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Abstract

Investment casting is known as a “near net shape” process as it can produce
parts that need very little secondary machining operations. The investment
casting process is one of several metal casting processes and it has an
advantage in that very complex designs can be produced with good accuracy
and surface finish. The investment casting process begins with the fabrication
of a sacrificial pattern, typically made of foundry wax, with the same basic
geometrical shape as the finished cast part. Normally, the sacrificial wax
patterns are produced by injection moulding where hot wax is injected into the
desired patterns. Runner and gates systems are assembled and attached
onto the completed fabricated wax patterns. Next, the wax patterns with
runners and gates are repeatedly dipped into a ceramic slurry, with a drying
period in between dipping, to form layers that create a shell. Investment
casting sacrifices a pattern and ceramic shell mould for each metal part that is
made. The investment casting process suffers long lead times when a new
part is designed, due to the fabrication of initial tooling. Cost and lead-time to
produce tooling can be prohibitively high and complexity is limited by what is
possible with injection moulding in the chosen time. These factors have lead
investment casting foundries as well as the companies purchasing the
castings to explore alternate methods to create investment cast parts without

the cost and time burden associated with permanent tooling.

Additive manufacturing patterns provides an alternative method for producing
investment casting patterns that can provide dramatic time and cost savings.
It also gives the designers freedom to rapidly modify and redesign a product
without significant increase in the total development time and cost. Nowadays,
the foundries are able to play around with different designs, test them, and
reach the optimum design very quickly. It is relatively expensive and time-
consuming to do this using conventional investment casting. Furthermore, by
using additive manufacturing, patterns can be made as complex as needed
without any impact on the cost. This study determined the difference in

dimensional accuracy between PrimeCast® and PMMA patterns produced for
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investment casting by two different additive manufacturing technologies as

well as their corresponding castings.

PrimeCast® and PMMA patterns were built at the same time at Central
University of Technology, Free State and Vaal University of Technology,
respectively. Metrology was performed on all patterns just after manufacturing
using a micro-computed X-ray tomography scanner to compare dimensional
accuracies of different features of the patterns. Aluminium alloy A356 was
cast in the moulds made from both types of patterns. Similar metrology was
performed on all the castings to compare dimensional accuracies of different
features of the castings from the two types of patterns. The patterns had
features such as thin walls, cavities and angles that pose challenges to these

additive manufacturing technologies and the investment casting process.

From the results of this study, it was found that both technologies provided
good dimensional results on simpler shapes. The PrimeCast® pattern had a
better dimensional accuracy than the PMMA pattern. However, the casting
from the PMMA pattern had relatively better dimensional accuracy than the

casting from the PrimeCast® pattern.
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Chapter 1: Introduction

1.1 Background

Producing a near-net shape product by pouring metal into a mould is a
manufacturing process that can be traced back thousands of years [1]. When
more complex designs were required, the process was altered slightly by
building moulds using a wax model that could be burned out before the metal
was poured into the mould; the process is known as investment casting (IC)
or lost-wax casting [2]. With time, as the designs became even more complex,
the cost associated with IC rose and the lead times increased. A short run of
IC using traditional manufacturing methods can raise the production costs to
near unacceptable levels. Production of the wax patterns requires expensive
injection-moulding tools and wax presses. When used in short runs the tooling
costs can be extremely expensive and time consuming. Additive

manufacturing offers a faster, less expensive alternative to creating IC moulds

[3].

Worldwide, additive-layer manufacturing, now formally known as additive
manufacturing (AM) and popularly called three-dimensional printing (3DP), is
a technology that is rapidly growing in usefulness and capability, and South
Africa is no exception [4]. Back in the 1980s, this technology was originally
known as rapid prototyping [5], a process by which components are produced
directly from computer models by selectively curing, depositing or joining
materials in successive layers. These technologies have traditionally been
limited to the manufacture of models suitable for product conception but, over
the past decade, have quickly developed into a new standard called AM. The
main advantage of this process is its ability to create almost any possible
shape, which is made possible by layer-upon-layer manufacturing [6]. Among
the major advances that are presented by this process in product
development is time and cost reduction. Moving from one technology to

another in the production process, the manufacturing direction, the model

© Central University of Technology, Free State
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orientation and material behaviour are important to get an accurate model and

efficient production [7].

The use of AM parts as sacrificial patterns for IC is generally referred to as
rapid investment casting (RIC) [8]. Most AM technologies can produce
patterns directly with polymers that have the same ability as wax patterns
used for the IC process. Designers can transfer the 3D CAD data to casting
very easily and efficiently when merging IC with AM patterns [3]. RIC could
dramatically reduce the lead-time and production cost and give the designers
freedom to rapidly modify and redesign a product without a significant
increase in the total development time and cost. The use of AM patterns is
only applicable to low-production- and process-development applications [9],
when only a few patterns of parts are required for testing and to ensure that

the design is correct before making larger investment in a wax pattern tooling.

From literature it was found that there has been significant work done on
poly(methyl methacrylate) (PMMA) [10], [11], [12], [13] and PrimeCast® [3],
[9], [14], [15] trying to show that they can be used to replace the lost-wax
process in IC. While the Council for Scientific and Industrial Research (CSIR)
and Vaal University of Technology (VUT) have done work on PMMA, this has

not been published.

1.2 Problem statement

IC is known as a “near-net shape” process because it can produce parts that
need very little secondary machining operations. Parts produced using IC
display a high degree of accuracy and precise dimensions. They may have
very complex geometries and high quality surface finish and detail in the final
components. These parts are often used for aerospace, automotive industries
and military applications. Nowadays the world is moving from the conventional
method of IC to using AM patterns for IC especially on the development
stage; hence, the need for this study. However, there are many different AM
technologies using different materials. The two AM technologies (laser
sintering and binder jetting) used in this study are available in South Africa

and there was no research found on direct comparisons between PrimeCast®

© Central University of Technology, Free State
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and PMMA for use as sacrificial patterns for IC. Comparison of the two types
of AM patterns will provide information on the advantages and limitations of
these two types of patterns which should enable the foundry industry to select

the most appropriate technology for their IC needs.

1.3 Aim of study

The aim of this research was to investigate the advantages and limitations of
two different AM technologies, each using a specific AM material, to produce
sacrificial patterns for IC and to compare the dimensional accuracy of both
sacrificial patterns and resulting castings.

1.4 Objectives

e To produce sacrificial patterns for IC in PrimeCast® and PMMA AM
materials from the computer-aided design (CAD) of an internationally
recognised test part.

e To use these patterns for casting the test part in A356 aluminium alloy.

e To determine the deviations from the CAD model of the castings produced
from these two AM technologies.

e To determine and document the advantages and limitations of using
PrimeCast® and PMMA patterns produced by AM for IC.

1.5 Delineations and limitations

The focus of this study is on the determination of the difference in dimensional
accuracy of the two AM technologies used to generate IC patterns as
determined through micro-computed X-ray tomography (micro-CT).
Observations regarding the surface roughness of the IC patterns were based

on the results of this technique as well as visual observations.

The manufacturing lead times for producing the two types of patterns were not
compared in this study as both manufacturing processes are automated and
the patterns can be built overnight. Therefore, the delivery time is merely

dependent on the efficiency of the service provider.

© Central University of Technology, Free State



Central University of P 4
:Temgy Froo e age

1.6 Research approach

An IC sacrificial pattern geometry that could be built in both PMMA and
PrimeCast® was selected and built in both AM materials through the two types
of AM technology. The IC patterns that were built in PrimeCast® were
manufactured using an Electro Optical Systems (EOS) AM machine at Central
University of Technology (CUT), while those that were built in PMMA were
manufactured at VUT using Voxeljet 3D printing technology. Immediately after
manufacturing the patterns, micro-CT metrology was performed on two of the
patterns, one from each AM material to compare its correlation with the CAD
design. Subsequently, the same mould-making, burnout and casting
processes were executed on patterns from both AM materials. The micro-CT
metrology was also performed on the castings based on the two types of
patterns to compare different features of these castings.

The standard part used had features such as cubes, rectangular protrusion,
pyramid, half-sphere, cone, freeform (conical and sinkhole), wedges,
rectangular hole, hollow cylinder, triangular hole, flat thin walls and a square

base that pose challenges to these AM technologies.
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1.7 Layout of the dissertation

The layout of the dissertation is presented schematically in Figure 1.1.

Chapter 1:

Introduction
| |
Chapter 2:

Literature Review

1
Chapter 3:

Methodology

[ |
Chapter 4.

Results and Discussions

[ |
Chapter 5:

Conclusions and Future Work
1

References

Figure 1.1. Layout of the dissertation
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Chapter 2: Literature Review

2.1 Introduction

This chapter describes the study of the existing knowledge in the field and
discusses what other authors have discovered in their research on related
topics. The flow diagram in Figure 2.1 summarises the highlights of this

chapter.
Additive Laser sintering
manufacturing Bindenicting
Conventional investment casting

Investment Rapid investment casting

casting
1 Comparison of conventional and rapid investment

Polymer PrimeCast®
powder PMMA

Aluminium

casting alloys

b

Metrology
techniques

Figure 2.1. Flow diagram of chapter 2

2.2 Additive manufacturing

AM has been defined as “a process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed to subtractive
manufacturing methodologies”™ by the American Society for Testing and
Materials (ASTM) [16]. The traditional metal removal processes, such as
milling, turning, grinding and electrical discharge machining (EDM), are

examples of subtractive manufacturing. AM is the opposite of subtractive
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manufacturing approaches that remove material to form the shape of a work
piece, since it only deposits material where needed. AM is more accurate in
that it describes a professional production technique which is clearly
distinguishable from conventional methods of material forming or removal. AM
manufactures components directly from 3D computer models by selectively
depositing, curing or fusing materials one layer upon the next. Each layer
represents a cross-sectional geometry of the component at a given height
[17].

The demand of AM machines has been increasingly growing since the 1990s
[18]. We are now beginning to see AM used for the construction of a range of
functional end-use components [4]. In the aerospace industry, components
often have complex geometries and are usually made from advanced
materials that are difficult, costly and time-consuming to manufacture. Some
of these components can be more easily manufactured through AM
technologies. AM is transforming the medical sector, as now it is possible to
have a precise model of skeletal features of a patient before surgery and an
accurate implant can be created prior to the operation. The automotive
industry is now using AM technologies in design and development of
automotive components as it can shorten the development cycle and reduce
manufacturing and product costs. AM is easing the work of architects by
enabling then to print 3D models of any complex shape for civil projects.
Although extensive research and development continues to be done and
needs to be done, the technology is now being used for commercial

manufacturing purposes, although still only in certain niches [7].

In South Africa, the Department of Science and Technology commissioned
the development of a roadmap for AM in this country. This involved a survey
of the capabilities already existing in South Africa and of the active
participants in the sector [4]. The aim was to identify niches the country could
exploit and make a difference, and which would benefit from investment [19].
It soon became clear that the production of qualified parts for the aerospace
and medical industries had to be focus areas, as should the use of AM to

support the traditional manufacturing sector, particularly with regard to tooling
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and refurbishment [20]. The outcome of the road mapping process was the
publication of the South African Additive Manufacturing Strategy.

AM processes have shown significant potential for innovative, rapid, concept-
to-part competence for making high-value, complex and individually
customized parts. In addition, by using AM technology parts can be produced
that are difficult or impossible to manufacture with conventional manufacturing
techniques. AM technologies give the industry new design flexibility, reduce
energy use and shorten time to market [21]. Furthermore, AM techniques are
also increasingly becoming standard tools in product design and
manufacturing. With revolutionary capabilities to rapidly fabricate 3D parts for
design verification or to serve as functional prototypes and short-run
production tooling, AM has become an essential tool for shortening product
design and development time cycles [7].

Figure 2.2 shows a simple process sequence for producing an AM part.

Figure 2.2. Typical AM process chain, adapted from [6]
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The process begins with the designing of a 3D model in CAD software.
Thereafter, the CAD model is converted to standard tessellation language
(STL) file format. This file is processed by AM technology specific software,
and the AM system computer then slices the STL files into cross-sectional
two-dimensional (2D) layers of a specified thickness [17]. The slicing process
introduces inaccuracy to the file because the algorithm replaces the
continuous contour with discrete stair steps. The AM machine then fabricates
the part by adding the 2D cross-sections layer upon layer and repeating the
layer building until the full 3D part is produced. After fabricating the part, it is
post-processed. This includes cleaning, hardening and finishing the model
and removing supporting structures, if any [22]. The whole build process is
fully automated in the AM machine. The build time of the part is estimated by
the machine based on the height of the build from the building platform. To
minimize the build time, the part should be oriented in a way that the height

from the building platform is minimized [23].

The process categories provided by ASTM International in the ASTM F2792
standard [16] allows for the discussion of a category of the technology without
having to explain the wide list of commercial machine variations of a particular
AM process. Each process category has distinct operating principles,
production characteristics, and compatible material types. These
characteristics affect the cost, quality and sometimes the colour and scale of
parts that can be produced, and therefore can considerably influence design

decisions. The categories, as defined in ASTM F2792-12a, are as follows;

Table 2.1. AM process categories by ASTM F2792-12a [16].

Process Description Related . Companies | Materials
type technologies
Powder Thermal energy | Electron EOS Metals,
bed fusion | selectively fuses | beam melting | (Germany), | polymers
regions of (EBM), 3D Systems
powder bed selective (US), Arcam
laser (Sweden)
sintering
(SLS),
selective heat
sintering
(SHS), and
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direct metal
laser
sintering
(DMLS)
Direct Focused Laser metal Optomec Metals
Energy thermal energy | deposition (US), POM
Deposition | is used to fuse (LMD) (US)
materials by
melting as they
are being
deposited
Material Material is Fused Stratasys Polymers
Extrusion | selectively deposition (Israel), Bits
dispensed modelling from Bytes
through a (FDM) (UK)
nozzle or orifice
Vat Liquid Stereolithogr | 3D Systems | Photo-
photopoly- | photopolymer in | aphy (SLA), (Us), polymers
merization | avatis Digital light Envisiontec
selectively processing (Germany)
cured by light- (DLP)
activated
polymerization
Binder A liquid bonding | Powder bed | 3D Systems | Polymers,
jetting agentis and inkjet (US), foundry
selectively heat (PBIH), | ExOne (US) | sand,
deposited to join | plaster-based metals
powder 3D printing
materials (PP)
Material Droplets of build | Multi-jet Object Polymers,
jetting material are modelling (Israel), 3D | waxes
selectively (MJIM) Systems
deposited (US)
Sheet Sheets of Laminated Fabrisonic Paper,
lamination | material are object (US), Mcor | metals
bonded to form | manufacturin | (Ireland)
an object g (LOM),
ultrasonic
consolidation
(UG

The AM process categories that this study focused on are powder bed fusion,

(namely laser sintering (LS)) and binder jetting (BJ).
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Benefits of AM technologies over subtractive manufacturing
methodologies [7], [12], [24].

Lower energy consumption: AM eliminates production steps, uses
substantially less material, allows reuse of by-product, and produces
lighter products.

Less waste: The object is built up layer by layer instead of subtractive
processes that cut away material.

Reduced production time: Once the design is completed, the
manufacturing process can start without the need for expensive and time-
consuming part tooling.

Innovation: The objects that were previously difficult or even impossible to
manufacture can now be fabricated using AM technology. Geometries
enabled by AM technologies can lead to performance and environmental
benefits in a component’s product applications.

Part consolidation: AM can build a part as a whole, thus reducing the
number of parts in an assembly. This cuts the overhead cost associated
with documentation and production planning and control.

Lightweight parts: Elimination of tooling and ability to produce complex
shapes. AM allows the production of parts that have the same functional

specifications as the conventional parts, but with reduced weight.

Technical challenges of AM technologies [11], [25], [26].

