

1.3.2 Microstructural Analysis

SEM images of the flat bars of the generic and rapid shells are shown in Figure 7. A
larger number of voids were observed in the rapid shell system compared to the generic
shell system. This explains the reduction in mechanical strength and the increase in
permeability of the two shell systems. The primary and secondary layer interface cannot




be clearly identified due to the fact that molochite was used as the stucco in both the

primary and secondary layers.
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Figure 8 SEM image of the cross-section of flat bar specimens using a) Generic drying
methods b) Rapid Shell methods

The SEM images of edge samples, shown in Figures 8, also showed an increase in the
presence of voids in the rapid shell system. This was also consistent with the reduction in
strength and increase in permeability observed.

ke

BES 10kV WD10mm  S$S54 40Pa x40 S00pM  — BES 10kV WD10mm §S54 35Pa x40 500pum
DePuy JSM-6610LV 24 Feb 2012 DePuy JSM-6610LV 28 Feb 2012

(a) ()

Figure 9 SEM images of edge section specimens using a) Generic drying methods b) Rapid
Shell methods

1.3.3 Production Performance Analysis

The MEDGEN and MEDRAP shell systems were fired in a furnace at 900°C for two and
a half hours. These samples were sectioned, visually inspected for cracking, and tested for
MOR strength and edge strength. Figure 10 shows the section samples of the MEDGEN
and MEDRAP shell systems following firing.



(a) ()
Figure 10 a) MEDGEN and b) MEDRAP sectioned samples following firing in a preheated
oven at 900 C for two and a half hours

It can be seen that no visual cracking or bulging took place in the MEDRAP samples
fired. Figure 12 shows the comparison of both the MOR and edge strengths of these fired
samples. The strength reduction between the MEDGEN and MEDRAP shell systems was
comparable at both gradual (Table 4) and production firing schedules. As with the
previous benchmark testing, there was a reduction in strength between the MEDGEN
and MEDRAP fired samples.
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Figure 11 a): MOR tests for MEDGEN & MEDRAP shells under two firing regimes
and b): Edge tests for MEDGEN & MEDRAP shells under two firing regimes

The results of the production trial showed that the SAP did not burst or induce severe
cracking within the shell system when subjected to a large temperature difference.

The optimisation of the MEDRAP system was also carried out to assess the possibility of
reducing drying times between secondary coats even further. MEDRAP15 and MEDRAP5
were dipped with a 15 and 5 minute dry time respectively using the same dipping
schedule as the MEDRAP shell system.

The MEDRAP 5 shell system failed to be dipped successfully. The results from dipping
three coats onto a sample can be seen in Figure 12. It was observed that the kinetic
energy inherent in the fluidised bed application of the stucco stripped off previous layers
of the shell in certain areas. This was due to incomplete gellation of the slurry, so shell
green strength was not yet present. Therefore it was concluded that five minutes drying
time between dips was not sufficient under the current drying conditions.




Figure 12 Picture of rapid shell formed on a flat bar sample showing the disruption of the
ceramic layers during dipping when 5min dry time intervals were used between dips

The MOR strength results for MEDRAP 15 are given in Figure 13. The results showed a
negligible difference in strength between the original MEDRAP system with 30 minutes
drying time and the MEDRAP 15 system with only 15 min drying time. However, the
reproducibility of the method decreased as one out of the twelve samples prepared
displayed the same stripping of previous layers as observed with the MEDRAP 5 dipping.
There is also a larger deviation occurs from sample to sample during testing. This
suggests that complete gellation does not always occur after 15 minutes.
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Figure 13 a) MOR test results for MEDRAP & MEDRAP15
b) Edge test results for MEDRAP & MEDRAP15

1.4 Conclusion

A generic shell system was installed and analysed to validate the rapid shell system.
This generic shell system was dipped and tested with traditional drying times
(MEDGEN). The rapid shell method was then applied to this system (MEDRAP) and
re-testing was carried out. This shell system greatly reduced the build time associated
with creating a shell mould. There was a clear reduction in strength observed using the
MEDRAP compared to the MEDGEN shell system. This reduction in strength could be
improved by addition of an extra layer which would improve the strength of the system. It
has also been shown that a weaker shell may reduce the amount of residual strength
within the castings.

