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Simulation Analysis of Ceramic Shell Representation and Process Parameters in
IN718 Investment Casting

Joel Andersson

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

This thesis investigates how ceramic shell representation and selected process param-
eters influence the simulated solidification behaviour and predicted defect tendency
of an investment-cast IN718 aerospace component. Casting simulations are used
to compare different thermal conditions around the ceramic shell, with focus on
temperature history, heat-flux response, filling and solidification behaviour, shell
representation and porosity-related defect indicators. The study treats the ceramic
shell as part of the thermal system, rather than only as a geometric boundary,
since shell thickness and surrounding boundary conditions affect heat extraction,
feeding conditions and last-to-freeze regions. The cast material is not varied as an
independent parameter. IN718 is treated as the selected alloy system through which
the thermal effects of shell representation and process parameters are interpreted.

The simulations show that insulation wrapping has a strong influence on the thermal
response of the mould and casting system. Among the investigated process parame-
ters, shell preheat temperature has the strongest influence on the evaluated outputs.
Higher shell preheat gives preferable porosity indications, while lower shell preheat
gives less favourable indications, especially when combined with lower mass flow.
The mass-flow-rate variation has a smaller influence, while the enclosure emissivity
has negligible influence for the investigated setup.

The comparison between constant and non-uniform shell representations shows
that shell representation can affect the local thermal response and predicted defect
tendency. However, this effect is smaller than the influence of shell preheat temper-
ature. A limited qualitative comparison with available process observations shows
some agreement between simulated defect-indicator regions and observed porosity
indications, but the comparison is not sufficient for quantitative validation. The
results should therefore be interpreted as simulation-based sensitivity trends that
support process understanding, rather than as verified predictions of exact casting
quality or as a final production specification.

Keywords: INT718, investment casting, ceramic shell, solidification, porosity, simula-
tion.
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been
used throughout this thesis.

Indices

Index for ceramic shell layer

Sets and domains

Parameters

NN

f s,crit

Gi,cr
hm—s
hs—oo

hrad
k

Selected casting region used when evaluating local minimum Niyama
values

Surface area used in the casting modulus V/A
Mould/process constant in the Chvorinov-type solidification relation

Alloy- and process-dependent coefficient in the SDAS—cooling-rate
relation

Specific heat capacity
Radiation view factor

Critical solid-fraction threshold used to identify the late mushy
region

Critical liquid fraction at pore formation
Metal-shell interfacial heat-transfer coefficient

Effective heat-transfer coefficient from the shell outer surface to the
surroundings

Equivalent radiative heat-transfer coefficient

Thermal conductivity

X1



AP, cr
Ricy

SICICEE

~

sur

Variables

AT,
Ji

fs
G

9p

xii

Thermal conductivity of shell layer ¢

Effective ceramic shell thermal conductivity

Equivalent through-thickness thermal conductivity of a layered shell
Latent heat of solidification

Thickness of shell layer ¢

Ceramic shell thickness

Baseline ceramic shell thickness

Total ceramic shell thickness

Empirical exponent in the SDAS—cooling-rate relation or Chvorinov-
type relation

Number of ceramic shell layers

Critical pressure drop for pore formation

Total thermal resistance per unit area
Reference temperature for enthalpy calculation
Liquidus temperature

Solidus temperature

Ambient or far-field surrounding temperature

Surrounding surface or ambient temperature used in radiation cal-
culation

Solidification shrinkage factor

Effective shrinkage factor used in the pore-volume relation
Emissivity

Liquid viscosity

Liquid density

Solid density

Stefan—Boltzmann constant

Freezing range
Liquid fraction
Solid fraction
Thermal gradient

Shrinkage pore volume fraction



Specific enthalpy
Mush permeability
Niyama criterion value

Niyama star microporosity indicator

Minimum Niyama value in the selected casting region €2

Pressure
Heat flux per unit area

Radiative heat flux per unit area

Internal or numerical source term in the energy equation

Normalised sensitivity of output y to shell thickness L

Time

Local solidification time
Temperature

Metal temperature

Shell surface temperature

Cooling rate

Intrinsic interdendritic liquid velocity
Volume used in the casting modulus V/A
Generic simulation output

Baseline value of simulation output y
Secondary dendrite arm spacing

Density
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1

Introduction

1.1 Background

Investment casting is a manufacturing process used to produce components with
high dimensional accuracy, good surface finish and complex geometries that would be
difficult or costly to manufacture using conventional machining or forming methods.
The process is based on producing a disposable wax pattern, which defines the
geometry of the final component. For many smaller components, such as turbine
blades, wax patterns are assembled into a casting tree before being repeatedly dipped
into ceramic slurry, stuccoed and dried until a ceramic shell has been formed. The
Hub-sector studied in this work, a structural segment of the inner, hub-side casing
of a Turbine Rear Frame (TRF), is not cast using a casting tree. The wax is then
removed, leaving a cavity inside the shell. After pattern removal, the shell is fired
and preheated before molten alloy is poured into the cavity. Once the metal has
solidified and cooled, the ceramic shell is removed and the casting is cleaned, heat
treated if required, inspected and prepared for use [12].

The repeated slurry-dipping and layer-building steps are illustrated in Figure 1.1. In
practice, the wax pattern is first coated by slurry and then successive stucco and
slurry layers are built up until the required shell thickness and strength are obtained.

Stucco
Dip Coat
initial o
- 2 Wax -
ey Pattern J
Pattern
Repeating
Dewaxing Layers
Hole

Figure 1.1: Examples of ceramic-shell manufacture in investment casting: (a) wax
pattern being dipped in ceramic slurry, and (b) schematic build-up of the ceramic
shell by repeated coating layers [8, 15].

In aerospace applications, investment casting is particularly important because many
components combine complex geometry with strict quality requirements. Com-
ponents may contain thin walls, internal passages, section transitions, local mass
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concentrations and other features that make filling and solidification difficult to
control. At the same time, aerospace castings are often exposed to harsh mechanical,
thermal and environmental conditions during service. Defects such as shrinkage
porosity, misruns, cold shuts, inclusions, geometry deviations, shell-related surface
defects or unfavourable microstructure can therefore lead to rejection, expensive
rework or reduced component reliability.

This work is carried out in connection with GKN Aerospace, where investment
casting is being introduced as a manufacturing capability at the GTC Trollhdttan
site in collaboration with the existing facility in Hallstahammar. The industrial
motivation is to improve process understanding, support production development
and strengthen the ability to manufacture advanced aerospace components through
simulation-based methods. Physical trial casting is expensive, time-consuming and
dependent on available material, tooling, production capacity and inspection re-
sources. Simulation therefore offers an efficient way to study how selected process
variables influence the casting before they are applied in production.

A central part of the investment casting process is the ceramic shell. It defines
the geometry, provides mechanical support during handling and pouring, resists
thermal shock and chemical attack, allows gas transport through itself and is one
of the control mechanisms for the heat extraction rate from the molten metal. The
shell therefore not only determines the shape of the component. It is also part of the
thermal system that affects how the casting fills, cools and solidifies.

In practice the ceramic shell thickness is difficult to control. The final thickness
depends on the number of coats, slurry pick-up, drainage, stucco size, drying condi-
tions, pattern orientation, local geometry and process control. Local features such
as corners, concave surfaces, thin passages and curved regions may lead to uneven
coating. As a result, a nominal shell thickness may not fully represent the real shell
surrounding a casting. This is important because local thickness can influence local
heat extraction, especially in thin-walled or geometrically complex components.

An example of this type of shell-thickness variation is shown in Figure 1.2, where
the local shell thickness changes around different regions of the same geometry.



1. Introduction

Figure 1.2: Example of shell-thickness variation around a complex investment-
casting geometry [8].

Shell thickness affects casting behaviour mainly through its influence on heat transfer.
A thinner shell usually reduces thermal resistance and can increase cooling intensity,
while a thicker shell can retain heat and slow down cooling. However, the effect is
not universal. Faster cooling may reduce local hot spots in one region, but may also
freeze certain feeding paths too early. A thicker shell may keep thin sections open
for longer and improve feeding in some cases, but it may also delay solidification
and increase the duration of local hot spots. The result depends on component
geometry, shell properties, mould preheat, interface heat transfer, external heat
exchange, gating conditions, feeding conditions and material.