Process control: Feedback control systems and metrics are needed to
improve the precision and reliability of the manufacturing process and to
increase throughput, while maintaining consistent quality.

Tolerances: Some potential applications would require micrometer-scale
accuracy in printing.

Finish: The surface finishes of products manufactured using additive
technology require further refinement. With improved geometric accuracy,
finishes may impart corrosion and wear resistance or unique sets of
desired properties.

Validation and demonstration: Manufacturers, standards’ organizations,

and others maintain high standards for critical structural materials, such as
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those used in aerospace applications. Providing a high level of confidence
in the structural integrity of components built with AM technology may
require extensive testing, demonstration, and data collection.

e Conventional manufacturing bias: Industry designers know the traditional
manufacturing methods and use them at a high level, so learning a new
system faces resistance. Additionally, many parts are optimized for
conventional manufacturing and facilittes would need to slow down

production while installing AM systems.

2.2.1 Laser sintering

LS is a typical AM process based on the layer-by-layer powder spreading and
successive laser sintering. Dr. Carl Robert Deckard invented the process in
1988 [5] and the major commercial manufacturers of LS equipment include
3D Systems and EOS [27]. Main advantages of this process are the ability to
use a variety of materials; a number of polymer materials rendered into a
powder form of appropriate size and morphology can be used, and the fact
that unused powder can be largely recycled. The LS process does not require
support structures because the part being fabricated is surrounded by
unsintered powder [28]. The disadvantages are that the accuracy is limited by
the size of the material particles, oxidation needs to be avoided by executing
the process in an inert gas atmosphere and the process must occur at a
constant temperature near the melting point [29]. The LS system normally
consists of a laser, an automatic powder layering apparatus, a computer
system for process control and some accessorial mechanisms, such as an
inert gas protection system and a powder- bed preheating system, as shown

in the schematic diagram in Figure 2.3.
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Figure 2.3. Schematic diagram of the EOS P700 system [30]

In the LS process, a bed of polymeric powder particles is preheated by the
process chamber heaters to close to the melting transition and above the
temperature necessary for recrystallization during cooling. The preheated
powder limits the energy input necessary from the laser to cause sintering,
which avoids large thermal differentials that would otherwise result in part
distortion [31].

The general LS operational procedures are as follows;

e First, a new layer powder is spread to cover the platform. The process
chamber heater is used to preheat the bed of polymeric particles to close
to the melting transition and above the temperature necessary for
recrystallization during the cooling cycle.

e The protective inert gas is fed into the sealed building chamber to reduce
the interior oxygen content to below a required percentage to avoid the
risk of explosion when handling large amounts of powder.

e A layer of the loose powder with the required thickness is deposited onto

the previous layer by the recoating device.
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e The laser beam scans the powder layer and sinters the powder together
according to the CAD data of the components to be built. At the same
time, the new layer is joined to the layer below it.

e When the sintering of the cross-section is complete, the platform moves
down a distance equal to the layer thickness in preparation for the next
powder deposition from the recoating device.

e The above procedures, including powder spreading and laser treatment,
are repeated and the components are built in a layer-by-layer manner until
completion [8], [30].

The whole process is carried out in a sealed building chamber, filled with
nitrogen protective gas, which minimises the oxidation and degradation of the
powder during processing, and the temperature is kept just below the melting
point of the powder. Once the manufacturing is completed, the entire building
chamber is cooled slowly to maximize material crystallization to provide added
strength, reduce stress development and improve dimensional accuracy [12],
[32]. After the parts are removed from the powder bed, the unsintered powder
is cleaned off the parts and the required finishing operations are performed.
This process creates fully functional parts as well as high quality patterns for
many end uses. Parts with excellent surface quality are produced without
support structures, thereby avoiding time-consuming tasks such as the
generation, assembly and removal of supports. Several parts can be built in

one job and one can add new parts during the building process [33].

2.2.2 Binder jetting

BJ was first developed at Massachusetts Institute of Technology (MIT), USA,
during the early 1990s [34]. This technology can create parts of any geometry
with materials such as ceramics, polymers and composites. In BJ, two
materials are used, namely powder-based material and a binder. The binder
acts as an adhesive between powder particles and layers. The binder is
usually in liquid form and the build material in powder form [35]. The binder
only connects the exposed particles together, through either a solvent welding
or chemical reaction, with no thermal processing necessary and building

efficiency is improved since no cooling cycle is involved [36]. The unbound
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powder supports the printed part so that complicated freeform parts with
undercuts can be manufactured without support structures, as shown in
Figure 2.4 below. In order to allow effective binding between successive
layers, each layer must be kept to the minimum thickness. The final parts
have significant porosity, which may require infusion of a reactive resin or wax
to provide suitable surface finish and strength [32]. The main advantage of
this technique is the use of various materials and an ambient processing

environment.

Liquid adhesive supply Inkjet print head

Leveling roller

ﬁ) r - 5 _ Bullt parts
W / — Powder bed
\ /":;"""’ T e R

\ 4 \ Y/
iy /
"‘ Nt/ Bulld plattorm
—

Powder supply

=

Figure 2.4. Schematic diagram of a binder jetting machine [37]

BJ — Step by step [24], [38]:

e Powder material is spread over the build platform using a levelling roller.

A liquid bonding agent is applied through inkjet print heads selectively

joining particles together where the object is to be formed.

e The build platform that supports the powder bed and object-in-progress is
lowered by a distance corresponding to the layer thickness of the sliced
CAD model.

e Another layer of powder is spread over the previous layer. The formation

of the part occurs where the liquid binds the powder.
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e Unbound powder remains in position surrounding the object and acts as
support.

e The process is repeated until the entire part is built in the power bed.

The dimensional accuracy and quality of the final part depend on particle size
of the powder, viscosity of the binder, interaction between binder and powder
and the speed of the binder deposition [39]. Even for large 3D models, the
accuracy is still maintained because there is no danger of heat distortion as
the printing process takes place at room temperature. In plastic processes,
the unprinted material is recyclable [37].

2.3 Investment casting

IC typically makes use of mobile slurry to form a hard shell with a highly
smooth surface [40]. Unlike other casting processes, IC produces near-net
shape parts with excellent surface finish and dimensional accuracy. IC
converts an expendable pattern into a solid metal part following a multiple-
steps process. The process uses expendable patterns and ceramic shells. In
shell making, the first coat is important for surface quality and heat transfer
properties in this process. Therefore, this coat should be of uniform thickness
in all intricacies of the pattern. Intricate parts that are difficult, if not impossible
to machine or forge, can be manufactured using the IC process [41].
However, it must be noted that when a die is used to make a pattern, it must

be still be possible to remove the pattern from the die [8].

There are two main techniques used to manufacture IC parts, depending on

the type of mould used. These are either block moulds or shell moulds [3].

e Block moulds — this technique involves pouring refractory ceramic slurry
around a wax pattern assembly contained in a flask. One of the main
disadvantages of this technique is that a very thick ceramic shell
surrounds the cast metal. This is an insulator and causes slow cooling and
therefore poor metallurgical structures. Another problem is that the solid
ceramic block prevents contraction of the metal as it cools and this can

lead to failure of the casting.
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e Shell moulds - the shells are produced by covering a wax assembly with
several ceramic layers. The first layer is normally a fine coating (the face
coat) so that a good surface finish on the casting will be obtained.
Successive layers are made up of ceramic slurry and refractory sand, with
drying periods in between layers.

Factors affecting the casting process [42]:

e The sacrificial pattern used;

e Material used to make the mould;

e Solidification of the molten metal;

e Flow of the molten metal into the mould cavity;

e Heat transfer during solidification.

2.3.1 Conventional investment casting process

The conventional IC process is a complex, multi-step process; production of
the IC ceramic shell mould is a crucial part of the whole process.
Conventional IC has benefited many industries as an economical means for
mass-producing quality near-net shape metal parts with high geometric
complexity and acceptable tolerances. The economic benefits of traditional I1C
are limited to mass production. The high costs and long lead-time associated
with the development of hard tooling for wax pattern moulding renders

conventional IC uneconomical for low-volume production [43].

The basic steps in the production of conventional investment -cast
components using a ceramic shell mould are shown in Figure 2.5 [44]. First
step in conventional IC is tooling and pattern making, including the die being
manufactured using traditional manufacturing methods. The wax is then
injected into the die to produce wax copies of the desired castings. These
copies are known as sacrificial patterns [45]. Patterns are assembled by
attaching a gating system. The gating is also made of wax and if the patterns
are of small size they are clustered together to form a tree. The shell is then
built by dipping the pattern assembly in liquid ceramic slurry followed by
layers of sand stucco; this is referred to as “investing”. In this process, the

face coat, also known as the primary coat of the mould, is developed by
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dipping the pattern into fine ceramic slurry. The face coat is a dense uniform
layer and the most crucial stage in the process, because it is directly exposed
to molten metal during the casting process. It must be carefully applied to
avoiding entrapment of air bubbles [46]. Inconsistency of the face coat and
stucco can cause casting defects like rough surface, inclusions and
dimensional discrepancies. Once the face coat is fully dried, the successive
dipping, that includes intermediate and back-up coats, is repeated until the
required shell thickness that is capable to withstand the stresses of the
casting process is achieved. The assembly is left to dry in the open air
between different dipping steps [47].
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Figure 2.5. Basic principles of the conventional IC process [44]

Once the ceramic is dry, the wax is melted out (de-waxing) by placing the
shell in a steam autoclave, creating a negative impression of the pattern
within the shell. The wax can be reclaimed and used for moulding the runner
systems [48]. After de-waxing, the mould is fired in a furnace to give full
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strength and to bring it nearer to the melt temperature of the metal. The
casting then takes place. Metal is melted in a crucible until it reaches its
specified temperature and then it is poured into the mould and left to cool.
Prior to pouring, the empty mould is preheated so that the pouring happens
while the empty mould is still hot, allowing molten metal to flow easily through
the empty mould and to allow the casting to shrink as it cools [49]. Once cool,
the shell material is removed from the metal. Knocking off can be done by
hammer, high-pressure water blast, vibratory table or chemical substances.
After the shell material has been removed, the parts are cut off the sprue and
the gates are ground off [50].

2.3.2 Rapid investment casting process

The (RIC) process uses AM technology to produce patterns for IC [51]. RIC
was introduced in 1989 with the use of block moulds [52]. In the RIC process,
the steps are still similar to the conventional IC but there are adjustments,
alterations and substitutions to be made. In the first step, namely pattern
making, the pattern is manufactured through AM technology, replacing the
wax pattern and therefore eliminating the need for tooling, as shown in Figure
2.6. In the tree assembly step, vents are also added to the AM pattern to
promote airflow. Furthermore, there must be an extra dipping to ensure an
increase in shell thickness. Lastly, during the burnout process, the pattern will
combust and release some gas, therefore, high temperature and a long

duration furnace cycle is required followed by a shell wash [2], [53].
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Figure 2.6. Schematic diagram of IC by AM technology, adapted from
[54]

In RIC, the key consideration is pattern modification to prevent shell cracking
and minimize residual ash. During the burnout process, the pattern applies
stress to the shell due to the expansion of the pattern when heat is applied.
Hence, shell cracking occurs when the stress induced by the pattern is
greater than what the shell can resist. Ceramic shells have a very low
coefficient of thermal expansion, so any expansion of the pattern during the

burnout cycle may cause the shell to crack [55].

2.3.3 Comparison of conventional and rapid investment casting

The conventional IC process can be lengthy and cost intensive for the
development of a complex product. The key advantage of RIC is that it
eliminates the need for tooling for low-volume production typical in
prototyping, pre-series, customized or specialized component production [56].
Injection moulds for wax patterns are expensive and the building of the tool
can take 6 to 14 weeks. By using RIC patterns, the tooling cost is eliminated
and the lead time for a cast part is reduced to just five weeks on average [8],
however, this depends on the efficiency of the supplier. Shell cracking is still a
main problem in RIC. Foundries are doing research while AM suppliers have
developed techniques to overcome this problem [34]. The number of

foundries that can convert AM patterns into metal using IC is still relatively
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low, especially in developing countries. Moreover, AM parts have stair-casing
steps on curved surfaces as a result of the layer-by-layer manufacturing
process and require special finishing [9]. The successive handling process is
the same irrespective of how the model has been produced, as shown in
Figure 2.7, be it by using conventional wax pattern techniques or RIC

technology [8].

c ional i ¢ ¢ . Mould-

onventional investment casting process making

CAD Die Wax process
design > fabrication > filling > \Ir

of die of die Burnout

3 weeks 6 - 14 weeks process

Metal
casting

Investment casting using AM patterns process

CAD AM Part
design of ——>  pattern ———-> removal
pattern fabrication (knockout)
1-1.5 weeks 4 weeks

Figure 2.7. Comparison of conventional investment casting and rapid

investment casting processes (adapted from [8])

The main benefit to the foundry industry from using AM technology as
compared to the conventional techniques is that as products are developed
towards production, it is likely, if not certain, that there will be changes to the
design, this changes can be done with less time and cost [57]. Conventionally,
each iteration requires more effort (and more costs) to modify tooling, while by
using AM patterns for the development process, there is no need to commit to

tooling until the design has finally been frozen [58]. Moreover, in an
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increasingly competitive world, foundries are striving to build strategic links
with their key customers, and to be seen to be pro-active in their customers'
businesses. By getting sample quantities of castings early, foundries are

helping their customers to win business and show their commitment [59].
2.4 Polymer powders used for producing AM patterns

2.4.1 PrimeCast®

PrimeCast® 101 is a grey polystyrene powder. It is suitable for use in all EOS
polymer systems, namely EOSINT P 350 with Upgrade "99 and exchangeable
frame, P 360, P 380, P 380i, P 385, P 390 and P 700. The recommended
layer thickness is 0.15 mm [60]. It can be used as patterns for IC because it
possesses excellent dimensional accuracy, high surface quality and good
strength. However, special measures against shell cracking are necessary
[61]. Table 2.2, Table 2.3 and Table 2.4 show the mechanical, material and

thermal properties of PrimeCast® 101.

Table 2.2. Mechanical properties of PrimeCast® 101 adapted from [60]

Tensile strength, X-/Y-direction | DIN EN ISO 527 5.5 + 1.0 N/mm?

Tensile strength , Z-direction DIN EN ISO 527 1.2 + 0.3 N/mm?

Tensile modulus DIN EN ISO 527 1600 + 250 N/mm?

Elongation at break DIN EN ISO 527 0.4+0.1%

Table 2.3. Material properties of PrimeCast® 101 [60]

Average particle size Coulter counter 805 um
Bulk density DIN 53466 0.61 + 0.02 g/cm?3
Density of laser-sintered parts EOS method 0.70 - 0.85 g/cm3

Table 2.4. Thermal properties of PrimeCast® 101 [60]

Glass transition temperature | DIN 53765 105+1°C
Material destruction DIN 51006 250 - 550 °C
Remaining ash content EOS method 0.002%

PrimeCast® must be kept in cool, dark, ventilated storage and closed
containers with the temperature not exceeding 40 °C. During the design, the
part produced from this material must be scaled to compensate for the

shrinkage occurring when the laser-sintered parts cool down [62].
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2.4.2 PMMA

PMMA is a transparent thermoplastic with high mechanical strength, high
Young's modulus and low elongation at fracture. It does not shatter on rupture
[63], is one of the hardest thermoplastics and is relatively scratch resistant.
Properties of PMMA are shown in Table 2.5.

Table 2.5. Properties of PMMA, adapted from [64]

Particle thickness 55 ym
Tensile strength =200 MPa
Yield point 1%
Binder-type Polypor B

Burnout temperature | 700 C

Residual ash content | < 0.01 weight %

Especially suited for | Investment casting, design model

Sharp edges; for highest accuracy and true-to-
details; useable particle material

Advantages

Castings made from PMMA patterns produced by AM are characterized by a
significant surface porosity due to the BJ manufacturing process and that is
why an impregnation process is required. PMMA is an acrylic material with
excellent burnout properties when used as sacrificial pattern for IC [65].
During the burnout process, patterns manufactured from this material do not
have a shell breakage problem. This is due to their negative thermal

expansion coefficients [13].