This reduction in strength resulted from increased porosity present in the secondary
layers due to the pockets left behind where the water was absorbed by the polymer. This



increased porosity led to increased permeability for the shell. The production style tests
carried out showed good results to date. The firing tests showed that even with a high
temperature increase, the shells did not bulge or crack during pre heat.

2. Process Modelling and Simulation
2.1 Introduction

A strict requirement surrounding the manufacture of high performance cobalt chrome
orthopaedic prosthesis is the achievement of very high surface finishing of the metallic
bearing surfaces (Figure 14).

Bearing
Surfaces of a
femoral knee

prosthesis

Figure 14 The bearing surfaces of a typical femoral prosthesis

The surface of the femoral prosthesis articulates in vivo against an ultra high molecular
weight (UHMW) polyethylene insert separating the tibial tray and femoral components of
the knee replacement. As a result, the metallic bearing surfaces are required to be
produced with surface finishes no rougher than average 0.10 pm“? in order to prevent
premature wear/fatigue of the implant and to allow for smooth gliding of the contacting
surfaces. To achieve a highly polished bearing surface, femoral castings pass though
several advanced machining steps in order to remove the cast skin, casting features
(gating etc) and matte surface.

One type of defect encountered during these automated machining operations is related
to the uncovering of sub-surface inclusions. They appear in the form of spherical ‘pits’ or
‘pin-holes’ of the order of 100pm diameter. They are uncovered after certain machining
operations when material is removed from the castings surface revealing these
sub-surface defects. Given the strict acceptance criteria governing surface finish, the
parts are either immediately scrapped or are manually reworked depending on the
severity and location of the defect.

SEM EDS analysis (Figure 15) performed on the pinholes showed alumina silicates
(A1:038i02), cobalt oxides (Co20s) and similar non-metallic inclusions. This paper
presents an in-depth investigation of the cause of these inclusions through a combination
of in-process trials and computer modelling.

Figure 15 SEM image of a typical pinhole defect encountered during post foundry
machining operations.



Depending on the location and severity, the presence of the defect results in the part
being scrapped or manually reworked to attempt to remove the imperfection.

The general purpose CFD code Flow-3D @V was used for both models used in this study.
The software is based on a finite volume/finite difference approach and is used to
accurately describe transient free surfaces in many applications. The Flow-3D method
uses the Fractional Area Volume Obstacle Representation (FAVOR) method to represent
obstacles and a Volume of Fluid (VOF) method to treat free surfaces between two fluids.
This unique approach to modelling is summarised by Barkhudarov and Hirt “?and has
found acceptance in multiple foundry houses, including the modelling of die filling and
solidification across a range of casting processes ¥ (14 The objective of the work
presented here is to apply Flow-3D’s particle modelling functionality to the mould filling
process to develop an understadning as to the cause of undisolved inclusions within the
casting.

2.2 Oxide Film Entrainment Model

Despite induction melting of the CoCr alloy in a non-reactive environment, the metal is

exposed to air during the mould filling process. This prolonged exposure to a potentially
oxidising environment combined with a particularly turbulent and entraining running
system results in a high likelihood of oxide formation occurring on free surfaces. Once
formed, these oxides are advected with the bulk fluid flow, potentially entering the
casting volume. These oxides are damaging to the final casting integrity by acting as
weaknesses in the inter-metallic structure. Moreover, they may also act as nucleation
points for the formation of microporosity 15.By applying specialised numerical modelling
methods to the mould filling process, increased understanding can be gained surrounding
the creation and possible cause of these damaging inclusions.
Work carried by Reilly 6 has resulted in the development of a new technique aimed at
modelling the entrainment of some of these inclusions in film forming alloys such as
aluminium. This work has developed a customisation code OFEM (Oxide Film
Entrainment Model) within Flow-3D CFD software to allow for the placing of particles at
locations when a fluid flow structure is likely to result in the entrainment of a double
oxide film. The particles density, size, coefficient of restitution and initial velocity can be
defined by the user. Similar efforts to model the incorporation and transport of particles
within the liquid metal by Yang et al ? were computationally more intensive given the
free surface of the fluid had to be covered with a distribution of particles that could be
entrained within the liquid.