The selected cast material is also important when interpreting shell-thickness effects.
Nickel-based superalloys such as IN718 are used in aerospace applications because of
their high-temperature strength, corrosion resistance and mechanical performance. At
the same time, IN718 has a complex solidification behaviour, including a temperature
interval where liquid and solid coexist. This means that changes in cooling history
may influence feeding conditions, last-to-freeze regions and the risk of shrinkage
defects. In this paper, the material properties are not experimentally measured
or varied as an independent study. They are treated as input assumptions from
available software data, literature or company-defined sources. Its role is to explain
why the simulated response to shell-thickness variation must be interpreted through
the behaviour of the selected alloy.

Casting simulation makes it possible to study these relationships in a controlled
and consistent way. ProCAST [14], the commercial casting simulation software
used in this study, can calculate filling, heat transfer, solidification behaviour and
quality indicators. Outputs such as temperature evolution, cooling rate, thermal
gradient, solidification time, fraction-solid development, last-to-freeze regions and
porosity indicators can be compared between simulation cases. However, simulation
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results are not direct measurements of reality. They depend on geometry, mesh
quality, material databases, shell properties, heat-transfer coefficients, radiation and
convection assumptions, boundary conditions, porosity models and post-processing
criteria. A simulation study should as such document its assumptions and distinguish
between sensitivity analysis and validation.

Sensitivity analysis shows how the casting response changes when selected input
parameters are varied. Validation meanwhile shows whether the model represents
the real casting process with any real accuracy. Validation against material data,
temperature measurements, inspection results or trial castings is valuable if available,
but it is not treated as a requirement. Even without validation a study can provide
some understanding of the process by identifying critical regions, comparing trends
and showing which outputs are most affected by a variation in the shell thickness.

The problem addressed in this thesis is not about whether a ceramic shell should
be made thicker or thinner because no single correct answer exists and varies be-
tween cases. The purpose is to understand how shell-thickness variation affects the
predicted solidification behaviour and material quality of the studied casting and
how this effect should be interpreted. The work is meant to contribute towards the
development of casting simulation procedures by connecting process simulation with
the physical mechanisms that control casting quality.

1.2 Purpose

The purpose is to investigate how variations in ceramic shell thickness influence the
simulated solidification behaviour and predicted material quality of an investment-
cast aerospace component. The aim is not to compare several shell-thickness values,
but to understand why the casting response changes or why it does not when it’s
varied.

Casting simulation is utilised as the investigative method. A baseline simulation
model is created using available CAD geometry, process parameters, material data
and shell assumptions. From this baseline, a study is performed where shell thickness
is varied. The resulting simulation cases are compared using outputs such as tem-
perature evolution, cooling rate, thermal gradient, solidification time, fraction-solid
development, last-to-freeze regions, Niyama criterion, Niyama star microporosity or
other porosity indicators.

An additional purpose is to connect the simulation results to the behaviour of
the selected cast material. Since IN718 has a freezing range and is sensitive to
late-stage feeding conditions, shell-thickness effects must be interpreted through
the material response rather than only through how it shapes the final cast part.
This means that it should be explained how changes in heat extraction influence the
solidification sequence, feeding paths, hot spots and shrinkage-porosity risk.

The industrial purpose is to support process development for investment casting at

4
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GKN Aerospace. By identifying how shell-thickness variation influences predicted
casting performance, the hope is that the work can support future decisions regarding
the company’s casting process. The expected contribution is therefore improved
process understanding rather than a final specification for shell thickness.
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1.3 Goals

The primary goal is to evaluate the influence of ceramic shell-thickness variation
on the simulated solidification behaviour and predicted defect risk of a selected
investment-cast aerospace component under different process variables.

To achieve this the following sub-goals are defined:

1. Establish a theoretical and literature-based foundation for the study by de-
scribing investment casting, ceramic shell behaviour, IN718 solidification, heat
transfer, feeding, shrinkage porosity and relevant simulation indicators.

2. Create a baseline casting simulation model using the available CAD geometry,
process parameters, shell assumptions and cast material data.

3. Identify the shell-thickness values or shell-thickness variations that should be
utilised.

4. Perform a study where shell thickness is varied while other parameters are kept
controlled.

5. Compare the simulation cases using relevant thermal and quality-related out-
puts.

6. Perform similar studies, now varying one process parameter at a time to see
what, if any, results change, both between cases and shell thickness.

7. Identify which regions of the component are most sensitive to shell-thickness
variation.

8. If suitable process or material data from trial castings are available, compare
simulation results with these to evaluate whether the simulated trends are
physically reasonable.

9. Formulate conclusions that support the development of robust investment-
casting procedures for their aerospace components.

The intended result is a documented simulation-based assessment of shell-thickness
sensitivity. It should be attempted to both state which simulation case gives higher
or lower software output values, but also try to explain why. For example, if a
thicker shell were to reduce the cooling rate, but also lower the thermal gradient
then the effects on potential porosity indicators should be considered carefully. If a
thinner shell reduces a hot spot but in turn freezes a feeding path too early, then
the improvement in solidification time need not necessarily correspond to improved
casting quality. The goal is therefore to interpret the results as a connected thermal
and flow problem.
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1.4 Limitations and demarcations

This study is limited to a simulation-based investigation of investment casting. The
primary focus is the effect of ceramic shell-thickness variation on simulated solidifi-
cation behaviour and defect indicators. The work does not aim to develop a new
casting solver, a new porosity model, a new material model or at all study the
material properties of the cast component. Commercial simulation software is used
as the computational tool, and the focus is on model setup, shell-thickness variation
and interpretation of results.

The study is limited to the selected component geometry and the process conditions
made available for the project. The results should therefore not be interpreted as a
general recommendation for investment casting. Shell-thickness effects are heavily
dependent on component geometry, shell material, preheat condition, boundary con-
ditions, gating system, feeding system and simulation assumptions. A shell thickness
that might work for the specific component and system in this study might be wholly
unsuitable for another.

The cast alloy is not investigated as a variable. No experimental material-property
measurements are performed, and no comparison between different cast materials
is included. The material definition used in the simulation is treated as a fixed
input required to run the model, not as an object of study. Consequently, the thesis
does not evaluate the influence of liquidus temperature, solidus temperature, latent
heat, density, thermal conductivity, heat capacity, viscosity or fraction-solid curve
as separate parameters. These quantities are only relevant as they are part of the
predefined simulation setup.

The ceramic shell is the main investigated variable. The study focuses on how
changes in shell thickness influence heat extraction, solidification sequence, hot-spot
development, feeding behaviour and predicted shrinkage-related indicators. Detailed
shell manufacturing processes such as slurry rheology, stucco distribution, drying
behaviour, binder chemistry, shell permeability, shell cracking during dewaxing and
local coat-by-coat formation are outside the scope. If the simulation model uses a
homogenised shell material, the shell is treated as a representation rather than as a
fully accurate multilayer ceramic system.

The simulation results are limited by the accuracy of the boundary conditions
and modelling assumptions. Metal-shell interface heat transfer, shell preheat condi-
tion, radiation, convection, external cooling and contact conditions can strongly affect
predicted cooling rate, thermal gradient and solidification time. If these parameters
are not calibrated against measured data, the results should primarily be interpreted
as comparative sensitivity trends rather than correct predictions of casting quality.

The study focuses mainly on solidification-related simulation outputs. Shrinkage
porosity, hot spots, feeding conditions, last-to-freeze regions, Niyama criterion and
Niyama star microporosity indicators are central to the analysis. Other defects such
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as gas porosity, oxide films, inclusions, shell cracking, metal penetration, surface
reactions, dimensional distortion, residual stress and hot tearing may be discussed if
they are ever relevant. However they are not part of the main modelling targets.

Filling-related behaviour is included only to the extent necessary for the selected
simulation workflow. Complete filling simulation is performed and the results may
be used to identify possible filling-related tendencies. However, the main empha-
sis is shell-thickness influence on heat transfer, solidification and shrinkage-related
indicators rather than fluid-flow optimisation. The gating and feeding will not be
redesigned, instead they are used as part of the simulation throughput.