2.5 Aluminium alloys used for IC

Aluminium casting alloys are the most versatile of all common foundry alloys
[66]. For aluminium alloys to be used in casting, they must contain
strengthening elements and sufficient amounts of eutectic-forming elements,
usually silicon. The aluminium-silicon phase diagram in Figure 2.8 shows a
simple eutectic-forming system, which facilitates the commercial viability of
most high volume aluminium casting. When the silicon content ranges from
4% to the eutectic level of about 12%, this permits production of much more
intricate shapes with greater variations in section thickness and yield castings
with high surface and internal quality. This is due to the effect of silicon;
increasing fluidity, reducing cracking and improving feeding to minimize

shrinkage porosity [67].
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Figure 2.8. Aluminium-silicon phase diagram and cast microstructures

of pure components and of alloys of various compositions [67]

These alloys are used in IC as they have the following characteristics [67],

[68], [69]:

e Good fluidity for filling thin sections;

e Low melting point relative to those required for many other metals;

e Rapid heat transfer from the molten aluminium to the mould providing
shorter casting cycles;

e As hydrogen is the only gas with appreciable solubility in aluminium and its
alloys, hydrogen solubility in aluminium can be readily controlled by
processing methods;

e Many aluminium alloys are relatively free from hot-short cracking and
tearing tendencies;

e Chemical stability;

e Good as-cast surface finish with lustrous surfaces and little or no

blemishes.
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For this study, aluminium alloy A356 was used as it has high fatigue strength,
resistance to corrosion, fluidity and has excellent castability properties. A356
Is classified as an aluminium-silicon alloy and it is used when good castability
and good corrosion resistance is needed [70]. Table 2.6 shows the chemical
composition of this alloy.

Table 2.6. Chemical composition of A365 alloy (wt%) [71]

Si Fe Cu Mn Mg Zn Ti Al
6.5-75 | 0.2 0.2 0.1 0.25-0.45 0.1 0.1 | Balance

This alloy is one of the most popularly used in foundries and there is a
demand for it in South Africa. It is normally used in automotive transmission
cases, aircraft pump parts and water-cooled cylinder blocks. The liquidus and
solidus temperatures of A356 are 615 'C and 555 "C, respectively [70].

2.6 Metrology techniques

To measure is to determine the dimension, quantity or capacity of objects.
The technology that deals with measurements is referred to as metrology.
Metrology covers all aspects relating to theory and practice and any kind of
measurement, independent of the particular domain of science and
technology [72]. AM technology poses a wide variety of challenges for
metrology because it produces complex geometries that are often not
comprised of simple geometric elements, such as circles, cylinders and

planes.

2.6.1 Co-ordinate measuring machine

A co-ordinate measuring machine (CMM) is commonly used to measure the
parts produced by AM technology. These machines are good at a wide variety
of applications and are not expensive [73]. A CMM has a platform on which
the workpiece to be measured can be placed and moved linearly or can be
rotated. The probe on the head of lateral or vertical movement records all the
measurements. Moreover, CMMs can record the measurements of complex
profiles with high sensitivity of about 0.25 um [74]. The CMM has a digital
readout or it can be linked with computers for online inspection of parts [73].
Figure 2.9 shows the typical configuration of CMMs elaborating the X, Y, Z

movement of the machine.
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Figure 2.9. Typical example of a CMM [75]

2.6.2 Ace 3D measuring arm

The development of AM, going from a prototype and pilot production
technology into a mature manufacturing technology, has resulted in a higher
demand for methods and technologies for measuring. The Ace measuring
arm from Kreon Technologies is a portable CMM system; it allows the user to
work in the metrological lab and in the workshop. The flexibility of these 3D
scanners saves time and ensures reliable 3D measurement. Figure 2.10

shows the scanning arm with Solano red laser scanner.
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Figure 2.10. Ace 3D measuring arm [76]

The ace measuring arm is the ideal system for 3D measurements with and
without contact. It can be equipped with a hard probe or a touch probe. It can
efficiently scan and probe in the same measuring range, especially for the
alignment operations. The scanning arm with a Solano red laser scanner has
a maximum accuracy of 30 um with a line resolution of 140 um and a

maximum laser scanning speed of 40 000 pts/sec [76].

2.6.3 Micro-CT scanner

Another technique that can be used to measure parts produced by AM
technology is an industrial X-ray computed tomography (CT) system. This
technique was introduced as dimensional metrology tool in 2005 and it is the
latest technology in coordinate metrology, following CMMs and optical 3D

scanners [77].

The industrial X-ray CT has several advantages compared to the CMM: non-
destructive inspection of internal geometrical features, verification of parts in
assembled state, simultaneous dimensional quality control, and reconstruction
of complete and high-density point clouds in a relatively short time. In CT
scanning, 3D external and internal structures of the sample are computed with

X-ray radiographs of the sample that are taken over a full 360° rotation [78].

© Central University of Technology, Free State



Central University of P 2 9
: e age |

A typical industrial X-ray CT system consists of an X-ray source, a sample
stage and detector, as shown in Figure 2.11 below [79]. This innovative
dimensional measuring technique involves acquisition of multiple X-ray
projections taken from different angular positions around the object and allows
a full 3D reconstruction of the geometry of the measured object by using
dedicated computer algorithms [80]. This machine is probably the best for this
study but is expensive. It is ideal for measuring intricate parts and can
measure both internal and external features. CT can compare the CAD
geometry with the AM grown part and then compare the cast part with the
grown part and the CAD design geometry [81].

X-ray source sample detector

’ I
rotation i

step by stepy,.

|

tube control sample stage CNC data acquisition

L R R

Figure 2.11. Block diagram of a typical CT scanning system [79]

Micro-CT scanning is an X-ray transmission imaging technique in 3D, similar
to the method used in hospital CT scans, but on a smaller scale with greatly
increased resolution [82]. Figure 2.12 shows the micro-CT scanner at

Stellenbosch University (SU). It has two X-ray tubes, one with a reflection type
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target and the other with a transmission target [83]. Table 2.7 shows the basic

specifications of the micro-CT system at SU.

Figure 2.12. General Electric Phoenix V|Tome|X L240 / NF180 Micro-CT

scanner [84]

Table 2.7. Basic specification of the micro-CT scanner at SU [82]

Parameters

Reflection-type target

Transmission

target
Voltage (kV) 10-240 10-180
Current (HA) 5-3000 5-880
Typical best voxel size (um) | 5 2
Beam angle (°) Approx. 30 Approx. 180

Sample limits (for single scan volume, multiple scans possible in X and Y

with stitching)

Weight (kg) 50 50

Height (mm) 320 320

Width (mm) 300 300

Typical maximum wall thickness of sample per material type, for best
guality (mm)

Steel 10

Rock 40

Plastic 100

Wood 200
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The reflection-type target has a maximum voltage of 240 kV, while that of the
transmission-type target is 180 kV. This instrument is used for samples larger
than 10 mm up to 300 mm in its longest axis. Objects containing metal or rock
are preferably scanned using the micro-CT scanner because of its high-power
tube, which allows up to 240 kV and high current in reflection mode [84].
Typical scan times for the micro-CT scanner are between 30 min and 1.5
hours, depending on the resolution and quality requirements.

2.7 Related studies

The focus of this study is in a field in which little research has been done.
Initial work done by Dimitrov et al. [8] on rapid pattern making for IC of a light
metal discussed various issues relating to the possibilities of improving the IC
process through shortening lead times while still maintaining affordable costs
and required quality. Four process chains for RIC, namely, direct pattern
fabrication, direct die fabrication, indirect tool fabrication and direct shell
fabrication were outlined. With direct pattern fabrication, a comparison was
done between patterns produced from three AM technologies namely, a 3D-
Printer (Z-Corp), laser sintering and a Thermojet, using a Mitutoyo Bright 710
CMM machine with a calibrated accuracy of 5 um and volumetric accuracy of
6.1 um. The part used for benchmarking was designed within tooling projects
from the FP6 Framework and this is the same benchmark part used in this

study.

From the results found with aluminium casting, after evaluating descriptive
statistics, features measured and the dimensional accuracy indexed, a
conclusion was drawn that there was a significant difference between the
accuracy of the patterns produced by the different AM technologies. The LS
pattern produced the best casting in terms of dimensional accuracy followed
by Thermojet and then 3D-Printer (Z-Corp). The surface finish results
indicated that the Thermojet pattern had the best surface quality with a R,
value of 4.13 um, followed by the 3D-Printer (Z-Corp) pattern and then the LS
pattern. The LS polystyrene pattern had a R, value of 21.2 um. It was also
concluded that most patterns produced from AM technologies had a certain

shelf life, depending on the material used and the environment they were kept
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in. If the pattern is kept beyond its shelf life, such pattern can sag and change

life and ultimately the dimension.

A recent article by Tom Mueller [85] compared the patterns and castings from
four AM technologies, namely stereolithography (QuickCast™), laser sintering
(QuickForm™), Projet printing (Projet Wax™), and Voxeljet binder jetting
(PMMA). In the first part of the article he compared the performance of the
printers, the second part compared the operating costs and in the last part the
four leading methods of creating printed patterns for IC were compared. In the
last part of the article, he mentioned that shell cracking in the autoclave during
the burnout process was by far the most common cause of failure in AM
patterns. He clearly indicated that from his experience there had not been a
single case of shell cracking in the autoclave when Voxeljet patterns were

used.

When using AM patterns, foundries were encouraged to add extra dips to the
shells to overcome the tendency of some AM patterns to crack the shells in
the autoclave. Pattern durability was an important aspect in casting because
patterns are subjected to force in both assembly and in dipping. Most fragile
patterns must be handled with care to avoid breaking during assembly and
initial dips. The other variation from the conventional IC process is the
assembly; vents are applied on most patterns produced by AM technologies.
AM patterns will not melt completely in an autoclave de-waxing step,
therefore, they must be burned out in the furnace. Even though the residual
ash levels of these materials is typically low, there can be enough ash
remaining in the shell to cause unacceptable ash-related surface defects in
the casting. To avoid such defects, many foundries cool the shell to room
temperature after burnout. The ash is then removed by either blowing out the

shell with compressed air or rinsing it with water.
The analysis was based on the author’s experience and it was concluded that

there was no single ‘best’ pattern-printing technology. For each of the four

technologies, applications existed for which it was the best alternative.
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Clearly, requirements for IC vary considerably depending on the application of
the casting.

2.8 Summary

In this chapter, the general process chain of AM was presented together with
the benefits and limitations using AM processes. Two AM technologies,
namely LS and BJ were presented as well as the advantages and
disadvantages of each technology. The main disadvantage of an AM process
Is the staircase steps that are created between the layers as parts are

manufactured layer by layer.

In section 2.3, the two types of IC methods, block- and shell mould, were
discussed and factors affecting the casting process were listed. Both
conventional IC and the RIC process were discussed stating the benefits and
drawbacks of each process compared to the other. The comparison between
the two IC processes was presented with emphasis on time saving.

Polymers used for this research were also discussed, as well as the
aluminium alloy used in the casting process. Discussions on the metrology
techniques suitable for AM parts were presented, providing detail on the

micro-CT scanner at SU.
Furthermore, a summary of related studies was presented. From this literature

study it was found that no direct comparison had been done on patterns for
IC-built by PrimeCast® and PMMA materials.
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Chapter 3: Methodology

3.1 Introduction

This chapter describes the methodology that was followed to compare
PrimeCast® and PMMA processed through AM as means of producing
patterns for the IC process. The steps followed in the methodology are shown
in Figure 3.1.

1. Select an investment casting sacrificial pattern that could be built in PMMA
and PrimeCast®

¥

2. Build sacrificial patterns from PMMA and PrimeCast® materials

3. Perform métrology on patterns

4. Mould-making process

L4

5. Burnout process

v

6. Casting process

v

7. Perform metrology
on castings

¥

8. Analyse and
interpret data

Figure 3.1. Methodology diagram

© Central University of Technology, Free State



[ Central University of P 3 5
Technology, Free State a e

3.2 Standard test part
As a first step, the geometry of the sacrificial pattern to be built in both PMMA

and PrimeCast® material was decided on, as illustrated in Figure 3.1. A
standard test part that was designed within the tooling projects of the FP6
Framework of the European Commission (EC) was selected [8]. Figure 3.2
shows the test part and Table 3.1 displays every feature on this standard part

with its specific purpose, quantity and nominal size.

Freeform (conical) Cube Rectangular hole
Half-cube Wedges
Freeform (sinkhole) Half-cube
Cone ' Pyramid
Cube

Flat thin walls

Wedges Sphere (half)

Hollow cylinder Rectangular protrusion

Triangular hole

Figure 3.2. standard test part [8]
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Table 3.1. Features of the standard part and their specific purposes [8]

Feature Purpose Quantity and Nominal size
. N 2 (8 x 8 x 8 mm’°)
Cubes Straightness, repeatability, 2 (8 x 8 x 4 mm?®) (Half-

linear accuracy

Cube)

Rectangular
protrusion

Perpendicularity, linear
accuracy

1 (25 x 8 x 8 mm°)

Pyramid

Angularity, accuracy

1 (12 x 17 x 20 mm°)

Sphere (half)

Symmetry, repeatability of a
constantly changing sloping
profile, axial runout, radial
runout

1 (235 mm)

Constant sloping profile,

Cone taper, axial runout, radial 1 (230 x 26 mm?)
runout, symmetry
Ereeform Non-constant sloping profile
: axial runout, radial runout, 1 (240 x 30 mm?)
(conical)
symmetry
Non-constant sloping profile
Fr_eeform axial runout, radial runout, 1 (230 x 20 mm?)
(sinkhole)
symmetry
Wedges Angularity (X direction 20 x 20 mm®©)

(Y direction 20 x 25 mm?)

Rectangular
hole

Perpendicularity

1 (25 x 8 x 5 mm°)

Cylindrical Concentricity, circularit

hole/ Hollow 4 4 1 (230 x 820 x 27 mm®)
: accuracy

cylinder

'kll'(r)llaengular Angularity, perpendicularity | 1 (10 x 8 x 4 mm®)

Flat thin walls

Parallelism, thickness

1 (35 x 27 x 5 mm°)
1 (35 x 27 x 3 mm°)

Square base

Flatness, straightness,
parallelism

1 (150 x 150 mm?)

Competence of machine to

Mechanical build particular features Freeform, chamfer, fillet
features : . .
(visual inspection)
Yes/No Machlne s ability 0 build Small triangular hole, small
certain features (visual ;
features cross-shaped hole, thin walls

inspection)
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3.3 Building of sacrificial patterns

Once the geometry of the pattern was decided on, the patterns were then built
through the two AM technologies. Both patterns were infiltrated with wax to
increase the strength and to fill the space between grains of material so that
the slurry did not penetrate the pattern during the mould-making process.

3.3.1 PMMA patterns

Four PMMA patterns were manufactured using a Voxeljet VX1000 3D printer
at VUT. Table 3.2 illustrates the technical data for this machine. Complex
components, up to a length of 1000 mm, can be produced quickly and easily.

Table 3.2. Technical data of Voxeljet VX1000

AM technology Binder jetting

Maximum build size 1000 mm x 600 mm x 500 mm (L x W x H)
Maximum build volume 300 L

Minimum layer thickness 0.15 mm

Accuracy +0.4% (min. £0.3 mm)

Resolution X, y Up to 600 dots per inch (23.6 Dots per mm)

The pattern after wax infiltration is shown in Figure 3.3(a).

3.3.2 PrimeCast®patterns
The machine used to manufacture four PrimeCast® patterns was an EOSINT
P380 at CUT. The technical data of this machine is given in Table 3.3.