Reilly showed correlation between experimental and modelled locations of oxides
entrained during the transient filling phase via the tracking of free surface motion. This
was achieved without adding greatly to the computational effort. The algorithm scanned
every meshed cell at each simulation time step to locate pre-defined entrainment events,
namely returning waves (Figure 16) and colliding fronts. Once such a location has been
identified by the customisation, it locates a marker particle of user prescribed properties
at this point.



Figure 16 Entraining returning wave propagating along the channel showing marker
particles. Reproduced with permission of Reilly, Jolly & Green (19

In addition, areas within the fluid stream where high levels of surface entrainment
occur can be identified. Once created, the particles are transported with the bulk flow to
their predicted final location within the casting tree system. The results of the OFEM
simulation were then analysed and compared with an in-process foundry experiment.

2.2.1 Flow-3D Particle Tracking

In addition to the OFEM customisation, Flow-3D’s in-built particle tracking
functionality was applied in this study. The particles originated from a user defined block
that is initiated at the beginning of the simulation. This differs from the OFEM approach
described previously where particles are automatically inserted into the fluid based on its
behaviour during the filling of the mould. Properties of the particles such as diffusion
coefficient, diameter and density, may be prescribed by the user. The particles are
described as discrete Lagrangian points with their path tracked throughout the
calculation. The particles do no interact with each other or with the fluid. Fluid motion is
therefore not affected by the particles. Instone 9 applied the particle tracking to model
the suspension of particles in an aluminium holding furnace with promising results. Here,
the particle tracking capability is used to understand the entrainment and end location of
ash particles that exist on the inner mould walls during mould filling.

2.2.2 Materials and Methods
(1) Foundry Trial

A foundry trial of real production castings was performed with the purpose of collecting
data on the pinhole defect. 48 castings split across 4 cast trees i.e. 12 parts per casting
tree. The trees (labelled tree A, B, C & D) were cast together.

Establishing the location of each casting on the tree was necessary to compare the
simulation and experimental results. A system was established to allow each casting to be
traced back to its position (i.e. row) on its parent tree. Typically this information would be
lost; once removed from the tree, the castings progress through the remaining foundry
operations and then proceed to the automated machining steps with no method of
matching them back to the tree from which they were produced.

Defect tracking charts were in place at all machining operations for completion by the
machine operators to gather data (no. of defects per part, the part number, location of the
defect etc.) on the defect. Once all of the castings had completed the machining operations,
the chart data was gathered for analysis. The results from the OFEM and particle
tracking simulations could then be compared to the empirical data to establish a cause for
the defect.

(2) Mould Ash
One possible cause of the pinhole subsurface defects is residual wax remaining in the
mould after the dewaxing operation. It’s known that, due to the tree design and gating



arrangement, incomplete dewaxing of the shelled tree routinely occurs during the
de-waxing operation. Figure 17 shows a sectioned mould post de-waxing containing
significant amounts of wax.

Residual
wax

Figure 17 A sectioned mould taken after the de-waxing operation. Significant amounts of
residual wax can be seen remaining within the mould.

During the pre-heating of the mould this residual wax incinerates, turning to ash or
carbon. The ash is in the form of very fine particulate, the majority of which escapes the
mould on combustion. Some of this ash however, has been seen to adhere to the walls of
the mould (Figure 18).

Mould Wall Ash Particles

Figure 18 On combustion of the residual wax during the preheat operation, some ash
particles loosely adhere to the inside wall of the ceramic mould.

These ash particles are extremely loosely bonded to the mould wall, very friable and
would easily become entrained in the metal during the mould filling process.

(8) Numerical Modelling

The OFEM customisation and particle tacking simulations were performed on a
simplified running system used in the production of femoral knee prosthesis to determine
the cause of the pinhole casting defect. The casting tree used shown is below in Figure 19.
It consists of a single downpole with 3 rows of femoral prosthesis castings attached
vertically.
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Figure 19 The Flow-3D OFEM and particle tracking simulations were carried out on the
simplified casting tree shown above. (Some features blocked from view)

The model was setup in Flow-3D to simulate the mould filling with a CoCr fluid. The
particle properties assigned to both the OFEM and the particle tracker simulation are
given below (Table 7).