Experimental validation is included only if suitable trial-casting data, inspection
results or temperature measurements are available within the project time frame.
Validation is therefore considered desirable but not mandatory. If no direct validation
data are available, the credibility of the simulation is assessed through documentation
of assumptions, comparison with expected physical behaviour, consistency between
outputs and support from literature. In that case, the conclusions are limited to
simulation-based sensitivity and should not be presented as verified production
behaviour.

The project is also limited by the available time. The work is planned as a 30-
credit master’s thesis over approximately 20 weeks. This limits the number of
simulation cases, the extent of parameter calibration, the possibility of repeated mesh
studies and the depth of experimental comparison. For this reason, the simulation
matrix should be focused on the most important quality indicators.

Finally it is not meant to define an approved production shell specification. A
production specification would require broader process qualification, repeated trials,
statistical studies, inspection evidence and approval within the relevant industrial
quality system. The intended contribution is instead to provide a simulation workflow,
identify shell-thickness sensitivities and support further development of investment-
casting procedures.

1.5 Ethical and sustainability aspects

Due to the project being carried out in an aerospace manufacturing context this
means ethical and sustainability aspects are present even though they are not the
main subject of the work. The project itself is a technical simulation study focused
on ceramic shell-thickness variation in investment casting. It does not include a
separate ethical analysis, environmental assessment or life-cycle study. However, the
industrial context affects how the work should be understood.

One ethical aspect is the safety-critical nature of aviation. Aerospace components are
manufactured under strict quality requirements because defects, process variation or
incorrect technical conclusions can have consequences for reliability and service life.
It is not meant to qualify a component or define an approved production route. The

8
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simulation results are therefore treated as support for process understanding rather
than as direct evidence of component acceptability.

Additionally, the project is carried out at a company with activities in both civil and
defence-related aerospace. GKN Aerospace has direct involvement in defence-sector
manufacturing, which makes the industrial context of the thesis ethically relevant
even though the specific component and simulations in this work are not presented
as a defence application. Improvements in manufacturing simulation, process under-
standing and casting may contribute to general aerospace production capability, and
such capability can be relevant to both civil and military supply chains. Therefore
it cannot be considered entirely separated from the defence context in which the
company operates. At the same time, the work itself is limited to investment-casting
process simulation, shell-thickness variation and solidification-related quality indi-
cators. It does not address weapon systems, operational use, military performance
requirements or defence strategy the context should however still be kept in mind.

Sustainability is also relevant due to its connection to the aviation industry, a
sector closely connected to fuel consumption, emissions, resource use and long-term
environmental impact. Although this thesis does not investigate aircraft opera-
tion, engine efficiency or environmental performance directly, the manufacturing of
aerospace components is part of the wider aviation value chain. Process development
in this sector therefore exists within a broader context where improved reliability,
reduced scrap, efficient material use and manufacturing methods are connected to
sustainability concerns.

The sustainability aspect is mainly contextual. The work does not include a life-cycle
assessment, carbon-footprint calculation or comparison between different manu-
facturing routes. It also does not quantify how shell-thickness variation affects
environmental impact. However, simulation-based process development can still be
related to sustainability because it may support better process understanding before
physical trials are performed, reduce unnecessary scrap or rework, and contribute to
more controlled manufacturing of aerospace components. These aspects are acknowl-
edged, but they are not evaluated further.

Finally, artificial intelligence tools were used to support the writing process of
this report. Their use was limited to improving language consistency, structure,
and readability. The workflow, simulation setup, interpretation of results, and final
content remain the work of the author.

Overall, the ethical and sustainability aspects of this thesis are mainly connected to
its industrial setting: aviation safety, defence-adjacent manufacturing, confidentiality,
responsible interpretation of simulation results, resource use in casting development
and transparent use of Al as a writing aid. They are acknowledged as a part of the
project, but they are not investigated further.
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2

Literature Review

2.1 Purpose and scope of the literature review

The purpose of this literature review is to study the published work needed for the
problem. How ceramic shell characteristics, cast material response and simulation
practice interact when predicting solidification behaviour and defects in complex
aerospace components.

A recurring theme in the literature is that shell thickness is not merely a geo-
metric property of the mould. It affects how heat transfers out of the liquid metal,
how feeding paths develop during solidification, how long regions remain vulnerable to
shrinkage porosity and how stresses appear in the shell and casting. Simultaneously
the cast alloy controls the response to a given shell condition through its freezing
range, thermophysical properties, shrinkage behaviour, flow behaviour and solidifica-
tion morphology. For these reasons a shell thickness that is suitable for one alloy,
a specific geometry or a gating arrangement can therefore be not be suited for another.

For these reasons, the review is focused on five areas. The investment casting
process and its aerospace quality demands. Ceramic shell structure and thickness
variation. The influence of shell thickness on heat extraction and material response.
Solidification defects and simulation indicators. Simulation workflows for sensitivity
analysis and validation. Meanwhile detailed mathematical definitions, formulas and
numerical post-processing criteria are instead left for the theory and methodology
chapters.

The sources used in this review have deliberately been mixed. Peer-reviewed articles
and validated modelling studies give the strongest basis for mechanism and method
selection. Industrial or software sources are primarily used to describe practical
simulation outputs or foundry terminology. This difference is important because
the thesis should not treat all references as equally strong. Studies that includes
thermal calibration, trial-casting comparison or measured defect validation are natu-
rally more likely to contain correct information than sources that only use software
functionalities or a single unvalidated simulation.
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2.2 Investment casting and aerospace quality re-
quirements

Aerospace investment castings commonly involve nickel-based superalloys, stainless
steels, titanium alloys and other high-performance materials. These castings are often
manufactured for parts with demanding service environments and harsh acceptance
criteria. Shrinkage, cold shuts, shell inclusions, dimensional distortion or uncontrolled
microstructure can lead to scrapping or costly reworking. Thus investment casting
is not only treated as a shape-making process but as a process where tooling, shell
manufacture, alloy behaviour, heat transfer and inspection requirements must all be
controlled.

In their article "An overview of ceramic moulds for investment casting of nickel
superalloys" Kanyo et al. [15] describes ceramic moulds as central to the near-net-
shape casting of nickel superalloys. This is due to their great resistance to heat and
chemical compatibility at high temperature. Their review also describes practical
limitations of ceramic shells, including thermal shock resistance, permeability, di-
mensional stability, strength and leachability. These limitations are directly relevant
to casting within our applications because the shell must survive dewaxing, firing,
preheating, metal pressure and cooling without cracking, changing the shape of the
cavity or reacting with the alloy.

For thin-walled or complex components, solidification control is especially diffi-
cult. Thin sections can freeze early and cut off feeding to other regions. On the other
hand insulated or larger regions can remain hot for too long and become isolated hot
spots. Rakoczy and Cygan [20] showed that temperature distribution in shell moulds
during thin-wall superalloy casting will influence features in both its macrostructure
and microstructure. This gives credence to the view that the shell is part of the
metallurgical system rather than a passive container. Shell thickness variation should
therefore be treated as a material-quality issue as well as a mould-design issue

The aerospace context also changes how simulation results should be analysed.
A case that seems adequate from a thermal perspective may still be unacceptable if it
predicts localised shrinkage, hot spots, large thermal gradients or unfavourable solid-
ification in critical regions. Therefore it is useful to connect predicted shell-thickness
effects to quality requirements, not simply to contour plots. This means looking at
outputs that can be related to rejection mechanisms, such as last-to-freeze regions,
porosity indicators, solidification time, local cooling rate and feeding isolation.

2.3 Ceramic shell systems and thickness variation

Ceramic investment shells usually consist of a primary coat and several backup
coats. The primary coat controls the surface in contact with the metal and influences
surface finish, chemical interaction and local heat transfer. The backup coats build
mechanical strength and thickness. Final shell thickness depends on the number of
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coats, slurry pick-up, stucco size, drainage, drying conditions, local geometry, pattern
orientation and process control. These factors mean that its practically impossible
to achieve a perfectly uniform shell. This is especially true around features with
complex curvature or restricted drainage.