Table 3.3. Technical data of EOSINT P 380

Effective building volume 340 mm x 340 mm x 620 mm (B x D x H)
Building speed .

(material dependent) 10-25 mm height/h

Layer thickness .

(material dependent) Typically 0.15 mm

Support structure Not necessary

Laser type CO,, 50W

Precision optics F-theta lens

Scan speed 5m/s

Power supply 32A

Powgr consumption 4 kW

(nominal)

Nitrogen generator Integrated (optional)
Compressed air supply Minimum 5 000 kPa: 6 m*h
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The large build volume of the EOSINT P 380 allows the efficient production of
a broad range of parts. To prepare 3D CAD data, EOS offers EOSPACE
software. This software positions parts automatically in such a way that the
build envelope is optimally used and the required building height is therefore

reduced to a minimum.

The pattern after wax infiltration is shown in Figure 3.3(b).

Figure 3.3. (a) PMMA test part pattern and (b) PrimeCast® pattern

3.4 Metrology on patterns

Two patterns, one each in PrimeCast® and PMMA, were scanned using a
General Electric Phoenix V|Tome|X L240/NF180 micro-CT scanner at SU.
The metrology was done a week after their manufacturing. The X-ray settings
used were 200 kV and 100 pA. The machine acquires 3000 images in a full
rotation with an image acquisition time of 600 ms per image, with no
averaging and no skipping of images. Detector shift was activated to minimize
ring artefacts. The sample was positioned on the scanner’s rotating stand at
an angle so that no feature was parallel to the X-ray beam as it rotated, also
ensuring that the object would not move during scanning. During rotation, the
detector cannot detect any feature that is parallel to the X-ray beam.
Background calibration was performed and the scan time was approximately
30 minutes per scan. Reconstruction of the sample was done with system-
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supplied Datos reconstruction software. Analysis was performed with Volume

Graphics VGStudio Max 3 voxel data analysis and visualization.

3.5 Mould making

During the research for this study, mould making and casting was done at
CSIR. The mould making process of the patterns was done in just two weeks
after the manufacturing of the patterns. During these two weeks, the patterns
were kept in a mould making room that was maintained cool and dry, away
from humidity. Additionally, and to prevent water absorption, the patterns were
kept in a sealed plastic bag with a desiccant. The patterns were prepared by
attaching gates and vents to the AM patterns. Ten vents were attached to the
PrimeCast® pattern while no vents were used with the PMMA pattern, as
shown in Figure 3.4. The gating and vents were produced by wax injection
using suitable dies. The gates were positioned in such a way that during
casting the molten metal would start filling the bigger-sized features.
Subsequently, the assemblies were cleaned using wax pattern cleaner and
de-ionized water to remove any debris and carbon from the wax. The

assemblies were then left to dry in the open air.

Figure 3.4. (a) Sacrificial patterns with gating and vents, (b) PMMA and
PrimeCast®
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Once the assemblies were dry, they were dipped in a container with rotating
primary coat. The primary slurry consisted of inoculated cobalt aluminate. The
assemblies were dipped into the slurry very slowly and carefully to make sure
that no air was entrapped while dipping. When the assemblies were taken out
of the slurry, it was ensured that no bubbles were trapped on the assemblies
and, if present, they were removed. This could affect the casting, because
this coat allows for the reproduction of fine-detailed features on the surface of
the part. The dipping was followed by stuccoing with fine alumina sand and
the assemblies were left to dry. The dipping and stuccoing was repeated four
times, with subsequent drying for four hours. Lastly, they were dipped in the
backup coat (fibre-reinforced fused silica) and stuccoed with fine fused silica
sand after the first dipping and then coarser silica sand after the last dipping.
The assemblies were left to dry for 24 hours at 22 ‘C. The flow diagram in
Figure 3.5 illustrates the process.

Pattern Pattern Wax tree Assembly Assembly Investing (dipping
making inspection assembly ™ inspection wash & stuccoing)
L Face coat
PMMA Gate design (PMMA)
PrimeCast® Gate design & vents (PrimeCast®)

Back-up coat

Figure 3.5. Flow diagram of the mould-making process

3.6 Burnout processes

3.6.1 Burnout procedure for PMMA patterns

PMMA patterns were burned out in an autoclave; the mould was faced down
and heated to a temperature of around 90 'C. At this temperature the wax
used for gates melted out first leaving an opening for the patterns to flow
through. The patterns softened at 73 'C, the temperature was then raised to
250 ‘C to allow the patterns to flow out. The remainder of the pattern that did
not flow out was burned out in a furnace at a temperature of around 750 'C for

4 hours without any problems.
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3.6.2 Burnout procedure for PrimeCast® patterns

In a first attempt to burn out the PrimeCast® pattern, it was melted out in the
autoclave using the same setting as for the PMMA patterns. However, shell
cracking occurred to all the shells with PrimeCast® pattern during the
autoclaving of the pattern, and the shells were irreparable. It was then
decided to redesign the PrimeCast® pattern to adhere to the IC process.
During the redesigning process, EOS, the supplier of the PrimeCast®, was
consulted on how to go about the redesign and what burnout procedure
should be followed for PrimeCast® patterns to be suitable for IC.

The redesign included manufacturing the pattern with a low-laser power
setting and a special burnout process. Eight PrimeCast® patterns were built at
CUT with skin thickness of 1 mm but at different laser power settings. The
laser power settings were 75%, 80%, 85% and 90% of the available 50 W.
Two patterns per laser power setting were produced. The revised pattern
removal process included two stages: autoclaving and a burnout process. The
vents had to be opened before autoclaving to allow for the quick flow of the
pattern out of the shell during autoclaving. The wax that was used for gates
and vents was melted out completely at around 150 "C using a boiler clave at
the CSIR. The surface of the PrimeCast® pattern started to melt but could not
flow out at this temperature. The pressure was then increased to 5 Bar and
the temperature to around 200 C for 2 hours. Most of the pattern material
started to flow out, leaving grey residue on the shell walls, as shown in Figure
3.6(a).

During autoclaving the pattern could flow out of the shell as quickly as
possible through the vents. The shells were then taken to a furnace for
burnout and the temperature was gradually increased until it reached 650 C,
as shown by the temperature profile in Figure 3.7. At this temperature, the
shells were white, which was an indication that all the PrimeCast® material

had burned out completely, as shown in Figure 3.6(b).
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Figure 3.6. (a) Shell with grey pattern residue and (a) white clean shell

after removal from the furnace
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Figure 3.7. Temperature profile used for the burn-out furnace

3.7 Casting process

When the entire pattern residue had been removed from the shells, the shells
were cooled. The burnout process was successfully performed in all three
PMMA patterns and all eight PrimeCast® patterns that the mould making was
done. The vent holes in the shells made by using the PrimeCast® patterns
were patched using high temperature glue. The shells were then preheated to
600 C just before pouring molten metal into them. The clay graphite crucible

used with the furnace was pre-heated while empty in order to minimize the
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temperature gradient across its walls. The crucible was preheated slowly to
200 C for 2 hours to eliminate any moisture. The temperature was gradually
raised to 1100 'C on full power to achieve a uniform bright red condition over
the whole crucible. The temperature was then dropped to 700 "C over 8 hours
before the crucible was fed with aluminium ingots. It was important that the
crucible body temperature was equivalent to or slightly above that of the

molten metal in order to minimise thermal stress.

The aluminium ingots were cleaned before they were placed into the crucible
to avoid contamination of the molten metal or flame due to impurities. They
were loaded into the crucible very loosely at the time until the required
quantity had been melted to avoid the ingots expanding and cracking the
crucible. The temperature of the molten metal was recorded just before it was

poured into the shell cavity, as show in Figure 3.8 below.

| Heating elements
temperature

Molten alloy
temperature

Figure 3.8. The furnace showing the recorded temperature during
melting of aluminium alloy

The liquidus temperature of aluminium A356 is 615 °C, therefore, the
temperature of 670 ‘C was recorded as the pouring temperature for the
molten metal. The oxide layer was removed prior to pouring. During the
pouring, the hot shells were removed one by one from the furnace and then
filled with molten metal as shown in Figure 3.9. The filling was done carefully

so that no air was trapped during filling. After the shells were filled with molten
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metal, they were left to cool in the air. The final step was to clean-up the

castings by removing the shells and grinding off the gates and vents. The

casting process was a success in all shells.

Figure 3.9. (a) Pouring of the molten metal into the shell and (b) the shell

with molten metal left to cool in the air

3.8 Metrology on castings

Four best castings, two produced from PrimeCast® patterns and two from
PMMA patterns, were scanned using the General Electric Phoenix V|Tome|X
L240/ NF180 micro-CT scanner at SU. The castings produced from
PrimeCast® patterns were labelled PC1 and PC2, while those from PMMA
patterns were labelled PMMA1 and PMMA2. The scanning procedure was the
same as outlined in Section 3.4. The samples were imaged using a tube
acceleration voltage of 200 kV and 200 pA current. The measurements
consisted of 3000 X-ray transmission images, taken around a full 360°
rotation and each image exposure time was 600 ms. The micro-CT scanner
settings were the same for all the samples scanned and are illustrated in
Table 3.4 below. The samples were also fixed to the table to ensure that they

would not move during scanning, as shown in Figure 3.10.

Table 3.4. Micro-CT scanner settings

Geometry Detector X-ray
Voxel size 125 ym | Average Voltage 200 kV
Magnification | 1.6 SKip 0 Current 200 A

N
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Detector

Rotational stage

Figure 3.10. Sample positioned on the scanner’s rotational stage

Once the acquisition of the CT scan was completed, CT calibration and
reconstruction algorithms were used to reconstruct the 3D CT volume. In
order to determine the accuracy of the castings produced from the PMMA and
PrimeCast® patterns, scanned images of the castings were compared to the
original CAD models. The actual-to-model comparison was performed by
analyzing the deviation of the measured complex features of the standard part
to the CAD representation. This comparison was sensitive to the sequence of
file, that is, which data was set as model and which was set as actual.
Depending on the geometry of the part, the difference between a reversed
analysis was not just a reversed sign but could have significant differences in

the magnitude of deviations.

The scanned images were acquired by a reconstruction process consisting of
complex algorithms that transform the stack of 2D X-ray images to a 3D
volume model. The data included both internal and external features from the
acquired projections. Surface determination was then performed to identify
the surface of the reconstructed 3D CT model, as shown in Figure 3.11 (a),

and after this step the dimensional analyses on the 3D CT model was done
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using a nominal/actual comparison of Volume Graphics VGStudio Max 3

voxel data analysis and visualization.

In order to make the comparison, the SolidWorks CAD model (Figure 3.11 (b))
and the 3D CT surface-reconstruction model needed to be aligned. The
alignment tool used was an automatic best fit. Once the two models were
aligned, a simple 3D comparison option automatically created a coloured view
showing all the dimensional differences between the two models according to

the colour scale on the left, in mm as shown in Figure 3.11(c).

Figure 3.11. (a) Reconstructed 3D CT model, (b) original CAD model and
(c) comparison of 3D CT image to CAD model
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3.9 Summary

The research methodology that was followed for this study was discussed in
this chapter, including the building of PMMA and PrimeCast® patterns,
metrology on patterns, shell mould making and casting, as well as metrology
on the castings. The metrology on the castings was performed on samples
that were visually inspected to be the best out of all produced castings. Table
3.5 below summarises the number of patterns and castings per process as

illustrated in this chapter.

Table 3.5. Summary of the number of patterns and castings per process

Number of patterns and castings

Process OMMA PrimeCast®
First attempt Redesign plan

Pattern making 4 4 8
Metrology on patterns | 1 1 -
Mould making 3 3 8
Burnout process 3 3 8
Casting process 3 - 8
Metrology on castings | 2 - 2
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Chapter 4: Results and Discussions

4.1 Approach on the presentation of the results

The micro-CT scanning results from the methodology conducted, as
described in Chapter 3, will be presented and discussed in this chapter, as
outlined in Figure 4.1. Comparisons between the scanned images of the
patterns versus the CAD model will be presented for both the PMMA and
PrimeCast® patterns. The dimensional accuracy of each pattern as a whole
will be analyzed in detail and the dimensional accuracy of some features will
be discussed in relation to their locations on the standard part. Furthermore,
the results of the two types of patterns will be compared and their differences
and commonalities will be discussed. The analysis of the results is based on a

tolerance varying from -0.3 mm to 0.3 mm.

For the castings from the two types of sacrificial patterns, the scanned images
were also compared to the CAD models, as was done with the scanned
images of the patterns. The results of the castings will be discussed in almost
the same way as the results of the patterns. Finally, the dimensions of the

castings relative to their corresponding patterns will be discussed.

Overall dimensional PMMA How patterns compare

accuracy of patterns : " relative to one ancther
1 PrimeCast®

Overall dimensional PMMA How castings compare

accuracy of castings =~ | : | relative to one another
PrimeCast®

1

Comparison between
patterns and their
corresponding
castings

Figure 4.1. Layout of Chapter 4
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4.2 Redesigned PrimeCast® pattern

The redesigned patterns had 10 vents, all with a diameter of 10 mm. The
mass of the pattern material flowed out through the vents during the
autoclaving. Thereafter there was little pattern material left and this was
thermally decomposed during the burnout procedure.

The shells that had patterns produced at laser power settings of 75% and
80% had no cracks. There were cracks in the shells that had patterns
produced at laser power settings of 85% and 90% only. The cracks can be
seen on the edges of the surrounding walls of the castings in Figure 4.2.
However, these were just minor cracks and the moulds were recovered by
applying high temperature glue. The high temperature glue was also used to
seal the vents that were opened during dewaxing. The casting process was
carried out on all eight shells, but the metrology was only performed on two
castings that were visually inspected as the best casting, that is, the one

made from a pattern produced at a laser power of 75%.
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Figure 4.2. (a) Cracked shell, (b) high temperature glue applied to the

cracked shell and (c) all the metal alloy shells during solidification

4.3 Overall accuracy of the patterns

It was possible to perform high-dimensional accuracy measurements of the
whole part non-destructively with the micro-CT scanner at SU. The tolerances
were then set to -0.3 mm to 0.3 mm for all the comparison and colours
represent all the dimensional differences between the CAD model and the CT
surfaces. The best-fit range is represented in green while warm colours
(yellow and red) denote the area where the CT scan measurements are larger
than the original CAD model and the cold colour (blue) indicate smaller
measurements. The pink and purple indicate where the part is outside the
parameters set for the analysis.
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4.3.1 CT scan to CAD comparison of PMMA pattern

Figure 4.3 shows the comparison of the CT-scanned PMMA with the CAD
model. The periphery of the PMMA pattern is mostly blue with hints of red.
The pattern indicates blue on the flat surfaces diagonally from the corner with
the cube to the corner next to the half-sphere. This indicates that the pattern
is slightly smaller on the flat surfaces compared to the CAD. Along the other
diagonal, from the corner with the rectangular protrusion to the corner nearer
to the cube, there is predominantly green with traces of red. There are traces
of red especially on the sharp corners and edges. The repeatability with the
many cubes on the part shows poor accuracy, because one cube is
predominantly green while the other is red.
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Figure 4.3. Comparison of the CT PMMA pattern with the CAD model

The two cubes indicate different dimensional accuracy; one cube is
predominantly red with traces of green while the other is predominantly blue
with traces of green. Both cubes are situated at the periphary of the pattern.

© Central University of Technology, Free State



Central University of P 52
: age |

The half-cubes also present different dimensional accuracy depending on
their location on the pattern. The top of the rectangular protrusion is green.
This indicates good dimensional accuracy on the top flat surface. The vertical
inner sides, towards the middle of the part, are predominantly red while the
vertical outer sides, towards the periphery, are blue.