Table 7 Properties assigned to particles for both the OFEM and Particle Tracking
Simulation

Unit Simulation Type
OFEM Particle Tracker
Max No. Particles 1,000,000 1,000
Particle Density kg/m3 5,180 2,100
Particle Diameter m 0.00001 0.00001
Coefficient of Restitution 0.5 1

Densities of cobalt oxide (5,180 kg/m3 ©9) and ash/carbon (2,100 kg/m3 2%) were given to
particles within the OFEM and particle tracking simulations respectively. The flow rate
of the metal entering mould inlet was controlled by a pressure inlet boundary condition. A
standard k-¢ turbulence model was used for each simulation.

The particle tracking simulation required the particles to be initiated by the user in the
simulation. The purpose of these particles was to model the entrainment of the ash media
in the liquid metal. A particle block was introduced into the model of the casting tree at
the location of the bonded ash (Figure 20). The simulated particles would give insight into
the behaviour and final location of the real ash particles, during the mould filling.

Coating Tree
b
=
= Particle Block
=

Figure 20 Flow-3D’s particle tracking functionality was used to model the behaviour of
the ash particles once they enter the metal stream.



The location matched that of the ash particles seen bonded to the mould wall. (Some
features blocked from view)

To offer realistic completion times for the simulation, only 1000 marker particles were
setup within the particle block. These particles were regularised in space and time and
were initiated at the beginning of the simulation at the location the ash sticks to the
mould wall. A single column of castings was attached to the tree, each one representing a
row on the tree. This would allow for correlations to the in-process trial to be made.

2.3 Results & Discussion

A Flow-3D simulation of mould filling with a CoCr alloy was performed with the OFEM
customisation developed by Reilly. The simulation was performed on a simplified casting
tree producing femoral prosthesis castings. The results of the OFEM mould filling
simulation are shown below in Figure 21.

Incoming metal
contains a large
number of marker
particles

Turbulence of the
liquid metal in the
downpole well
region creates
many additional
marker particles
within the flow

(a) (b) (c)
Figure 21 Results from application of the OFEM model to metal filling of casting trees.

Once the casting
tree is full, the
bottom row of

castings contain
the majority of

marker particles.

The particles are enlarged and coloured white for emphasis. The lower row of castings
contains a much higher number of castings vs. the middle and top rows. (Some features
blocked from view)

From the OFEM study the following statements can be inferred:

The metal entering the top of the tree (Figure 21 (a)) already contains a large number of
particles suggesting the metal delivery system (not shown) into the casting tree is
producing multiple entraining events. The delivery system design leads to a turbulent
flow regime and splashing of the molten metal.

Figure 21(b) shows the metal entering the downpole well. There is a sudden sharp
increase in the number of particles generated at this point. As the flow reverses direction
vertically it behaves in an extremely turbulent manner. When the metal initially impacts
the well base it moves laterally in all directions before impacting the mould wall and
turning back in on itself in the form of a returning wave. Other turbulent features such as
plunging jets, eddies and splashing occur in the downpole well at various stages of the
filling process. These flow features lead to an increase in the number of particles being
placed into the fluid stream at this point.



Once the mould is completely full and the system has come to rest, the number and
end-location of the OFEM particles can be viewed (Figure 21(c)). The majority of particles
were located in the bottom row of the tree. Some particles were in the middle row and
virtually none reside in the top row. A possible explanation for this phenomenon is that
the lower row of castings receives the first volume of metal which, as already noted is
expected to contain the highest number of inclusions due to the unfavourable delivery
system. In addition, the proximity to the downpole well will result in the particles formed
there entering the castings of the bottom row on the tree.

The particles buoyancy in the denser metal meant that, on entering a casting cavity, the
particles tend to move upwards to the top surface of the casting.

The purpose of the trial was to understand what area of the casting tree produced the
highest number of pinhole defects. The results of this trial are tabulated below in Table 9.