It must also satisfy several requirements. The shell must be strong enough for
handling and pouring, permeable enough to release gases, refractory enough to
withstand metal temperature and stable enough to preserve component geometry.
Increasing shell thickness can improve robustness, but it can also increase shell
weight, process time, heat capacity and insulation. Jones and Yuan [13] showed
that the performance of the ceramic shell depends on the combined effects of slurry,
binder, stucco, processing route and the mechanical and physical properties which
came thereof. Thus for this work this means that nominal thickness should not be
varied while simultaneously ignoring the isolation from shell material properties.

Rui-zhe Dong et al. [8] investigated ceramic shell thickness uniformity in turbine
blade investment casting and connected non-uniform shell build-up with precision
outcomes. Their work is relevant because it links a measurable shell-manufacturing
variable to the later casting accuracy. For a simulation workflow, it suggests that
global shell-thickness values are a useful initial step however it may not entirely rep-
resent the full industrial process. If measured shell thickness maps become available,
local thickness variation could provide a more realistic basis for later simulation cases.

The literature also shows that shell thickness does not have a universal effect.
A thicker shell usually behaves as a more insulating mould, but the real effect of it
depends on preheat temperature, shell composition, radiation, convection, interface
behaviour, cluster arrangement and local geometry. For example Flow Science [10]
used parametric simulations to show that thickness changes can alter shrinkage
behaviour in ways that depend on which casting system was used. This means that
a sensitivity study should evaluate a realistic interval of thickness values rather than
assume in advance that thicker or thinner is better.

With these things in mind the shell thickness should therefore be looked at from
two angles. The first is the idealised modelling, where thickness is varied globally
to identify the general thermal direction of the response. The second level is from
manufacturing-realism where local thickening or thinning is considered in areas
where coating build-up, drainage or restricted access could create non-uniform shell
geometry. The first is easier to implement. The second level on the other hand is
more representative of the industrial problem.

2.4 Shell thickness, heat extraction and material
response

Several studies show that shell thickness affects casting quality. Primarily through
its influence on thermal history. Shell thickness will change the rate at which heat
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leaves the metal, the temperature distribution through the shell and the duration in
which certain regions solidifies. This affects feeding, hot-spot formation, porosity risk
and the development of the microstructure. However the same thickness change can
have different consequences depending on alloy, geometry and boundary conditions.

Alvandi et al. [2] studied IN792 turbine blade investment casting using ProCAST
and compared simulations with castings. They reported that a shell that was too thin
increased cooling intensity and hindered feeding. While a shell that was too thick
increased the duration of local solidification and led to an increase in distributed
shrinkage. In their blade geometry, an intermediate shell thickness gave the best
results. This study is useful for the present thesis because it shows why shell thickness
should be treated as an optimisation and robustness problem rather than as a simple
variable. At the same time, it should be read as a specific result for their case. Not
as evidence for a universally ideal thickness.

Raza et al. [21] looked at the combined effects of shell thickness, insulation and cast-
ing temperature in thin-wall nickel-base turbine blade casting. Their results showed
that increased shell thickness could improve feeding distance in thin sections. While
insulation and the metal-mould thermal condition impacted shrinkage resistance and
how it managed to fill the cavities. This is important because it shows that shell
thickness interacts with other process controls. A thickness change may either harm
or benefit the process depending on the boundary conditions.

Szeliga [24] investigated different types of insulation strategies for thin-walled nickel-
based superalloy castings and showed that changing the thermal boundary around
the ceramic shell had an impact on the cooling rate, how the shrinkage behaved and
the distribution of porosity. Although the work used IN713C rather than IN718, the
underlying properties are relevant. External insulation and shell thermal behaviour
influence thermal gradients, feeding conditions and shrinkage risk. Together these
three studies supports a design-of-experiments approach rather than a single com-
parison between one thin and one thick shell case.

The articles are consistent in one area but differs in another. They all agree that
shell thickness matters because it changes thermal history and feeding conditions.
They differ in the direction and size of the effect because each study uses a particular
alloy, geometry, process condition and boundary assumption. This is important for
the project at hand. Shell-thickness sensitivity must be established for the selected
casting system instead of being imported directly from published turbine-blade
studies.

The literature therefore supports treating shell thickness as one part of a cou-
pled thermal system. For simulation purposes, shell thickness should be considered
together with shell conductivity, shell heat capacity, preheat condition, interface heat
transfer, external heat exchange and component geometry. Not varied along with
other parameters. This is important for the thesis because the stated objective is to
identify parameters influencing casting performance, not simply to generate isolated
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contour plots for a few thickness values.

2.5 Cast material effects and IN718 solidification

The cast material determines how strongly a given shell condition influences quality.
Nickel-based superalloys generally have complex solidification behaviour, strong
segregation tendencies and strict microstructural requirements. Their response to
shell thickness is therefore not the same as that of aluminium alloys, steels or simpler
casting alloys. A material with a broad freezing interval and significant interdendritic
segregation can remain vulnerable to issues with feeding and microporosity over a
wider temperature range than an alloy with a smaller freezing range.

IN718 is a precipitation-strengthened Ni—Fe—Cr alloy with important Nb, Mo, Ti and
Al additions. The challenges with its castability are connected to segregation during
solidification. Mitchell and Wang [17] describes IN718 as a well-studied superalloy in
relation to solidification and precipitation, making it suitable for simulation analysis.
At the same time its behaviour means that material data in commercial software
should not be used unless identical to the one from the industrial application. The
predicted freezing interval, liquid fraction behaviour and segregation sensitive outputs
should be checked against literature or available process data where possible.

Shi et al. [22] measured the slow-cooling solidification behaviour of IN718 as-cast
and described a solidification path including primary gamma formation, carbide
formation and terminal Laves phase formation. Their work shows the persistence of
interdendritic liquid and the importance of Nb-rich segregation in the final stages
of solidification. For a shell-thickness study, this matters because thickness changes
the thermal path through which late-stage liquid feeding and segregation-sensitive
phases develop.

From this the literature on IN718 supports including material specific discussion in
the thesis. A literature review can explain why IN718 is sensitive to cooling history,
feeding and segregation. The detailed treatment of solid-fraction thresholds, per-
meability arguments, liquid-fraction definitions and post-processing cut-offs belongs
more naturally in the theory or methodology chapter, where those criteria can be
defined, justified and linked to the selected simulation outputs.

Here the key point is that shell thickness affects material quality indirectly. It
has an impact on cooling rate, thermal gradient, solidification time and the connec-
tivity of remaining liquid. The final effect depends on the alloy’s freezing behaviour,
shrinkage behaviour and microstructural sensitivity. Thus presenting shell thickness
as an isolated mould variable is incorrect and should instead be connected to cast
material response. This is in turn consistent with the thesis title and project brief.

15



2. Literature Review

2.6 Solidification defects and simulation indicators

The main defect in a shell-thickness sensitivity study is shrinkage porosity. Shrinkage
forms when solidification contraction is not offset by liquid feeding. In complex
castings, shrinkage may appear in isolated hot spots, section transitions, large regions,
centreline locations or areas where early solidification hinders feeding. The risk is
influenced by thermal gradients, cooling rate, solidification time, mushy-zone feeding,
gas content and geometry.

Casting simulation packages often report the Niyama criterion or related microp-
orosity indicators. In their study “Use of the Niyama Criterion to Predict Shrinkage-
Related Leaks in High-Nickel Steel and Nickel-Based Alloy Castings.” [6] Carlson
and Beckermann describe the Niyama criterion as a thermal indicator for shrinkage-
related defects and Altair Engineering [1] presents it as a practical foundry result
for identifying solidification shrinkage risk. The important part here is not the
mathematical form of the criterion but how it is interpreted. It should be used as
a risk indicator where the critical value depends on alloy, process and inspection
requirements.

In “Prediction of Shrinkage Pore Volume Fraction,” [5] Carlson and Beckermann de-
veloped a dimensionless form of the Niyama approach to account for alloy properties
and solidification behaviour. Guo et al. [11] utilised a dimensionless Niyama model
with a ProCAST porosity model for nickel-based superalloy castings and validated
against experimental microporosity measurements. These studies are useful since
they link simulation post-processing with measured defect behaviour compared to
only using things such as temperature plots.