The non-constant sloping profile of the freeform (sinkhole) on the test
geometry is covered with red, green and blue. Although green is more
dominant than the other colours, blue and red are still significant. The top
surface of the freeform (conical) feature is blue, and the constant sloping
profile is green with just dots of reds. The cone was used to check for
constant sloping profile, taper and symmetry. Green, blue and red can be
seen on the surface of the cone, although green appears to be the dominant
colour. The flat surfaces at the centre of the pattern are green and the
pyramid is also green with traces of blue. The hollow cylinder at the centre of
the part is predominantly green on the curve surface with drops of blue but its
top flat surface is blue. In addition, this is also seen on the flat walls, with the

vertical walls green with hints of blue, but the top flat surfaces are blue.

The deviation distributions represent the surface area in mm? against the
deviation in mm. The deviation distribution of all points measured on the
PMMA pattern shows a normal shape that has it peak on the left and tails to

the right, as shown in Figure 4.4.
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Deviation distribution

Deviation [mm]

Figure 4.4. Deviation histogram of the CT-scanned PMMA pattern from
the CAD model

The peak is at -0.10 mm and most of the surface area of the full volume is in
the negative indicating that the produced pattern is generally smaller
compared to the CAD model. From the deviation distribution, green is spread
from -0.12 mm to 0.12 mm showing the highest fraction of about 41% of the

total surface area.

4.3.2 CT scan to CAD comparison of PrimeCast® pattern
Figure 4.5 shows the comparison of the CT-scanned PMMA with the CAD

model.
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Figure 4.5. Comparison of the CT PrimeCast® pattern with the CAD

model

The PrimeCast® pattern is predominantly green and red is seen mostly
towards the centre. The surfaces towards the edges of the full volume on the
top view are blue. Cubes of the pattern indicate good accuracy and
repeatability; the colours on all cubes are almost the same. The walls are
predominantly green with hints of blue. The cubes have only two colours;
green and blue. The cubes show best-fit and smaller measurements. All
corners and edges of the cubes are blue while the flat top surfaces are
predominantly green. The corners and edges of the cubes are also sharp as
are those of the rectangular protrusion. The top of the rectangular protrusion
is predominantly green with touches of blue. The vertical inner sides are
green and the vertical outer sides are fairly green and blue. The corners are
blue showing smaller dimensions. From the literature it was suggested that a
small radius should be applied to the corners and edges as AM technologies
experience challenges in producing sharp corners and edges [7].
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The non-constant sloping profile of the freeform (sinkhole) feature shows
excellent dimensional accuracy; it is predominantly green with a small fraction
of blue followed by red. Red is observed on the top surface of the freeform
(conical) feature and the curved surface is dominated by green with a smaller
portion of blue. The cone revealed good dimensional accuracy with green on
the constant sloping profile. Constant sloping profiles, taper, axial runout,
radial runout and symmetry of the cone are well-replicated from the CAD
model. The sharp point of the cone is blue showing that the AM technology

was not able to replicate the sharp point from the CAD model.

The shape of the deviation distribution of all points measured in the
PrimeCast® pattern complies with a normal distribution with one peak almost
at the centre of the deviation distribution, as shown in Figure 4.6. Green
covers the largest area indicating good dimensional accuracy. Green is
spread from -0.12 mm to 0.12 mm and it represents the highest fraction of the
surface area. Red covers from 0.12 mm to 0.3 mm while blue covers -0.12

mm to -0.3 mm.

Deviation digtribution

Figure 4.6. Deviation histogram of the CT scanned PrimeCast® pattern
from the CAD model
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4.3.3 Comparison of the sacrificial patterns

The cone and the half-sphere from the PrimeCast® pattern are fully covered in
green while that of the PMMA pattern are covered in green with traces of red
and blue. Therefore, the PrimeCast® pattern showed better dimensional
accuracy than the PMMA for these features. The cube situated at the top
corner on to the part orientation is predominantly red on the PMMA pattern
(Figure 4.7a) and predominantly green on the PrimeCast® pattern (Figure
4.7b). The freeform (sinkhole) for both patterns is represented almost the
same, that is predominantly green with traces of red. The inner flat surfaces of
the central features of the PMMA pattern is covered in green while those of
the PrimeCast® pattern are predominantly red with traces of green. The top
surface of the PrimeCast® pattern is hinted with hot colours, that is yellow and
red, while that of the PMMA pattern is hinted with cold colours, that is blue
and purple. In both patterns, the surrounding walls of the patterns are

noticeably covered in purple and blue, as shown in Figure 4.7.

Blue that is mostly seen on the PMMA pattern is well represented in the
deviation distribution in Figure 4.7c. The deviation distribution of PrimeCast®
pattern (Figure 4.7d) is narrower and its peak is closer to the zero, this clearly

shows better dimensional accuracies than the deviation of the PMMA pattern.
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Figure 4.7. Comparison between (a) PMMA and (b) PrimeCast® sacrificial

patterns, (c) deviation histogram of PMMA pattern and (d) deviation

histogram of PrimeCast® pattern
The chart in Figure 4.8 represents the overall comparison between the

sacrificial patterns used in this study. The comparison is based on the relative

surface areas of the patterns under the deviation curves.
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Figure 4.8. Chart of the overall CT results of the PMMA and PrimeCast®

patterns

The overall relative surface area of the PMMA pattern between the
tolerances -0.3 mm to 0.3 mm is 88% and that of PrimeCast® is 92%. The
best fit for the PrimeCast® is 10% better than that of the PMMA, while there is
5% more blue on the PMMA pattern than that of the PrimeCast®. The red for
both patterns is almost the same. The overall dimensional accuracy of both
patterns is represented by green, blue, red and purple. There is no pink in
either of the patterns signifying that there are no measured deviations from
the CAD above 0.3 mm. This clearly indicates that PrimeCast® pattern is
better than the PMMA pattern.

4.4 Overall accuracy of the castings

The micro-CT scanning results of the castings produced from the PrimeCast®
and PMMA patterns were analysed similarly to the technique used with the
patterns. Although two castings were scanned from both the PrimeCast® and
PMMA patterns, only one casting from each pattern is discussed in this
section. In this section, all the analysis was based on the tolerance range of -
1.5 mm to 1.5 mm because above 95% of the total surface area of both

castings was covered with this range. The results from the castings showed
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pink and purple, indicating where the deviations of the parts from the CAD

model were outside the parameters set for the analysis.

The scanning results for the second set of castings are presented in Appendix
G.

4.4.1 CT scan to CAD comparison of casting from the PMMA pattern
Figure 4.9 shows the comparison of the CT-scanned casting from the PMMA
pattern with the CAD model.

Dewviation [mm]
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Figure 4.9. Comparison of the CT-scanned casting from the PMMA
pattern with the CAD model
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The comparison of the central area of the casting with the CAD indicated
significant areas of green with smaller areas of blue and red. Purple and blue
are mostly seen on the periphery of the casting, Green is seen on the top flat
surfaces of the thin walls and flat surface of the rectangular hole and
triangular hole. The cubes, located on the periphery of the casting, are green
with tracess of both red and blue, while the half-cubes are green with hints of
red and they are also situated on the peripheries of the casting. The wedges
are mostly green with hints of red and blue, with the blue seen on the walls
that are facing towards the peripheries of the casting. The sides of the half-
sphere and freeform (conical) that are facing towards the periphery are
predominantly blue.

The features that are at the centre of the casting are predominantly green with
hints of red, while the inner surface of the hollow cyclinder is predominantly
green. The pyramid is significantly green with drops red. The flat surface at
the centre of the casting is predominantly green with traces of red, which is an
indication of deviation around 1.5 mm. The vertical walls of the depression
surrounding the pyramid and the hollow cylinder are predominantly green.
The sides of the freeforms (conical and sinkhole) and cone that are facing the

centre of the casting are predominantly green with hints of red.

Figure 4.10 shows the deviation distribution of the casting from the PMMA
pattern, the X-axis range from -1.5 mm to 1.5 mm. Almost 98% of the total
surface area of the casting was covered in this range. The shape of the
deviation distribution of all points measured in the casting from PMMA pattern
complies with a normal distribution with one peak. Green covers the largest
area indicating good dimensional accuracy. Green is spread from -0.6 mm to
0.6 mm and it represents the highest fraction of the surface area. Blue is
spread from -0.6 mm to 1.5 mm and covers 12% of the total surface area.

Red covers 4% and its spread from 0.6 mm to 1.5 mm.
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Figure 4.10. Deviation histogram of the CT-scanned casting from the

PMMA pattern as compared to the CAD model

4.42 CT scan to CAD comparison of casting from the PrimeCast®

pattern
Figure 4.11 shows the comparison of the CT-scanned casting from the
PrimeCast® pattern with the CAD model. The casting from the PrimeCast®
pattern indicates purple and blue on the surrounding walls of the part, while
mostly green and red on the top flat surfaces. The constant sloping surfaces
of the wedges are green, while the vertical surfaces facing towards the
periphery of the casting are blue. The top flat surface of the rectangular
protrusion is green and the vertical walls are blue. The two cubes have
different dimensional accuracy, as seen from the colours on each cube. The
one cube is green on the top flat surface and predominantly blue on the
vertical surfaces, while the other is green on the top flat surface and
predominantly red on the vertical surfaces. A similar tendency is seen with the

half-cubes.
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Figure 4.11. Comparison of the CT-scanned casting from the PrimeCast®
pattern with the CAD model

The central features are predominantly green, with the flat surface of the
centre depression being green with drops of red and the pyramid being green
with traces of blue. The thin walls are green and the inner surface of the
hollow cylinder is also green with traces of red, while the outer surface is
green with areas of blue. The non-constant sloping profile of the freeform
(conical) is predominantly red on the surface facing the periphery and green

on the surface facing the centre of the part.
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Figure 4.12 shows the deviation distribution of the casting from the
PrimeCast® pattern. The X-axis range from -1.5 mm to 1.5 mm because 98%
of the total surface area was covered in this range. The shape of the deviation
distribution of all points measured in the casting from PrimeCast® pattern
seem to have two peaks, the other at the centre and the other at far left.
Green covers the 64% of the total surface area and it is spread from -0.6 mm
to 0.6 mm representing the highest fraction of the surface area. Blue is spread
from -0.6 mm to 1.5 mm and covers a significant total surface area of 22%.
Red covers the remaining 12% and its spread from 0.6 mm to 1.5 mm.

Deviation distribution

Deviation [mm]

Figure 4.12. Deviation histogram of the CT-scanned casting from the

PrimeCast®pattern as compared to the CAD model

4.4.3 Comparison of the castings from the two types of pattern

The outer walls of both castings are predominantly purple, that is, they are
significantly smaller than -1.5 mm. Towards the part periphery the flat surface
of the casting from the PMMA pattern is covered in red, green and blue, while
that from the PrimeCast® pattern is covered predominantly blue with hints of
purple. The rectangular protrusion on the casting from the PMMA pattern is
fully covered in green, while that from the PrimeCast® pattern is mostly green
on the top flat surface with blue on the vertical surfaces. The inner flat surface

of the central depression of the casting from the PMMA pattern is covered in
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green with hints of red while that of casting from the PrimeCast® pattern

mainly green as show in Figure 4.13.
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Figure 4.13. Comparison between the castings from (a) the PMMA and
(b) the PrimeCast® sacrificial pattern, and (c) deviation histogram of
PMMA pattern and (d) deviation histogram of casting from PrimeCast®

pattern

The surrounding walls of the central depression of the both castings are
predominantly green. The flat top surfaces of the hollow cylinder and the thin
walls are mostly green for castings from PrimeCast® pattern while that from
PMMA pattern are green with traces of blue. The cones on the casting from
PrimeCast® pattern is hinted in blue on the surface facing the periphery and
hinted red on the one facing the centre of the casting. While the cone from
casting from PMMA pattern is predominantly green. The half-spheres on both

castings are relatively green. The half-sphere for both castings are
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predominantly green with traces of blue on the surfaces facing the periphery

of the casting.

The deviation distribution of the casting from PMMA and PrimeCast® pattern
are compared in Figure 4.13 (c) and (d) respectively. The peaks of both
histograms are almost at the centre of the distribution, although the casting
from PrimeCast® pattern has another peak at left. The deviation distribution of
the casting from PMMA pattern has significantly higher green surface area
than that from the PrimeCast® pattern. The blue in the castings from

PrimeCast® pattern is significantly higher than that from PMMA pattern.

The results from the deviation distribution from both castings are represented
in a bar chart Figure 4.14.
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Figure 4.14. Chart of the comparison between the castings from the two

sacrificial patterns

The overall relative surface area of both castings is 98% in the measurement
range (-1.5 mm to 1.5 mm). The significant difference is seen on the area
covered in green, where casting from the PMMA pattern covers about 82% of
the total surface area and casting from the PrimeCast® pattern covers 64%. In

both castings, the area covered in green is followed with the one that is
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covered in blue. Casting from the PMMA pattern covers 12% and that from
PrimeCast® pattern covers 22% of the total surface area. The area covered in
red is significantly smaller for both castings, this is to say there was no extra

metal on the castings.

4.5 Comparison between patterns and castings

A summary of the statistical comparison between the patterns and their
corresponding castings, as related to the dimensions of the CAD model, is
tabulated in Table 4.1. The statistical comparison was done with the tolerance

range of -0.3 mm to 0.3 mm for both patterns and castings.

Table 4.1. Comparison between the patterns and their corresponding
castings, both related to the CAD model

o Patterns Castings
Statistics : - i -
PMMA PrimeCast PMMA PrimeCast

Mean deviation from

-0.04 -0.03 -0.02 -0.01
the CAD (mm)
Standard deviation

0.15 0.14 0.17 0.15
(mm)
Percentage within
measurement range 87.65 92.47 51.82 44.67
(%)

The relative surface areas of the castings complying with the CAD are
generally less as compared to their corresponding patterns for the tolerance
range from -0.3 mm to 0.3 mm. The casting from the PMMA pattern is 35.83%
less accurate than the relative surface area of its corresponding pattern, while
the casting from the PrimeCast® pattern is 47.67% less accurate than the
relative surface area of the corresponding pattern. In both cases, the mean
deviations of the castings from the CAD are smaller than those of their

corresponding patterns.
For direct comparison, the results of the PMMA pattern and its corresponding

casting are represented side by side in Figure 4.15. The range of deviation

distribution of the casting was changed to -0.3 mm to 0.3 mm so that the
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range (on the X-axis) can be the same for both pattern and casting for ease of
analysis. Therefore, this resulted in a different casting results than the ones in

section 4.4.1 and 4.4.2 above.

Figure 4.15. (a) PMMA pattern, (b) casting from the PMMA pattern, (c)

deviation histogram of PMMA pattern and (d) deviation histogram of

casting from PMMA pattern

The peripheries of the PMMA casting are mainly covered in purple, while that
of pattern is covered in different colours. The cube on the right and the
rectangular protrusion of the PMMA casting are fully covered in purple, while
that of the pattern are both covered in green and blue. The freeform (sinkhole)
had hints of red on its surface on the pattern, but for the PMMA casting, most
of the surface is red and pink with smaller green areas. The rectangular
protrusion of the casting is fully covered in purple while that of pattern is green
on the top flat surface with hint of purple on the vertical surfaces. The inner

flat surface at the centre of the casting is covered in pink, while that of the
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pattern is predominantly green with hints of red. The top flat surfaces of the
thin flat walls of the casting are largely green with hints of purple while that of
the pattern are fully covered in purple. The pyramid from both pattern and
casting has almost the same dimensions because the colours covering it are

almost the same.

The shape of the deviation distribution from this range of points on the casting
from the PMMA pattern is almost flat, as shown in Figure 4.15d. Green is
spread from -0.12 mm to 0.12 mm showing the highest fraction of the total

area of the casting.

Figure 4.16 shows the results of the PrimeCast® pattern and its corresponding

casting.