Table 9 Particle Tracker In-process results

ROW PART TREE Part Total| Row TOTAL
A B C D
] 12 0 3 1 5
o T
= 1 1 0 2 3 6
0 20
P 10 0 3 3 6
9 0 2 1 3
[T v 8 0 2 2 4 8
- 7 1 0 7 0
o 2 24
X 6 1 0 2 0 3
E 5 0 0 3 2 5
T B 4 1 0 0 1
0 1
T 3 1 0 0 0
T - 13
5 o 2 2 0 5 0
m 1 0 0 0 4 4
Tree TOTAL 8 2 29 18

Despite some discrepancy between machine operators, machining steps etc. The data
obtained gave detailed information on the location and severity of the pinhole defects.
The trial revealed the following main points:

From the 4 casting trees included in the trial, 2 contained significantly more defects
than others. Tree C and tree D contained a combined total of 47 defects compared to a
total of 10 defects encountered in trees A and B. The most likely explanation for this was
the casting setup. Trees C and D receive the first fraction of metal poured from the
crucible. This metal may be of lower quality due to the presence of slag. Also it was during
the initial moments of filling that the most turbulent flow behaviour in the delivery
system occurs, the metal from which would end up in trees C and D. After the initial few
seconds of the filling process the system achieves a more steady state. This implies an
increase in the quality of metal entering the last trees to fill (A and B).

The middle row of the tree produced the castings with the highest number of pinhole
defects. This was followed closely by the top row and then the bottom row with the least
number of defects. This result was in disagreement with the OFEM simulation prediction
which estimated that the majority of the defects would accumulate in the bottom row.



Analysis of the defect tracking charts showed that the largest number of pinhole defects
originated in the top surface of the castings. This was due to the buoyancy of the
particles.

The results provided a valuable insight into the nature of pinhole casting defects.
However, the OFEM simulation did not accurately predict the presence of defects on all
parts of the tree. Therefore, other factors needed to be considered to accurately predict
the formation of the pinhole defect.

One hypothesis to explain this lack of correlation between the OFEM simulation and
experimental data was the possible effect of mould cleanliness on casting defects. As
mentioned previously, it was known that some residual wax remains in the mould after
the de-waxing procedure. To assess this occurrence, several moulds were put through the
pre-heat oven as normal but were not cast. Instead, they were sectioned to assess them
for cleanliness. Ash particles (caused by the combustion of this residual wax remaining in
the mould after the de-waxing operation) were seen adhering to the internal face of the
ceramic shell (Figure 15). These particles are another potential factor in the generation of
subsurface defects.

Flow-3D’s capability to model the transport of particles within a fluid was used to model
the behaviour of the ash particles once entrained into the liquid alloy. Figure 22 shows
the results of the simulation, with the particles seen in black.
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Figure 22 Results of the filling simulation using pre-positioned particles at the mould
wall representing adhered ash particulate. (Some features blocked from view)

It was observed that the particles were easily entrained into the rising column of liquid
alloy from their initial prescribed location. The particles were transported with the bulk
fluid into the casting cavities. Once filling was complete the model predicted that the
majority of the particles would be located in the middle row of the casting tree. This result
was in agreement with the empirical data. The top row also contains a significant number
of particles, although not as many as were detected during the trial. This is possibly due
to the inconsistent nature of the ash particles i.e. the particles were not always on the
lower half of the tree.

The simulation results from the ash particle tracking trial were a much closer
approximation to the empirical data gathered from the foundry trial.



2.4. Conclusion

The cause of a common casting defect associated with the production of orthopaedic
implants has been investigated. Numerical modelling techniques combined with
in-process foundry trials were used to determine the source of pinhole surface blemishes.
While ash particles created in the mould during the preheat stage have been identified as
a major cause of pinhole defects in CoCr femoral prosthesis, the present study showed
that there are other contributing factors. The formation of oxides relating to the
turbulent flow regime of the molten metal when it enters the mould, the biased filling
pattern of the multi-tree pouring configuration and the alloy melting procedure are all
likely contributing factors to the formation of the pinhole defects.

This work highlights not only the importance of numerical modelling in assisting in
reducing scrap rates within the process but underlines the benefit in ensuring the user is
grounded in the realities inherent in their own individual foundry. This can be achieved
through a combination of hands on experimental work and in-process trials carried out in

combination with the powerful analytical tools provided through CFD software such as
Flow-3D.
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