For this literature review it is enough to show that Niyama-type indicators combines
local thermal conditions with feeding risk and are commonly used for shrinkage-related
porosity assessment. In the thesis results, these indicators should be interpreted
comparatively. A useful question is whether shell-thickness changes move predicted
risk regions, reduce or increase risk volumes, or at all changes the connection between
last-to-freeze regions and the feeding paths.

This matters because an indication from simulation is not the same as an actual
defect in the casted product. A low or high indicator value should not be considered
as proof of casting acceptability unless it is supported by calibration, inspection
evidence or literature-based thresholds that are appropriate for the alloy and casting
conditions. Thus overclaiming from a single defect criterion should be avoided. A
better method is to compare several physically connected outputs, such as solidifica-
tion time, thermal gradient, last-liquid location, porosity indicator and feeding-path
continuity.

Other possible defects should also be acknowledged. Misruns and cold shuts are likely

to happen when metal loses viscosity before filling is complete. This is especially
true for thin regions. Hot tearing and residual stress can be influenced by shell
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stiffness, restraint and the contraction or solidification path of the alloy. A shell
cracking can introduce inclusions, flash or local surface defects. Gas-related porosity
depends on melt quality, shell permeability and the local pressure conditions. These
issues may not all be modelled in the simulation phase, but they matter because an
ideal thickness for shrinkage alone may not be the same as that for the total quality
requirement.

2.7 Simulation workflows and validation practices

ProCAST [14], which is used in the present study, is one of several commercial casting
simulation tools. Other examples include MAGMASOFT, FLOW-3D CAST and
Altair Inspire Cast, which are used to model combinations of filling, heat transfer,
solidification, stress and defect prediction. The thesis proposal identifies work with
commercial simulation software, implementation of process parameters and CAD
models, sensitivity analysis on shell thickness, parameter calibration, documentation
and possible validation against real process cases. This is consistent with the liter-
ature where simulation is used to reduce trial-and-error and to focus on the most
influential mechanisms.

A recurring theme in the literature is that simulation quality depends strongly
on input data. Alloy properties, shell properties, preheat temperature, heat-transfer
coefficients, radiation assumptions, convection conditions, mesh quality and geometry
simplifications can influence predicted solidification behaviour. Behera et al. [3]
showed the importance of thermo-mechanical behaviour in investment casting shells,
while Rafique and Igbal [19] noted that investment casting heat transfer depends
on changing boundary conditions, surface exposure and geometry. These studies
support documentation of the simulation assumptions.

The metal-shell interface is especially important since contact is not ideal dur-
ing casting. Air gaps, surface roughness, shell temperature, metal pressure, oxide
formation and shrinkage can have an impact on the effective heat-transfer. Dong,
Yivey et al. [9] used thermocouples to investigate the heat-transfer coefficients of the
interfaces during single-crystal blade casting. On the other hand Szeliga et al. [25]
used inverse modelling to look at the interface thermal resistance between a nickel
superalloy and a ceramic shell. These shows that shell-thickness effects cannot be
modelled reliably by changing shell geometry alone if the interface condition is not
properly studied and modelled.

Torroba et al. [26] provide a useful example of an industrial simulation work-
flow for nickel-based superalloy nozzle guide vanes. Their Part I study combined
casting trials, temperature measurements, inverse modelling, thermal calibration and
porosity prediction. They then compared simulation predictions with observed poros-
ity. In Part II [27], Torroba et al. extended their work to also look at grain-structure
prediction. Here the first part of their work is relevant because it shows how thermal
calibration and validation can strengthen defect predictions. The second part would
be relevant if in future work shell-thickness-driven cooling differences are connected
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to the grain-structure.

Upadhya et al. [28] also show that staged simulation can be useful. They note that
complete investment-casting simulation, including view-factor calculations, filling and
solidification, are computationally demanding for complex geometries. Thus due to
the limited time available this supports first establishing a baseline model. Followed
by a limited but well-documented sensitivity study. More detailed calibration and
post-processing can then be focused on the most important cases.

From this the workflow can be constructed into different stages. First, a base-
line model should be created using available CAD geometry, nominal shell thickness,
selected alloy data and process settings. Second, uncertain boundary conditions
should be calibrated within physically reasonable ranges if measured temperatures,
known solidification behaviour or trial data are not available. Third, shell thickness
should be varied either globally or locally depending on available data. Fourth,
simulation cases should be compared through outputs such as solidification time,
hot-spot location, porosity indicators, temperature gradients, cooling-rate trends and
connection to feeding paths.

The workflow should also separate sensitivity analysis from validation. Sensitivity
analysis shows how much the model changes when shell thickness or other inputs are
varied. Validation instead shows whether the model represents the casting behaviour
with reasonable accuracy. While these are related they are clearly not identical. If
trial data is limited it can still give valuable insight into the process through its
sensitivity study. However the strength of any quality prediction should be stated
according to the level of available validation.

2.8 Research gap and implications for the thesis

The literature confirms that ceramic shell thickness affects investment casting through
heat extraction, feeding conditions, defect formation and dimensional behaviour.
However it also shows that no universal shell thickness can be transferred directly
from one component or alloy to another. The effect depends on component geometry,
gating, alloy, shell material, shell build quality, mould preheat, external heat exchange
and interface behaviour. This creates a research gap for the proposed thesis. The
task is not to repeat general investment casting theory, but to build a documented
simulation workflow that identifies shell-thickness sensitivity for a specific aerospace
component.

The first gap is that there is no way to transfer things specifically between components.
Published studies provide useful mechanisms, especially for nickel-based superalloy
turbine-blade castings, but these are literature cases rather than the component
used in this study. The present study instead uses the Hub-sector introduced in
Chapter 1, rather than a turbine blade. The published turbine-blade studies therefore
do not directly define the shell-thickness response of the selected geometry, alloy
data, process settings or quality targets. Thus the literature should be used to to
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justify the variables and outputs, while using simulation to establish the response of
the specific industrial case.

A second gap concerns non-uniform shell thickness. Industrial shell building does not
produce a perfectly constant layer everywhere. Local geometry, pattern orientation,
drainage and coating practice can create thicker and thinner regions. Rui-zhe Dong
et al. [8] show that shell thickness uniformity is relevant to precision in turbine
blade casting. If measured shell-thickness data become available from the GOM
measurement system (GOM-scanned data), sectioning or other process measurements,
it would be possible to compare an idealised uniform-thickness model with a more
realistic thickness representation. If such data are not available, local sensitivity
cases can still identify regions where thickness variation is most likely to influence
quality.

A third gap is validation. Simulation studies become more relevant when they
reproduce measured temperatures, known hot spots, porosity locations, dimensional
trends or microstructural observations. The thesis proposal states that validation
against material data from trial castings is possible but not required. Even if full
validation is not achievable, the literature suggests that assumptions should be
documented and predictions compared against any available evidence. If no defect
data exist, the model can still be compared to expected behaviour and published
case studies.

The thesis contribution should therefore be used to understand the process and
develop a simulation workflow. Instead of an analysis to find the ideal shell thickness.
A significant contribution to this would if possible be to rank the sensitivity of
selected outputs to shell thickness, identify safer and more dangerous thickness
ranges for the component, material and explain the mechanisms behind the observed
trends. This would support a casting procedure development by connecting process
modelling with the actual casted objects and their quality.

Thus for a completed study there are three questions that the thesis should try to
answer. First, how does shell thickness change the thermal and feeding behaviour of
the selected casting? Second, which predicted quality indicators are most sensitive
to shell thickness and where are the critical regions located? Third, how reliable are
these predictions given the available material data, boundary-condition assumptions
and validation evidence? If these questions are answered the work would be useful
even if the production of final shell specifications are outside the scope of the thesis.

2.9 Chapter conclusion

The literature supports the focus on shell-thickness sensitivity in investment casting.
Ceramic shell thickness influences thermal history, feeding, shrinkage risk, dimen-
sional behaviour and potentially microstructure. These effects are shown by alloy
response, shell material properties, interface heat transfer, process conditions and
component geometry. For IN718 and other nickel-based superalloys, this coupling is
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important because solidification behaviour, segregation and late-stage feeding have a
large impact on the final material quality.