Figure 4.16. (a) PrimeCast® pattern, (b) casting from PrimeCast® pattern,

(c) deviation histogram of PrimeCast® pattern and (d) deviation

histogram of casting from PrimeCast® pattern
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The cone on the PrimeCast® pattern is covered fully in green while that of the
casting is covered in pink and purple and so is the half-sphere. The
surrounding walls of pattern are covered in blue with hint of green while that of
the casting is fully covered in purple. The flat surface of the hollow cylinder
was covered in red with a hint of green on the pattern but on the casting, it
was predominantly green. The top flat surface of the rectangular protrusion of
both pattern and casting is covered in green. The pyramid and half-cube next
to the wedges of both the pattern and casting have almost the same
dimension as the colours covering them are almost the same on all surfaces.
The inner flat surface at the centre of the casting is covered in pink while that

of pattern is primarily red with a hint of green.

Purple is mostly seen on the features of the casting which had a hint of blue
on the pattern, and pink is seen on the features of the casting that were hinted
in red on the pattern. The shape of the deviation distribution from this range of
points on the casting from the PrimeCast® pattern complies with a normal
distribution, with the peak at the centre of the deviation range, as shown in
Figure 4.16.

4.6 Casting defects

Another factor that influenced the dimensional accuracy of the casting results
was the presence of casting defects, as shown in Figure 4.17. The
geometrical results showed casting defects that could be associated with
bubbles, which might have been entrapped in the pattern wall by the primary
slurry during mould making. As shown in Figure 4.17a, they appear as small,
smooth spherical- or oval-shaped excess metal on the casting. There are
noticeable irregularly shaped masses on the casting represented in pink on

the 3D view.
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Figure 4.17. Casting defects on a casting: (a) 3D view (a) and (b)

sectional view

On the surface of the cast part, there were round smooth-walled cavities of
varying diameter that exhibited slightly oxidized surfaces. These were the
result of gas entrapment: during casting, turbulent flow mixes the air that is
exiting the mould with the metal that is entering. These bubbles float to the

surface of the metal but are trapped by the solidifying metal [86].

There was shrinkage in the gate, which appears as an opening from the
outside to the inside at the place where the gating was attached to the pattern
and is presented in purple, as seen on the sectional view in Figure 4.17b. This
is due to the molten alloy shrinking as it solidifies and inadequate feeding of
the metal from the gating system to prevent a cavity from forming.

Visual inspection revealed there was excess metal on the slot towards the
centre of the cast part. This appeared as an irregularly shaped mass attached
to the casting. It might have been due to failing of thin or weak areas of the
shell during dewaxing or casting, allowing metal to leak into the void in the

shell.

© Central University of Technology, Free State



Central University of P 7 1
: age |

Chapter 5: Conclusions and Future work

5.1 Conclusions

In this study, comparisons were done between the CAD design and the
patterns built from two different AM technologies, namely laser sintering of
PrimeCast® material and binder jetting of PMMA. From the pattern results it
can be concluded that both technologies were able to produce the selected
test part within acceptable tolerances, but it was also clear that they did not
achieve the same accuracy. Based on the pattern results, the PrimeCast®
pattern performed slightly better than the PMMA pattern in terms of accuracy
compared to the CAD model. For both patterns, the outer walls of the patterns
had slightly smaller dimensions than the CAD model. Patterns produced from
both AM technologies offers an effective tool-less solution for IC patterns as

opposed to wax patterns.

As other authors discovered, in this study it was also found that in IC using
AM patterns, a special method is still required to remove a pattern from the
mould cavity. Shell cracking was experienced with the initial PrimeCast®
patterns and a redesign method had to be established to avoid this. With the
modified designs there was no shell cracking during the burnout process with
the laser power settings of the laser sintering machine at 75% and 80% of full
power. The PrimeCast® patterns that were built with laser power of 85% to
90% caused shell cracking during the burnout process. There was no shell

cracking experienced with the PMMA pattern.

In this study, the use of the PrimeCast® and PMMA materials as sacrificial
patterns for the IC process has been validated: Aluminium A356 was
successfully cast from the two types of sacrificial patterns. PrimeCast®
patterns need more care during mould making and the burnout process
compared to PMMA patterns. The need for removal of vents from castings
produced from PrimeCast® patterns through grinding may impact negatively

on the accuracy of these castings.
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Castings from PMMA patterns show less differences in dimensional deviation
compared to castings from PrimeCast® patterns. Like patterns, the castings
still indicate small dimensions on the surrounding walls. As seen from the
results there were no feature with sharp corners and edges that was
replicated well on the final casting. AM patterns are built in layer upon layer,
which means the build layer edges may be reproduced in the casting surface
(staircase effect) and should not be misinterpreted as casting defects during

inspection process.

It is clear from the results obtained that for castings produced from
PrimeCast® and PMMA patterns, typical deviations of +1.5 mm on average
can be expected. The standard part used for this study had sharp edges and
corners. From visual inspection of the built AM patterns it was evident that the
sharp edges and corners were not well-replicated, which confirmed that this
remains a challenge for these AM technologies. Small triangular holes and
cross-shaped holes were also not copied well from the CAD model to the AM

part.

From the results of this study, a general statement on which type of pattern
produced the best casting is not possible. For simpler shapes, both
technologies provide rather good results as evidenced by cubes, rectangular
protrusions and pyramid. However, for complex shapes such as thin walls,
freeforms (sinkhole and conical) and cones both technologies did not perform
quite well, somewhat PrimeCast® better than PMMA. Each pattern type had
its advantages and limitations, which will influence selection of a specific

technology depending on the end user’s application.
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5.2 Recommendations for future work

Future studies should aim at improving the dimensional accuracy of the two

patterns by optimising the process parameters with regard to the following:

Orientation of the part in the AM machine (0°, 45°, 90°);
Compensation for shrinkage of the part during building;

The temperature and build speed during the building process;
Layer thickness;

Wax infiltration.
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Appendix B: Pattern results

PMMA results

Full volume

The full volume analysis of the PMMA pattern indicates blue on the flat
surfaces, both in the top and bottom view, as shown in Figure B. 1.

Deviation [mm]

Figure B. 1. Full volume: (a) Deviation distribution, (b) front view and (c)
bottom view

This indicates that the pattern is slightly smaller on the flat surfaces of the full

volume compared to the CAD. There are traces of red, especially on the
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sharp corners and edges. The repeatability with the many cubes on the part
shows bad accuracy because one cube is predominantly green while the
other is red. The outside of the full volume is mostly blue with hints of red. The
deviation distribution of all points measured in the full volume shows a normal
shape that has it peak on the left and tails to the right. The peak is at -0.10
mm and most surfaces area of the full volume is in the negative, indicating

that the produced pattern is generally smaller compared to the CAD.

Freeform (sinkhole)

The non-constant sloping profile of the freeform (sinkhole) on the test
geometry is covered with red, green and blue; these colours are seen in both
top and bottom views in Figure B. 2. Although green is more dominant than
other colours, blue is still significant. From the deviation distribution, green is
distributed from -0.15 mm to 0.1 mm. The deviation distribution shape has two

peaks towards left and right, but the centre still has significant surface area.

Deviation distri (a)

Deviaticn [mm]
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Figure B. 2. Freeform (sinkhole): (a) Deviation distribution, (b) front view
and (c) bottom view

Rectangular protrusion

In Figure B. 3, the top of the rectangular protrusion is green; this indicates
good dimensional accuracy on the flat surface. Vertical inner sides are
prominently red while the vertical outer sides are blue. The deviation
distribution has the highest peak at the centre of the distribution, with other
peaks on the left and right of the distribution are evident. Green is in the range
-0.15 mm to 1.0 mm in the distribution and this has the highest fraction of the

total surface area, indicating a general good fit.
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Figure B. 3. Rectangular protrusion: (a) Deviation distribution, (b) top
right view and (c) top left view

Freeform (Conical)

The top surface of the freeform (conical) feature is blue, and the constant
sloping profile is green with just dots of reds, as shown in Figure B. 4. The
deviation distribution is skewed to the right and the peak is slightly off centre
towards the left (-0.1 mm) while the tail stretches to the right. From the
deviation distribution, green is spread from -0.15 mm to 0.15 mm showing the
highest fraction of the total surface area.
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Figure B. 4. Freeform (Conical): (a) Deviation distribution, (b) top right
view and (c) top left view

Cone

The cone was used to check for constant sloping profile, taper and symmetry.
Green, blue and red can be seen on the surface of the cone, although green
appears to be the dominant colour. From the deviation distribution in Figure B.
5, the shape has two peaks, with a significant surface area at the centre of the
distribution.
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Figure B. 5. Cone: (a) Deviation distribution, (b) top right view and (c) top
view

Cube

Figure B. 6 shows the deviation colour from a cube; both views are almost
covered with blue and red. There is green on the top surface but it is
insignificant. This is well-demonstrated in the deviation distribution that
indicates two peaks on the right and left. From the deviation distribution,
green is spread from -0.1 mm to 0.1 mm, showing the smallest fraction of the

total surface area.
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Figure B. 6. Cube: (a) Deviation distribution, (b) top right view and top (c)
left view

PrimeCast® results

Full volume

The full volume comparison of the PrimeCast® pattern is predominantly green.
Red is seen mostly towards the centre in the top view, while the bottom view
shows blue at the centre. The surfaces towards the edges of the full volume in
the top view are blue and in the bottom view are red. The top and bottom
views show the opposite colours, that is to say, where it is blue at the top, it is
red at the bottom, or vice versa, as seen in Figure B. 7. Cubes on the full
volume indicate good accuracy and repeatability; the colours on all cubes are
almost the same. The surrounding walls are predominantly green with hints of
blue. The deviation distribution has a peak at the left and tails to the right.
However, the peak is more towards the centre, that is at -0.05 mm. There is a

small fraction of red that is distributed from 0.15 mm to 0.30 mm.
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Figure B. 7. Full volume: (a) Deviation distribution, (b) front view and (c)
bottom view

Freeform (sinkhole)

The non-constant sloping profile of the freeform (sinkhole) feature is
predominantly green with a small fraction of blue followed by red. This shows
excellent dimensional accuracy, as shown in Figure B. 8. The shape of the
deviation distribution complies with a normal distribution with one peak and
forms an approximate mirror image with respect to distribution. Green covers

the largest area, indicating good dimensional accuracy.
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Figure B. 8. Freeform (sinkhole): (a) Deviation distribution, (b) front view
and (c) bottom view

Rectangular protrusion

The top of the rectangular protrusion is predominantly green with touches of
blue. The vertical inner sides are green and the vertical outer sides are fairly
green and blue, as shown in Figure B. 9. The corners are blue, showing a
small dimension. From the literature it was suggested that small radii should
be made on the corners and edges as AM technologies experience
challenges in producing sharp corners and edges. The deviation distribution
shows many peaks that are not symmetrical. Green is spread from -0.15 mm
to 0.1 mm and it covers the highest fraction of the surface area.
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Figure B. 9. Rectangular protrusion: (a) Deviation distribution, (b) top
right view and (c) top left view

Freeform (Conical)

Red is observed on the top surface of the freeform (conical) feature and the
curved surface is dominated by green with a small portion of blue, as shown
in Figure B. 10. The deviation distribution has two peaks and the shape is
skewed to the right with a clear mode around -0.2 mm. In addition, it has
another smaller peak around 0.05 mm. Red covers the smallest fraction of the

surface area and is distributed from 0.2 mm to 0.30 mm.
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Figure B. 10. Freeform (Conical): (a) Deviation distribution, (b) top right
view and (c) top left view

Cone

In Figure B. 11, the cone showed good dimensional accuracy with green in
the constant sloping profile. Constant sloping profiles, taper, axial runout,
radial runout and symmetry of the cone are well-replicated from the CAD
model. The sharp edge of the cone is blue showing that the AM technology
was not able to manufacture the sharp edge from the CAD model. The
deviation distribution has a bell-shaped curve with a centre that much of the
surface area clusters around. Symmetry is also seen from the deviation
distribution.
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Figure B. 11. Cone: (a) Deviation distribution, (b) top right view and (c)
top view

Cube

The cube has only two colours: green and blue. The cube shows best fit and
smaller measurements, as shown in Figure B. 12. All corners and edges of
the cube are blue while the flat surfaces are dominantly green. The corners
and edges of the cubes were also sharp, as discussed earlier, with

rectangular protrusion. The deviation distribution has multiple peaks with the

right tail spreading up to 0.1 mm.
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Figure B. 12. Cube: (a) Deviation distribution, (b) top right view and (c)
top left view
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Comparison of PMMA and PrimeCast® patterns results

Figure B. 13 indicates the comparison between the two patterns. Top surfaces
of both patterns are observed to have different colours. With PMMA, blue is
prominent on most flat surfaces and green on the non-constant sloping
profiles, such as the freeform (conical) feature. Most of the features on the
diagonal of the PMMA pattern are blue. The PrimeCast® pattern is mostly
green on flat surfaces with some traces of red, which is concentrated at the

centre of the full volume. The far end, towards the corners of the part, is blue.

Figure B. 13. Comparison of PrimeCast® and PMMA 3D CT images to
CAD model (top view)

Figure B. 14 shows the bottom view of the features of the patterns. The centre
of the PMMA pattern is hinted with blue while red is seen on the surrounding
walls. The centre of the PrimeCast® pattern is seen with drops of blue, but red

on the far end of the pattern towards the corners.
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Figure B. 14. Comparison of PrimeCast® and PMMA 3D CT images to
CAD model (Bottom view)

Specific features of each of the PrimeCast® and PMMA patterns were

analysed and the results were tabulated in Table B. 1 below.

Table B. 1. Comparison of different features of Primecast® and PMMA

sacrificial patterns, from the tolerance range -0.3 mm to 0.3 mm

Feature Statistics PMMA PrimeCast®

Mean (mm) -0.13 -0.09

Standard deviation (mm) 0.18 0.07
Cube

Percentage (%) 82.02 99.82

Mean (mm) -0.05 -0.04
Freeform Standard deviation (mm) 0.10 0.14
(Conical) Percentage (%) 98.57 99.10

Mean (mm) -0.02 -0.04

Standard deviation (mm) 0.15 0.07
Cone

Percentage (%) 94.86 99.99

Mean (mm) 0.06 -0.04
Rectangular Standard deviation (mm) 0.19 0.11
protrusion

Percentage (%) 87.65 83.17
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Mean (mm) 0.03 0.02
Freeform Standard deviation (mm) 0.16 0.10
(Sinkhole)
Percentage (%) 94.18 99.71
Mean (mm) -0.03 -0.03
Standard deviation (mm) 0.16 0.14
Full volume
Percentage (%) 90.15 92.53

On the PrimeCast® pattern, features such as the cone and freeform (sinkhole)

have a good percentage based on the tolerances range specified, while

features such as the freeform (conical) and rectangular protrusion have an

average percentage. The PMMA pattern presents good percentages on the

freeform (conical) feature, while the freeform (sinkhole) and cone have

average percentages.
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Results of the casting from PMMA sacrificial pattern

Full volume

The minimum and maximum deviations were found to be -7.8 mm and 5.37
mm respectively. These deviations can be attributed to casting defects, such
as a hole that was found where the gating was attached to the pattern. This
can be seen in Figure C. 1 in the top view and inclusions due to bubbles that
might have formed during mould making. For the analysis, the tolerances

were therefore set at -1.5 mm to 1.5 mm for all the results for full volume.

SUSEY®

Figure C. 1. Full volume
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Figure C. 1 shows top, right, front and 3D views of the full volume of the
casting from the PMMA pattern. The scan comparison indicated
predominantly green with small areas of blue and red. Blue is mostly seen on
the corners of the full volume. The deviation distribution has a bell shape with
the peak at the centre of the distribution. Green is distributed from -0.6 mm to
0.6 mm with 82.97% of the surface area. Blue is distributed on the left from —
1.5 mm to 0.6 mm covering around 12.71% of the total area, while red covers
only 4.34% and is distributed on the right from 0.6 mm to 1.5 mm.

Rectangular protrusion

Minimum and maximum deviation on the rectangular protrusion was found to
be -0.78 mm and 1.47 mm, respectively. In Figure C. 2, the section views of
the top, right, front as well as the 3D view are shown. The rectangular
protrusion is blue on the flat surface, as seen on the 3D view, and
predominantly green on the vertical inner surfaces. The outer vertical surfaces
are blue with hints of red on the inner corner. The deviation distribution has
four peaks and the two largest are on the left of the distribution. Green is
distributed from -0.3 mm to 1.00 mm covering 35.70% of the total surface
area. Blue covers 63.81% and ranges from -0.78 mm to -0.3 mm, while red

covers the smallest area (0.5%) and distributed from 1.00 mm to 1.47 mm.
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Figure C. 2. Rectangular protrusion

Cone

The constantly sloping profile, taper, axial runout, radial runout and symmetry
of the cone are well-replicated. The minimum and the maximum deviation of
the cone was found to be -1.04 mm and 1.50 mm, respectively. Top and right
section view in Figure C. 3 shows blue and red on the vertex of the cone.
Hints of blue can also be seen both on the inner and outer surfaces of the

constantly sloping profile. The deviation distribution shows a comb shape that
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has many different peaks, with the highest peak on the left of the distribution.
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Green covers the biggest surface area (61.23%) and is distributed from -0.1
mm to 1.00 mm. Blue is distributed from -1.04 mm to -0.1 mm with 38.23% of
the surface area, while red covers the remaining 0.12% and ranges from 1.00

mm to 1.5 mm on the distribution.
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Deviation distribution

Deviation [mm]

Figure C. 3. Cone
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Cube

The cube on the test geometry was used to measure straightness. The top
surface was green while the vertical surfaces were blue and red on opposite
sides, as shown in both top and front section view in Figure C. 4. Minimum
and maximum deviations were -0.63 mm and 0.45 mm respectively. The
deviation distribution has different peaks with the highest peak on the right of
the distribution. Green covers the smallest fraction of the surface area
(25.36%) and is distributed from -0.3 mm to 0.25 mm, 41.45% is covered with
blue and is distributed from -0.63 mm to 0.3 mm while red covers 33.89% and

ranges from 0.25 mm to 0.45 mm on the distribution.

Figure C. 4. Cube
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Freeform (conical)

Non-constant sloping profile axial runout, radial runout and symmetry were
well-represented on the conical freeform feature, as it can be seen to be
predominantly green. Red and blue are seen on the vertex of the conical
freeform, as shown in the top and right section view in Figure C. 5. Traces of
red can also be seen on the non-constantly sloping profile, and a hole, due to
casting defects, is seen on the right section view. Minimum and maximum
deviation was -1.48 mm and 0.95 mm, respectively. The deviation distribution
shows a bell-like shape, with the peak at the centre of the distribution. Green
covers the biggest fraction of the surface area, that is 96.94%, and is
distributed from -0.8 mm to 0.4 mm on the distribution. Red and blue shares
the remaining small fraction of the surface area, 2.78% and 0.33%,

respectively.
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Deviation diatribution

Deviation [mm]

Figure C. 5. Freeform (conical)

Freeform (sinkhole)

Minimum and maximum deviation for the freeform sinkhole feature was -0.87
mm and 1.75 mm, respectively. The non-constant sloping profile is covered in
green with hints of blue, as seen on the 3D view in Figure C. 6. below. A trace
of red can be seen on the inside of the non-constant sloping feature, as
indicated in the top, right and front section views. The deviation distribution

has different peaks that are clustered towards the centre of the distribution.
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Green is predominant with 70.56%, distributed from -0.4 mm to 0.3 mm, blue
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covers around 16.89%, ranging from -0.87 mm to -0.4 mm, while red covers

12.70%, and is spread from 0.3 mm to 0.75 mm on the distribution.

iSTw UOSIREN s -~ =6

Devintion distribution

Deviation [mm]
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Figure C. 6. Freeform (sinkhole)
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Results of casting from a PrimeCast® sacrificial pattern
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Full volume

The full volume of casting from the PrimeCast® sacrificial pattern still has
outliers with minimum and maximum deviation as -2.65 mm and 2.00 mm,
respectively. As discussed in the previous section, these outliers were casting
defects caused by entrapped air during mould making. The tolerance was
then set from -1.5 mm to 1.5 mm, the full volume of casting from PrimeCast®
pattern was covered with green with small areas of red and blue. The sliced
and 3D views of the full volume are shown in Figure C. 7. From the top view it
can be seen that the outermost area of the surrounding walls are blue. The
deviation distribution has two peaks; the highest peak at the centre and the
other peak at the left of the distribution. Green covers 63.72% of the surface
area and is spread from -0.6 mm to 0.6 mm. Blue covers 22.27%, and is
distributed from -1.5 mm and -0.6 mm, and finally, red covers the remaining

12.82%, and is dispersed from 0.6 mm to 1.5 mm of the distribution.
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distribution

Devigtion [mm]

Figure C. 7. Full volume

Rectangular protrusion

Minimum and maximum deviation of the rectangular protrusion was found to
be -1.46 mm and 1.44 mm, respectively. This deviation is higher than was
found in the PMMA results. In Figure C. 8, the section views of the top, right,
front as well as the 3D view are shown. The rectangular protrusion is

predominantly green with traces of blue and red. Green is mostly observed on
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the flat horizontal surfaces of the rectangular protrusion while red and blue are
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on the vertical surfaces. The deviation distribution has many peaks with the
largest on the centre of the distribution.

Green is distributed from -0.70 mm to 0.70 mm, covering 58.15% of the total
surface area. Blue covers 30.32% and ranges from -1.46 mm to -0.7 mm,
while red covers the smallest area (11.54%) and it is distributed from 0.8 mm
to 1.44 mm. Although the rectangular protrusion from the PrimeCast® has a
wide range of deviation, green covers a more significant fraction compared to
that of the PMMA pattern.
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Figure C. 8. Rectangular protrusion

Cone

The minimum and the maximum deviation of the cone was found to be -1.20
mm and 1.30 mm, respectively. Green is predominant on the outer surface of
the constant sloping profile, as seen on the 3D view in Figure C. 9. Top and
right section views display traces of blue and red on the inner and outer

surfaces of the constantly sloping profile. The deviation distribution shows
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many different peaks, with the highest peak on the right of the distribution.
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Green covers the biggest surface area (59.98%) and is distributed from -0.60
mm to 0.65 mm. Blue is distributed from -1.20 mm to -0.60 mm with 30.11%
of the surface area, while red covers the remaining 10.34% and ranges from

0.65 mm to 1.30 mm on the distribution.

Deviation distribation

Figure C. 9. Cone
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Cube

The straightness on the top surface of the cube was well-represented with
green, as seen in Figure C. 10, and the vertical surfaces were blue and red on
opposite sides, as shown in both top and front section views. Minimum and
maximum deviations were -1.62 mm and 1.29 mm, respectively. The deviation
distribution has different peaks, two on both the left and right and one in the
centre. Green covers 29.10% of the surface area and is distributed from -0.75
mm to 0.60 mm, 29.21% is covered in blue and spread from -1.62 mm to
-0.75 mm. The largest area (41.72%) is enclosed in red and is distributed from

0.6 mm to 1.29 mm.
The cube of the casting from the PrimeCast® pattern has a higher deviation

distribution when compared to the casting from PMMA pattern, but with a

better accuracy looking at the percentage covered by green.
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Figure C. 10. Cube
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Freeform (conical)

Minimum and maximum deviation of the freeform (conical) was -1.01 mm and
1.14 mm respectively. From Figure C. 11, it can be seen that green dominates
on the surface of the non-constantly sloping profile with traces of blue in the
outer surface and red in the inner surface. The deviation distribution shows an
irregular shape with the highest peak at the centre of the distribution. Green
covers 71.76% of the surface area and is spread from -0.6 mm to 0.6 mm,
while blue covers 19.69% with the range from -1.01 mm to -0.6 mm, and

finally, red covers 9.00% and is distributed from 0.60 mm to 1.14 mm.

Figure C. 11. Freeform (conical)
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Freeform (sinkhole)

The minimum and maximum deviation for the freeform (sinkhole) was -1.51
mm and 1.46 mm, respectively. The non-constant sloping profile is covered in
green with hints of blue, as seen on the 3D view in Figure C. 12. below. A
trace of red is seen on the inside of the non-constant slope, as indicated in the
top, right and front section views. The deviation distribution has different
peaks that are clustered towards the centre of the distribution. Green is
dominant with 66.60%, and is distributed from -0.60 mm to 0.80 mm. Blue
covers around 24.63% and ranges from -1.51 mm to -0.6 mm, while red

covers 8.92%, and is spread from 0.80 mm to 1.46 mm on the distribution.

Figure C. 12. Freeform (sinkhole)
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Comparison of castings from PMMA and PrimeCast® patterns

results

An analysis was done on five selected features from each casting, which were
cube, rectangular protrusion, cone, freeform (conical) and freeform (sinkhole),
as well as for the full volume of a casting. The analysis results for these
features are tabulated in Table C. 1, which also gives the minimum and

maximum deviation, the mean and the standard deviation.

Table C. 1. Analysis from five selected feature of the castings

Full volume

Castings | Left (mm) | Right (mm) | Mean (mm) | Deviation (mm)

PMMA1 -1.50 1.50 -0.14 0.45
PMMA?2 -1.50 1.50 -0.11 0.40
PC1 -1.50 1.50 -0.14 0.65
PC2 -1.50 1.50 -0.11 0.67

Cube
PMMA1 -0.75 0.53 -0.15 0.45
PMMA2 -0.63 0.45 -0.11 0.34
PC1 -1.62 1.29 -0.01 0.98
PC2 -1.77 1.54 -0.02 1.12
Rectangular protrusion
PMMA1 -1.76 1.63 -0.63 0.69
PMMA2 -0.78 1.47 -0.21 0.46
PC1 -1.46 1.44 -0.13 0.71
PC2 -1.46 1.38 -0.15 0.65
Cone
PMMA1 -1.39 1.21 0.02 0.41
PMMA2 -1.04 1.50 0.04 0.29
PC1 -1.20 1.30 -0.12 0.64
PC2 -1.48 1.98 -0.07 0.79
Freeform (conical)
PMMA1 -1.49 1.03 -0.15 0.34
PMMA2 -1.48 0.98 -0.04 0.25
PC1 -1.01 1.14 -0.15 0.47
PC2 -1.47 1.22 -0.11 0.52
Freeform (sinkhole)

PMMA1 -1.44 0.98 -0.04 0.40
PMMA2 -0.87 0.75 -0.08 0.33
PC1 -1.51 1.46 -0.12 0.66
PC2 -1.49 1.64 -0.01 0.71
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When the tolerances were set at -1.5 mm to 1.5 mm for full volume, the
surface area within this range of PMMAl1 and PMMA2 was 99.21% and
98.77%, respectively. The similar surface area for PC1 and PC2 was 98.62%
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and 97.85%, respectively. The mean deviation value for PMMAL and PC1 is
the same (-0.14) and similarly, the mean deviation value for PMMA2 and PC2
(-0.11). However, their standard deviations are different. The standard
deviation of PMMA1 and PMMAZ2 are smaller than that of PC1 and PC2. This
means that PC1 and PC2 have more variability than PMMA1 and PMMAZ2,
respectively. PMMA2 has the smallest standard deviation: its data values are
most concentrated around the mean. With the cube, the tolerances range of
the castings from the PMMA patterns was smaller compared to that of the
PrimeCast® patterns.
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Appendix D: Dimensional accuracy of individual

features on the patterns

Cube 1 Rectangular hole
Freeform (conical) Wedges 1
Half-cube 1 Half-cube 2
Cone Pyramid
Cube 2 Rectangular
’ protrusion
Freeform 5 Cylindrical
(sinkhole) 3 : hole
Flat thin v | Flat thin
wall 1 wall 2
Wedges 2
Triangular
hole Half-sphere

Figure D. 1: Features on the standard part labelled for measurements

PMMA

Table D. 1. Dimensional accuracy of each feature on the standard part

Feature Dimensions _
CAD PMMA Difference
X-axis 8.42 mm 8.46 mm 0.04 mm
Cube 1 Y-axis 8.42 mm 8.56 mm 0.14 mm
Z-axis 8.42 mm 8.36 mm | -0.06 mm
X-axis 8.42 mm 8.24mm | -0.18 mm
Cube 2 Y-axis 8.42 mm 8.19mm | -0.24 mm
Z-axis 8.42 mm 8.38mm | -0.04 mm
X-axis 8.42 mm 8.65 mm 0.23 mm
Half-cube 1 Y-axis 8.42 mm 8.49 mm 0.07 mm
Z-axis 4.21 mm 401l mm | -0.20 mm
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X-axis 8.42 mm 8.39 mm -0.03 mm

Half-cube 2 Y-axis 8.42 mm 8.32mm | -0.10 mm
Z-axis 4.21 mm 3.89 mm -0.32 mm

Rectangular X-ax?s 25.25 mm 25.88 mm 0.63 mm
protrusion Y-ax_ls 25.25 mm 25.55 mm 0.30 mm
Z-axis 8.42 mm 8.18 mm -0.24 mm

X-axis 16.20 mm 16.04mm -0.16 mm

Pyramid Y-axis 12.40 mm 12.68 mm 0.28 mm
Z-axis 23.30 mm 22.88 mm -0.42 mm

Half-sphere %] _ 33.70 mm 33.35mm | -0.35mm
Thickness 3.30 mm 3.22 mm -0.08 mm

Cone %] _ 25.30 mm 25.48 mm 0.18 mm
Z-axis 28.35 mm 28.30 mm -0.05 mm

Freeform 1) 36.00 mm 35.77mm | -0.23 mm
(conical) Z-axis 27.65.mm 27.52mm | -0.13 mm
Freeform 1) 37.00 mm 37.84 mm | -0.84 mm
(sinkhole) Z-axis 20.30 mm 20.03mm | -0.17 mm
X-axis 19.22 mm 19.12 mm -0.10 mm

Wedges 1 Y-axis 25.25 mm 25.28 mm 0.03 mm
Angle 74.95° 74.82° -0.13°

X-axis 25.25 mm 25.16 mm | -0.09 mm

Wedges 2 Y-axis 15.50 mm 1527 mm | -0.23 mm
Angle 74.95° 74.63° -0.32°

Rectangular X-ax?s 25.25 mm 25.58 mm 0.33 mm
hole Y-ax!s 25.25 mm 25.37 mm 0.12 mm
Z-axis 4.20 mm 411 mm -0.09 mm

N Dinner 21.00 mm 21.19 mm 0.19 mm
ﬁz'l'lgw'g;'ir?géer/ Bouer 2040mm | 2922 mm| -0.18 mm
Z-axis 29.45 mm 29.68 mm 0.23 mm

X-axis 8.40 mm 8.27mm | -0.13 mm

Triangular hole | Y-axis 12.60 mm 1247 mm | -0.13 mm
Z-axis 5.60 mm 5.78 mm 0.18 mm

X-axis 4,20 mm 4.42 mm 0.22 mm

Flat thin wall 1 Y-axis 36.30 mm 36.57 mm 0.27 mm
Z-axis 29.45 mm 29.38 mm | -0.07 mm

X-axis 2.50 mm 2.37mm | -0.13 mm

Flat thin wall 2 Y-axis 36.45 mm 36.42 mm | -0.03 mm
Z-axis 29.45 mm 29.67 mm 0.22 mm

X-axis 151.50 mm | 151.05 mm -0.45 mm

Square base Y-axis 151.50 mm | 151.23mm | -0.27 mm
Z-axis 29.46 mm 29.41 mm | -0.05mm
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Table D. 2. Dimensional accuracy of each feature on the standard part