The literature review therefore views shell thickness as a process variable rather
than an isolated design input. It also separates literature review from theory and
methodology. The review establishes why shell thickness matters, what previous
studies have shown, why material-specific behaviour must be considered and why
simulation with calibration and validation is appropriate. The later theory chapter
can then define the governing equations, porosity criteria, solid-fraction thresholds
and sensitivity measures in detail.

The most important conclusion is that shell-thickness analysis should be treated as
a coupled thermal, metallurgical and modelling problem. The literature does not
support a simple rule that thicker or thinner shells are always better. Instead, it
supports a systematic simulation workflow in which shell thickness is varied, the
resulting thermal and defect indicators are compared and the predictions are judged
against material behaviour and any available validation evidence.
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Theory

3.1 Purpose and scope of the theory chapter

The purpose of this chapter is to establish the physical and modelling basis for a
simulation study of how IN718 cast material behaviour and ceramic shell thickness
influence investment casting results. The literature review identifies what previous
authors have reported. The theory chapter instead defines the mechanisms and
quantities that should be understood before the simulations are designed, evaluated
and discussed. Here the most important parts are heat transfer through the ceramic
shell, solidification of IN718, feeding of interdendritic liquid, formation of shrinkage
porosity, and the use of criteria such as Niyama and Niyama star microporosity
indicators.

It is important to separate theory from potential validation and experiments. The
thesis does not include direct measurement or verification of IN718 material proper-
ties. These are instead treated as simulation inputs taken from the selected software
database, literature, or company-defined data. The theory chapter instead explains
why properties such as liquidus temperature, solidus temperature, latent heat, density,
thermal conductivity and the fraction-solid curve matter. This however does not
mean that these properties were studied as part of the project. The main role of
the study is instead to investigate how the chosen and documented inputs affect the
simulated sensitivity to ceramic shell thickness.

Investment casting is a process which couples many different parts together. The
final casting quality is not merely controlled by shell thickness nor alloy data alone.
A change in shell thickness modifies the thermal resistance between metal and
surroundings. This changes the cooling rate, thermal gradient, solidification time,
fraction-solid evolution and local ability of remaining liquid to feed solidification
shrinkage. The material then determines how sensitive the casting is to that thermal
history. Because each alloy has its own freezing range, latent heat, density change,
viscosity, conductivity, dendritic permeability and solid-fraction curve, the theory
has to connect geometry, material data and numerical post-processing.

The chapter is written for a study using casting simulation software rather than for
the derivation of a complete casting solver. The equations are therefore presented as
the governing parts and interpretation tools. They define the quantities that appear
in simulation outputs such as: temperature, fraction solid, cooling rate, thermal
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gradient, solidification time, Niyama value, Niyama star microporosity and shrinkage-
porosity volume fraction. Exactly how these are implemented within commercial
software solvers can differ drastically. This is especially true for things such as
turbulence, filling, radiation, contact resistance and porosity models. However their
views remains the same throughout all of them. A simulation is only credible if
the predicted data is consistent with the heat-transfer and solidification behaviour
described in this chapter.

3.2 The ceramic shell system

The ceramic shell is the main way through which heat is transferred from the metal
to the surrounding environment. Its behaviour is therefore not limited to geometry.
Shell thickness, porosity, permeability, thermal conductivity and heat capacity all
influence the thermal the cast object. For this reason, the ceramic shell should be
treated as a material system rather than only as a boundary. Reviews of ceramic
moulds for nickel-superalloy investment casting emphasise that refractory choice,
binder chemistry, porosity, permeability, thermal expansion, strength and chemical
reactivity all influence mould performance [15, 13]. Open porosity is especially
important due to its effect on permeability and transfer of gas through the shell.
Closed porosity on the other hand may affect strength and thermal properties, but
does not provide the same gas-transport function. Within a simulation these details
are often indirectly represented through effective thermal conductivity, density, heat
capacity, emissivity and interface heat-transfer coefficients. The simplification is
necessary, but it should be stated clearly because it means that a simulated "shell
thickness' is in reality a combined representation of shell geometry and assumed
material properties.

Here shell thickness is important for two reasons which interact with one another.
First of all it changes the thermal resistance between the casting and its surroundings.
Secondly it can change where the casting can be fed during solidification. A thin
shell usually has faster heat removal and thus a reduced time for hot spots to remain
liquid. However if local regions freeze too quickly their feeding channels can be
cut off. A thicker shell may keep thin sections open for longer and may raise local
Niyama values in some cases, but it can also retain heat and delay solidification in
already large sections. The correct view of this is therefore not that thin or thick
shells are universally better. The correct question is whether a given shell thickness
creates a better combination of temperature gradient, cooling rate and feeding path
for the specific alloy and component.

3.3 INT718 as the cast material

INT718 is a nickel-based superalloy used where strength, corrosion resistance and
high-temperature capability are required. Its composition is based on a nickel matrix
with substantial chromium and iron, and strengthening elements such as niobium,
molybdenum, titanium and aluminium. In wrought or heat-treated form, the alloy
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obtains much of its strength from precipitation of metastable v” and ~" phases. How-
ever in a casting simulation the most important features are not the final heat-treated
precipitates but the solidification behaviour, liquidus and solidus temperatures, latent
heat, thermal conductivity, heat capacity, density, viscosity, fraction-solid curve and
segregation behaviour.

During solidification of IN718, the alloy does not freeze at a single temperature. It
solidifies over a temperature interval, usually called the freezing range,

ATy =Ty, — Ts, (3.1)

where T}, is the liquidus temperature and T is the solidus temperature. Within this
interval, liquid and solid coexist in the mushy zone. The solid fraction f, increases
from 0 to 1 while the liquid fraction f; decreases according to

flzl_fs' (32)

The shape of the f,(7T) curve is central to the simulation because it determines how
latent heat is released and how quickly the remaining liquid becomes difficult to feed.

IN718 is particularly sensitive to segregation of niobium during solidification. Nio-
bium partitions to the interdendritic liquid, which can cause formation of Nb-rich
Laves phase and other interdendritic constituents late in solidification [17, 22]. This
is important for porosity because the last liquid is located in the same interdendritic
regions where feeding becomes increasingly difficult. Therefore the alloy has two
issues: a thermal challenge, because the freezing range creates a mushy zone, and a
metallurgical challenge, because the remaining liquid becomes chemically different
from the primary dendrites. A simulation that only reports final solidification time
without considering fraction-solid evolution and feeding risk can miss what caused
the defect.

IN718 material data must be handled carefully. The thermophysical properties
used in casting software are often temperature dependent, and values may differ
between databases or alloy variants. For example, thermal conductivity k(T"), specific
heat ¢,(T") and density p(7') change during heating and cooling, and latent heat is
released across the freezing interval rather than at one exact temperature. These
properties should be documented as input assumptions rather than presented as
experimentally verified values. The most important part here is consistency. If
shell-thickness cases are compared, the same IN718 dataset, fraction-solid curve and
porosity-model settings must be used unless the explicit purpose is to test material-
data sensitivity. Any change in liquidus, solidus, latent heat or fraction-solid curve
can affect the predicted hot spots and porosity indicators just as much if not more
than a change in the thickness of the shell.

3.4 Fraction solid and the meaning of the 0.7 cutoff

The solid fraction f, is one of the most useful variables in casting simulation because
it shows how far the alloy has progressed through solidification. It is also easier to
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interpret physically than temperature alone. Two locations at the same temperature
may not have the same feeding state if the local alloy composition, cooling path or
material data differ. The fraction-solid field gives a direct indication of where liquid
remains, where feeding channels may still exist and where the mush has become too
rigid or impermeable for effective flow.

A commonly used practical cutoff is f; = 0.7. It should however not be pre-
sented as a universal physical constant. It is instead better used as an engineering
threshold to mark the regions where the alloy is mostly solid but still contains enough
liquid that feeding, shrinkage and microporosity is still developing. Above this value,
the dendritic network is usually sufficiently developed that the remaining liquid is
restricted to interdendritic channels. Flow no longer behaves like bulk liquid filling
of an open cavity. It instead behaves more like pressure-driven seepage through a
porous mush. Literature using solid-fraction analysis for shrinkage prediction reports
that shrinkage porosity is mainly associated with late two-phase solidification and
that when the solid fraction is larger than about 0.7 the remaining melt feeds through
the mushy region rather than as freely flowing liquid [29, 16].