Feature Dime”5i0“5® -
CAD PrimeCast™ | Difference
X-axis 8.42 mm 8.33 mm -0.09 mm
Cube 1 Y-axis 8.42 mm 8.60 mm 0.18 mm
Z-axis 8.42 mm 8.39 mm -0.03 mm
X-axis 8.42 mm 8.30 mm -0.12 mm
Cube 2 Y-axis 8.42 mm 8.18 mm -0.25 mm
Z-axis 8.42 mm 8.37 mm -0.05 mm
X-axis 8.42 mm 8.65 mm 0.23 mm
Half-cube 1 Y-axis 8.42 mm 8.59 mm 0.17 mm
Z-axis 4.21 mm 3.84 mm -0.37 mm
X-axis 8.42 mm 8.39 mm -0.03 mm
Half-cube 2 Y-axis 8.42 mm 8.22 mm -0.20 mm
Z-axis 4.21 mm 3.92 mm -0.29 mm
Rectangular X-ax?s 25.25 mm 24.98 mm -0.27 mm
protrusion Y-ax.|s 25.25 mm 24.95 mm -0.30 mm
Z-axis 8.42 mm 8.33 mm -0.09 mm
X-axis 16.50 mm 16.68 mm 0.18 mm
Pyramid Y-axis 12.36 mm 12.58 mm 0.22 mm
Z-axis 23.30 mm 23.49 mm 0.19 mm
Half-sphere %] . 34.50 mm 34.65 mm 0.15 mm
Thickness 4,30 mm 4,18 mm -0.12 mm
Cone 0] . 29.00 mm 29.27 mm 0.27 mm
Z-axis 28.35 mm 28.30 mm 0.05 mm
Freeform %) 36.00 mm 36.18 mm 0.18 mm
(conical) Z-axis 27.65.mm 27.89 mm 0.24 mm
Freeform ) 35.80 mm 35.74 mm -0.06 mm
(sinkhole) Z-axis 20.30 mm 20.09 mm | -0.21 mm
X-axis 19.22 mm 18.89 mm -0.33 mm
Wedges 1 Y-axis 25.25 mm 25.38 mm 0.13 mm
Angle 74.95° 74.87° -0.08°
X-axis 25.25 mm 24.93 mm -0.32 mm
Wedges 2 Y-axis 15.50 mm 1517 mm | -0.33 mm
Angle 74.95° 74.56° -0.39°
Rectangular X-ax?s 25.25 mm 24.95 mm -0.30 mm
hole Y-ax!s 25.25 mm 24.88 mm -0.37 mm
Z-axis 4.20 mm 4.29 mm 0.09 mm
—_ Dinner 29.42 mm 29.54 mm -0.12 mm
ﬁzll'lg‘x'g;'ir?é’é?/ Doue 21.00mm| 21.29mm | 0.29 mm
Z-axis 29.45 mm 29.59 mm 0.14 mm
X-axis 8.40 mm 8.53 mm 0.13 mm
Triangular hole | Y-axis 12.60 mm 12.78 mm 0.18 mm
Z-axis 5.60 mm 5.71 mm 0.11 mm
Flat thin wall 1 X-axis 4.20 mm 4.33 mm 0.13 mm
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Y-axis 36.30 mm 36.13 mm -0.17 mm

Z-axis 29.45 mm 29.27 mm -0.18 mm

X-axis 2.50 mm 2.77 mm 0.27 mm

Flat thin wall 2 Y-axis 36.45 mm 36.37 mm -0.08 mm
Z-axis 29.45 mm 29.33 mm -0.12 mm

X-axis 151.50 mm | 151.05 mm -0.45 mm

Square base Y-axis 151.50 mm | 151.66 mm 0.16 mm
Z-axis 29.46 mm 29.17 mm -0.29 mm
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Appendix E: Dimensional accuracy of individual

PMMA

features on the castings

Table E. 1. Dimensional accuracy of each feature on the standard part

Feature Dimensions _
CAD PMMA Difference
X-axis 8.42 mm 8.33 mm -0.09 mm
Cube 1 Y-axis 8.42 mm 8.60 mm 0.18 mm
Z-axis 8.42 mm 8.39 mm -0.03 mm
X-axis 8.42 mm 8.30 mm -0.12 mm
Cube 2 Y-axis 8.42 mm 8.18 mm -0.25 mm
Z-axis 8.42 mm 8.37 mm -0.05 mm
X-axis 8.42 mm 8.85 mm 0.43 mm
Half-cube 1 Y-axis 8.42 mm 8.59 mm 0.17 mm
Z-axis 4.21 mm 3.84 mm -0.37 mm
X-axis 8.42 mm 8.39 mm -0.03 mm
Half-cube 2 Y-axis 8.42 mm 8.22 mm -0.20 mm
Z-axis 4,21 mm 3.79 mm -0.42 mm
Rectangular X-ax?s 25.25 mm 24.88 mm -0.37 mm
protrusion Y-ax!s 25.25 mm 24.85 mm -0.40 mm
Z-axis 8.42 mm 7.94 mm -0.48 mm
X-axis 16.50 mm 17.05 mm 0.55 mm
Pyramid Y-axis 12.36 mm 12.88 mm 0.52 mm
Z-axis 23.30 mm 21.88 mm -1.42 mm
Half-sphere 0] . 34.50 mm 34.65 mm 0.15 mm
Thickness 3.30 mm 3.18 mm -0.12 mm
Cone 0] . 25.30 mm 24.37 mm -0.93 mm
Z-axis 28.35 mm 27.30 mm -1.05 mm
Freeform ) 36.00 mm 35.26 mm -0.74 mm
(conical) Z-axis 27.65 mm 28.02 mm 0.37 mm
Freeform %) 37.00 mm 36.84 mm -0.16 mm
(sinkhole) Z-axis 20.30 mm 19.95 mm -0.35 mm
X-axis 19.22 mm 19.99 mm 0.77 mm
Wedges 1 Y-axis 25.25 mm 25.38 mm 0.13 mm
Angle 74.95° 74.77° -0.16°
X-axis 25.25 mm 25.31 mm 0.06 mm
Wedges 2 Y-axis 15.50 mm 14.47 mm -1.03 mm
Angle 74.95° 74.10° -0.85°
X-axis 25.25 mm 24.95 mm -0.30 mm
Rectangular hole | Y-axis 25.25 mm 25.88 mm 0.55 mm
Z-axis 4.20 mm 4.09 mm -0.11 mm
Cylindrical hole/ | Dinner 29.42 mm 29.91 mm 0.49 mm
Hollow cylinder Douter 21.00 mm 21.29 mm 0.29 mm
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Z-axis 29.45 mm 28.68 mm -0.77 mm

X-axis 8.40 mm 8.06 mm -0.34 mm

Triangular hole Y-axis 12.60 mm 11.67 mm -0.92 mm
Z-axis 5.60 mm 5.90 mm 0.30 mm

X-axis 4.20 mm 3.17 mm -1.03 mm

Flat thin wall 1 Y-axis 36.30 mm 37.29 mm 1.02 mm
Z-axis 29.45 mm 28.50 mm -0.95 mm

X-axis 2.50 mm 2.34 mm -0.16 mm

Flat thin wall 2 Y-axis 36.45 mm 36.37 mm -0.08 mm
Z-axis 29.45 mm 27.65 mm -1.80 mm

X-axis 151.50 mm | 150.05 mm -1.45 mm

Square base Y-axis 151.50 mm | 151.66 mm 0.16 mm
Z-axis 29.46 mm 28.43 mm -1.03 mm

PrimeCast®

Table E. 2. Dimensional accuracy of each feature on the standard part

Feature Dime”5i0“®s -
CAD PrimeCast Difference
X-axis 8.42 mm 7.98 mm | -0.44 mm
Cube 1 Y-axis 8.42 mm 7.95mm | -0.47 mm
Z-axis 8.42 mm 8.60 mm 0.18 mm
X-axis 8.42 mm 8.68 mm 0.26 mm
Cube 2 Y-axis 8.42 mm 7.96 mm | -0.46 mm
Z-axis 8.42 mm 7.98 mm | -0.44 mm
X-axis 8.42 mm 8.98 mm 0.56 mm
Half-cube 1 Y-axis 8.42 mm 7.95mm | -0.47 mm
Z-axis 4,21 mm 4,59 mm 0.38 mm
X-axis 8.42 mm 8.96 mm 0.54 mm
Half-cube 2 Y-axis 8.42 mm 8.01mm /| -0.41mm
Z-axis 4,21 mm 3.98mm | -0.23mm
Rectangular X-ax?s 25.25 mm 2455 mm| -0.70 mm
protrusion Y-ax!s 25.25 mm 24.62 mm -0.63 mm
Z-axis 8.42 mm 7.62 mm -0.80 mm
X-axis 16.50 mm 16.60 mm 0.10 mm
Pyramid Y-axis 12.36 mm 12.68 mm 0.28 mm
Z-axis 23.30 mm 22.77 mm| -0.53 mm
Half-sphere 0] . 34.50 mm 34.87 mm 0.37 mm
Thickness 3.30 mm 3.01mm| -0.29 mm
Cone 0] . 25.30 mm 24.63 mm -0.67 mm
Z-axis 28.35 mm 27.40 mm -0.95 mm
Freeform (conical) 0] _ 36.00 mm 36.79 mm 0.79 mm
Z-axis 27.65 mm 27.51 mm -0.14 mm
Freeform (sinkhole) 0] _ 37.00 mm 37.66 mm 0.66 mm
Z-axis 20.30 mm 20.00 mm -0.30 mm
Wedges 1 X-axis 19.22 mm 19.45 mm 0.23 mm
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Y-axis 25.25 mm 24.35 mm -0.90 mm

Angle 74.93° 73.14° 1.79°

X-axis 25.25 mm 25.12 mm -0.13 mm

Wedges 2 Y-axis 15.50 mm 1446 mm | -1.04 mm
Angle 76.10° 75.22° 0.88°

X-axis 25.25 mm 25.38 mm 0.33 mm

Rectangular hole Y-axis 25.25 mm 25.73 mm 0.48 mm
Z-axis 4.20 mm 3.95 mm -0.25 mm

L Dinner 21.00 mm 20,77 mm| -0.23 mm
CH:)cl)llllgcvivmc:;Iin der hole/ Bouer 2042 mm| 2845mm| -0.97 mm
Z-axis 29.45 mm 29.76 mm 0.31 mm

X-axis 8.40 mm 8.04 mm -0.38 mm

Triangular hole Y-axis 12.60 mm 11.97 mm | -0.63 mm
Z-axis 5.60 mm 5.92 mm 0.32 mm

X-axis 4.20 mm 3.69 mm -0.51 mm

Flat thin wall 1 Y-axis 36.30 mm 37.28 mm 1.02 mm
Z-axis 29.45 mm 29.11 mm -0.34 mm

X-axis 2.50 mm 2.02 mm -0.48 mm

Flat thin wall 2 Y-axis 36.45 mm 36.94 mm 0.49 mm
Z-axis 29.45 mm 29.93 mm 0.48 mm

X-axis 151.50 mm 148.88 mm -2.62 mm

Square base Y-axis 151.50 mm | 149.08 mm | -2.42 mm
Z-axis 29.46 mm 28.67 mm| -0.79 mm
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Appendix G

PMMA1

Settings for Analysis 1 (Nominal/actual comparison of PMMAL1 [filtered])

Actual object PMMAL [filtered]
Nominal object Mesh 1
Max. distance [mm] 10.00
Precision Standard
Swap sign of deviation Off
Consider surface orientation Off
Compensate for mesh problems Off
Memory optimized On
Deviation interval [mm] n/a
Interval mode n/a

Min. surface [mm?] n/a
Show components only Off
Tolerancing Disabled
Min. deviation [mm] -8.20

Max. deviation [mm] 1.77

Figure G. 1. Deviation distribution
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Cumulation Absolute
Cumulated absolute 90% [mm)] 0.81
0.96
1.23

Cumulated absolute 95% [mm]
Cumulated absolute 98% [mm]
Figure G. 2. Cumulated deviation distribution

g
Figure G. 4. 3D images: (a) left and (b) right
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Figure G. 7. 3D images: (a) top-right-back and (b) top-back-left
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Figure G. 9. 3D images: (a) bottom-right-back and (b) bottom-back-left

Figure G. 10. 3D image: current camera settings
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PMMAZ2

Settings for Analysis 1 (Nominal/actual comparison of PMMAZ2 [filtered])

Actual object PMMAZ2 [filtered]
Nominal object Mesh 1
Max. distance [mm] 10.00
Precision Standard
Swap sign of deviation Off
Consider surface orientation Off
Compensate for mesh problems Off
Memory optimized On
Deviation interval [mm] n/a
Interval mode n/a

Min. surface [mm?] n/a
Show components only Off
Tolerancing Disabled

[
r;
i

Min. deviation [mm] -7.80
Max. deviation [mm] 5.37

Figure G. 11. Deviation distribution
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Cumulation Absolute

Cumulated absolute 90% [mm] 0.71
0.82
1.01

Cumulated absolute 95% [mm)]
Cumulated absolute 98% [mm]
Figure G. 12. Cumulated deviation distribution

-
Figure G. 14. 3D images: (a) left and (b) right

© Central University of Technology, Free State




Page |132

Figure G. 17. 3D images: (a) top-right-back and (b) top-back-left
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N |

Figure G. 19. 3D images: (a) bottom-right-back and (b) bottom-back-left

Figure G. 20. 3D image: current camera settings
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PC1

Settings for Analysis 1 (Nominal/actual comparison of PC 1][filtered])

Actual object PCL1 [filtered]
Nominal object Mesh 1
Max. distance [mm] 3.00
Precision Standard
Swap sign of deviation Off
Consider surface orientation Off
Compensate for mesh problems Off
Memory optimized On
Deviation interval [mm] n/a
Interval mode n/a

Min. surface [mmZ] n/a
Show components Off
Tolerancing Disabled

Min. deviation [mm] | | | -2.65
Max. deviation [mm] 2.00

Figure G. 21. Deviation histogram
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Cumulation | | | Absolute
Cumulated absolute 90% [mm)] 1.25
Cumulated absolute 95% [mm] 1.40
Cumulated absolute 98% [mm)] 1.46

Figure G. 22. Cumulated deviation distribution

Figure G. 24. 3D images: (a) top-left-front and (b) top-front-right
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Figure G. 26. 3D images: (a) bottom-left-front and (b) bottom-front-right

(@) (b)

Figure G. 27. 3D images: (a) bottom-right-back and (b) bottom-back-left
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Figure G. 28. 3D image: current camera settings

PC2

Settings for Analysis 1 (Nominal/actual comparison of PC2 [filtered])

Actual object PC2 [filtered]
Nominal object Mesh 1
Max. distance [mm] 3.00
Precision Standard
Swap sign of deviation Off
Consider surface orientation Off
Compensate for mesh problems Off
Memory optimized On
Deviation interval [mm] n/a
Interval mode n/a

Min. surface [mm2] n/a
Show components only Off
Tolerancing Disabled
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Min. deviation -[mm] - B | -2.70
Max. deviation [mm] 2.75

Figure G. 29. Deviation histrogram

Cumulation Absolute
Cumulated absolute 90% [mm] 1.26
Cumulated absolute 95% [mm] 1.39
Cumulated absolute 98% [mm] 1.52

Figure G. 30. Cumulated deviation distribution
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Figure G. 31. 3D images: (a) top (a) and (b) bottom

Figure G. 33. 3D images: (a) front and (b) back
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Figure G. 36. 3D images: (a) bottom-left-front and (b) bottom-front-right
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Figure G. 37. 3D images: (a) bottom-right-back and (b) bottom-back-left

Figure G. 38. 3D images: Current camera settings
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