The value can be expressed in the thesis as
fs,crit ~ 077 (33)

where f; it is a chosen post-processing threshold for identifying the late mushy
region. The practical meaning is that the simulation can be interrogated for the
time, location and connectivity of regions where

fs Z fs,crit- (34)

These regions are relevant because they are close to the point where feeding becomes
difficult. If a casting section reaches f; > 0.7 while it is still isolated from a portion
of the larger liquid sample the risk for shrinkage porosity within that area increases.
If a feeder or neighbouring section remains sufficiently liquid and connected, feeding
may still compensate for contraction.

The cutoff is also useful for comparing simulation cases. For example, shell-thickness
cases can be compared using the time required for a critical region to reach f, = 0.7,
the volume of material above f; = 0.7 while connected to the riser, or the last region
to pass through f, = 0.7. This provides more information than final solidification
time alone. Two cases may have similar total solidification times, but one may lose
feeding connectivity earlier. That case would be more vulnerable even if it appears
acceptable from a simple hot-spot plot.

The limitation is that 0.7 is not the same for every alloy, grain structure or simulation
objective. Dendrite coherency, rigidity and permeability depend on morphology,
cooling rate and alloy chemistry. If a software manual or company standard defines a
different value for the specific IN718 database, that value should be used in its stead.
In the absence of such a calibrated value, f; = 0.7 is a legitimate and primarily
transparent threshold for identifying late-stage mushy solidification.
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3.5 Heat-transfer theory for investment casting

The thermal part of investment casting simulation is governed by transient heat
transfer with phase change. In enthalpy form, the energy equation can be written as

oH

R — . T ] .
P =V (kVT) 44, (3.5)

where p is density, H is specific enthalpy, ¢ is time, k is thermal conductivity, T is
temperature and ¢ represents internal or numerical source terms if they are present
within the solver. The enthalpy is commonly written as a heat part plus a latent-heat
contribution,

H(T) = H(Ty) + /TT ¢, (0) d + Lf,(T), (3.6)

where ¢, is specific heat, L is latent heat and f;(T") is liquid fraction. This form is
useful because it accounts for heat release during solidification without requiring the
latent heat to be released at a single temperature [23, 19].

For shell-thickness sensitivity, the casting-shell-environment path can be approxi-

mated by a thermal-resistance model. If the heat flux is simplified as one-dimensional

through a shell of thickness L, the total thermal resistance per unit area is
1 Ly 1

Rn — s
R T S

(3.7)

where h,,_, is the metal-shell interfacial heat-transfer coefficient, k, is effective shell
thermal conductivity and h,_ is the effective heat-transfer coefficient from the shell
outer surface to the surroundings. The corresponding heat flux can be approximated
as

Tm - Too

n_Im T 3.8
q R (3.8)

This equation shows the basic role of shell thickness. Increasing L, increases the con-
ductive resistance Lg/ks and usually reduces heat flux if other terms are unchanged.

For a layered ceramic shell, the effective conductivity in the thickness direction
can be written from the series-resistance analogy as

Ltot

ksoqg = ——7——, 3.9
,€q Z,f\ile/kz ( )

where ks, is the effective through-thickness conductivity, Lo is the total shell
thickness, L; is the thickness of layer ¢, k; is the thermal conductivity of that layer
and N is the number of shell layers. This expression comes from the same composite-
wall resistance approach used by Behera et al. for layered investment-casting shells.
It is useful when primary and backup coats are represented separately, but if the
simulation uses one homogenised shell material then kg in Equation (3.7) should be
interpreted as this effective value.
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The thermal-resistance model is however only a simplified aid. Real castings are
three-dimensional, the shell is curved and layered, radiation can dominate at high
temperature, and contact resistance changes with time. However Equation (3.7)
explains why the shell thickness has an effect on solidification. A thicker shell slows
down the heat extraction because the shell stores heat and adds resistance. A thinner
shell removes heat faster but may lead to rapid freezing of thin sections. The effect
is therefore geometry dependent. In a thin wall, more heat extraction may prevent
hot spots but may also cause premature freezing. In a thick boss or hub, reduced
heat extraction may extend an already risky hot spot.

At investment casting temperatures, radiation from the shell surface can be im-
portant. A simplified radiative heat flux is

sur

¢ rad = €0 F (Ts4 — T ) , (3.10)

where € is emissivity, o is the Stefan-Boltzmann constant, F'is a view factor, T} is shell
surface temperature and T}, is surrounding temperature. For convenience, radiation
is sometimes expressed through an equivalent radiative heat-transfer coefficient,

Prag = €0 F (T, 4 Ty ) (T2 + T2, (3.11)

sur

so that ¢"vaq = hraa(Ts — Tiur). View factors are important in investment casting
because parts of a complex shell can radiate toward other hot shell surfaces rather
than toward a cold environment. Upadhya et al. [28] showed that view-factor effects
and radiation shielding can move hot spots away from simply thick geometric regions,
which is directly relevant when interpreting shell-thickness simulations.

The metal-shell interface heat-transfer coefficient comes with another major un-
certainty. The interface is not a perfect bond. Roughness, air gaps, shell preheat,
metallostatic pressure, local contraction and solidification shrinkage affect the real
contact. Studies on nickel-superalloy casting simulations show that interface heat-
transfer calibration can be necessary to reproduce measured temperatures and
solidification behaviour [25, 26]. It is therefore important not to overanalyse minor
differences between shell-thickness cases if the interface coefficient is not entirely
correct. A sensitivity study can still be useful, but the uncertainty in boundary
conditions should be considered.

3.6 Cooling rate, thermal gradient and solidifica-
tion time

Three thermal outputs are especially important when discussing casting quality:
cooling rate, thermal gradient and solidification time. The local cooling rate is the
magnitude of the time derivative of temperature,

. aT
T, = ‘81& . (3.12)
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The local thermal gradient is
G = |VT)|. (3.13)

The solidification time can be defined in different ways depending on the chosen
temperature or fraction-solid criterion. A common definition is the time between
reaching liquidus and reaching solidus,

ty=t(T =Ts) — (T = T}), (3.14)

although in practical post-processing it may also be defined by fraction-solid thresh-
olds.

These variables are interconnected and should as such be treated together. A
high cooling rate may refine microstructure, but it can also increase feeding pressure
drops. A high thermal gradient tends to cause directional solidification and feeding
toward hotter liquid, but it may also create thermal stresses. A long local solidifica-
tion time often marks a hot spot, but the risk depends on whether the region remains
connected to feeding liquid. The most useful simulation discussion is therefore not
simply that one case has higher or lower cooling rate, but how cooling rate, gradient
and solidification sequence combine.

The secondary dendrite arm spacing (SDAS) is commonly related to cooling rate by
a power law,

Ao = C\TT, (3.15)
where s is SDAS, (') is an alloy-dependent constant and n is often near 1/3 for many
cast alloys. However the exact constants are alloy specific. The important theoretical
point is that faster cooling tends to reduce SDAS, while slower cooling tends to
increase it. This has two consequences. First, microstructure becomes finer with
faster cooling. Second, dendrite-arm spacing influences mushy-zone permeability,
so it affects feeding and microporosity. As Carlson and Beckerman [5] showed the
Niyama star microporosity framework explicitly accounts for this link through the
role of \s.

For a simple casting, Chvorinov’s [7] rule provides a useful reason for why larger

sections solidify slowly:
V n
ts=B(—) , 1
() (316)

where V/A is the casting modulus, B is a mould/process constant and n is commonly
close to 2 in idealised cases [7, 4]. Investment castings are too complex to design
only from this rule, but the rule explains why thick sections, low-surface-area regions
and thermally shielded areas tend to become last-to-freeze locations.

3.7 Shell thickness as a thermal and mechanical
variable

Shell thickness influences heat transfer primarily through conduction resistance and
thermal mass. Increasing shell thickness increases the term L,/k, in Equation (3.7).
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It also increases the amount of ceramic that must be heated during pouring and
cooling. Thus the shell acts as both a barrier and a source of heat. If the shell is
preheated, a thicker shell can supply heat back to the casting early in the process.
Later on it can instead slow down the heat loss to the surroundings. This is why
the effect of shell thickness cannot be reduced to a single statement such as "thicker
means slower cooling". The time-dependent preheat state and surface boundary
conditions also matter.

A useful way to express thickness sensitivity is through a normalised response.
For a simulation output gy, such as minimum Niyama value or total solidification
time, the local sensitivity to shell thickness may be approximated by

Ay/yo

I ——
vhe ™ ALy /Lyo’

(3.17)
where yy and L, are baseline values. This allows for comparison between responses
with different units. For example, a small percentage increase in shell thickness
may produce a large percentage change in minimum Niyama value but only a small
percentage change in total solidification time. Such a result would suggest that
porosity risk is more sensitive to shell thickness than global cooling time.

Shell thickness also has mechanical consequences. Thicker shells usually increase
stiffness and handling strength, but local thickness variations can create stress concen-
trations and introduce variance in its thermal expansion. Behera et al. [3] reported
thermo-mechanical shell analysis in which shell temperature, stress and deformation
changed with geometry and local shell conditions. Shell cracking matters because it
can cause metal leakage, dimensional error, surface defects or altered heat transfer.
Therefore, even if a thinner shell gives favourable thermal results in simulation, it
may not be manufacturable. Thus it is useful to separate what might be its thermal
and process optimum.

Furthermore there is an issue with the shell’s dimensional accuracy. Shell thickness
non-uniformity can contribute to local deviations because the ceramic shell is also
the mould boundary. Recent turbine-blade work from Dong, R.-Z., et al. [8] connects
ceramic shell thickness uniformity with precision in investment casting, reinforcing
that shell thickness affects both thermal history and geometry. For a simulation this
means that shell thickness should ideally be based on measured or realistic values,
not only on nominal coat counts. If only nominal thicknesses are available, the thesis
should state this limitation.

3.8 Feeding theory and shrinkage porosity

Shrinkage porosity forms when the volume contraction associated with cooling and
solidification cannot be compensated by feeding liquid. In a perfect situation a
feeder or reservoir remains liquid longer than the casting and supplies metal to
compensate for contraction. During a real casting process feeding may be interrupted
by premature freezing, long feeding distances, insufficient temperature gradient, poor
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riser design or restricted interdendritic flow in the mushy zone.

It is useful to distinguish macroshrinkage from microporosity. Macroshrinkage
is associated with larger cavities or centreline shrinkage in last-to-freeze regions. It
is often related to isolated liquid pools and insufficient feeder action. Microporosity
is smaller and distributed. It forms in interdendritic regions where liquid feeding
becomes difficult near the end of solidification. In aerospace castings, microporosity is
important because even small pores may reduce fatigue performance, create leakage
paths or fail inspection requirements.

In the mushy zone, liquid feeding can be approximated as flow through a porous
medium. Darcy’s law can be written as

K
fiwy = ——Vp, (3.18)
H

where u; is the intrinsic interdendritic liquid velocity, fju; is the effective Darcy
or superficial liquid velocity, K is mush permeability, p; is liquid viscosity and
p is pressure. This form makes the liquid-fraction dependence explicit. However
if u; is defined as an effective Darcy velocity, the factor f; can be put into the
velocity definition. Permeability decreases rapidly as the solid fraction increases.
The simplified Kozeny—Carman expression illustrates this:

f 13 (1 — f 3)3
(1= fi)? f2
As f, approaches 1, f; becomes small and permeability drops. This is the physical

reason the late mushy zone is vulnerable to microporosity. The liquid is still present,
but it cannot move easily enough to compensate for shrinkage.

K o )3 =\ (3.19)

The pressure drop needed to feed the mushy zone increases when feeding distance
is long, permeability is low, viscosity is high or solidification rate is high. If the
pressure in the interdendritic liquid falls below a critical value, pores can nucleate
and grow. This explains why a simulation cannot assess porosity only by looking for
the last point to freeze. The last point matters, but the feeding path and pressure
drop through the mush matter as well. Carlson and Beckermann [5] derived their
dimensionless Niyama approach from this Darcy-flow picture and used it to combine
thermal conditions, material properties and pore-volume fraction.

For shell-thickness studies such as this one. Shrinkage porosity should be inter-
preted through the solidification sequence. A shell condition that creates directional
solidification toward a feeder can reduce porosity even if the casting cools more
slowly. A shell condition that creates isolated hot spots or prematurely freezes feed
paths can increase porosity even if the average cooling rate seems acceptable. It
is therefore useful to plot and compare the location of predicted pores relative to
feeders, gates, thick sections and section transitions.
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3.9 Niyama criterion

The Niyama criterion is a common thermal indicator for shrinkage-related porosity.
It is defined as

Ny=—— (3.20)

where G is the local temperature gradient and 7, is the local cooling rate, usually
evaluated near the end of solidification. The physical interpretation is that a high
gradient supports directional feeding, while a high cooling rate increases the demand
for feeding. Low Ny values therefore indicate regions where feeding-related shrinkage
is more likely [18, 6].

The Niyama criterion is used since it can combine two separate variables into
one. A hot-spot plot which identifies where metal remains hot for a long time, but it
does not indicate whether the surrounding thermal gradient is capable of feeding.
The Niyama criterion adds this information. Additionally it can be used to compare
shell-thickness cases since their thickness can change both G and 7.. A thicker shell
could reduce cooling rate, which can increase Ny. However it might simultaneously
reduce the thermal gradient. Which in turn can decrease Ny. Thus the final result
depends on which of these effects is the largest.

Since the Niyama criterion is not a universal law it shouldn’t be taken as gospel.
Carlson and Beckermann [6] mentions that there are thresholds for Niyama values
which are dependent on both the alloy and conditions. As well as that the original
criterion does not directly provide the amount of porosity. Neither does it correctly
predict gas porosity or all forms of isolated-liquid shrinkage. Therefore Niyama is
most useful as a comparative risk indicator for shrinkage. It can identify where
shell-thickness changes improve or worsen the thermal feeding condition. However it
should be combined with fraction-solid plots, solidification sequence and any available
experimental evidence.

A practical way to use the criterion is to report the minimum value in critical
regions,
NYmino = min Ny(x), (3.21)
’ x€Q

where € is a selected casting region. This avoids relying only on full-field images.
It could be useful to compare Nymin o across shell thicknesses and materials, while
also showing contour plots to verify whether the minimum occurs in a physically
meaningful region or only at a numerical boundary.

3.10 Niyama star microporosity
The Niyama star microporosity indicator, written here as Ny*, is a dimensionless

extension of the original Niyama criterion. It was developed to overcome two limita-
tions of the conventional criterion: the need for empirical alloy-specific thresholds
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and the inability of Ny alone to directly estimate shrinkage pore volume fraction.
The dimensionless form includes local thermal conditions as well as alloy properties
and solidification characteristics [5]. This is why it is more appropriate to call it a
Niyama star microporosity indicator rather than only a Niyama plot.

One common form is

XoV/AP AP,
Ny* = Ggi = Nydg,| —Z—, (3.22)
\/,ulBATfTC NIBATJC

where Ay is SDAS, AP, is the critical pressure drop for pore formation, y; is liquid
viscosity, 3 is solidification shrinkage and AT} is the freezing range. The expression
shows why Ny* is not only a thermal criterion. It includes the material’s ability to
feed through the mush and the pressure condition for pore formation.

If SDAS is approximated by Equation (3.15) with n = 1/3, the thermal depen-
dence of Ny* can be written as

G AP
Ny*=C A
YT NI BAT,

This is important for shell-thickness sensitivity. The original Niyama criterion scales
with G /T2, while this simplified Ny* form scales with G/T°/. The stronger
cooling-rate dependence comes from the effect of cooling rate on SDAS and therefore
on permeability. A shell-thickness change that modifies cooling rate can therefore
have a greater influence on Niyama star microporosity predictions compared to the
regular Niyama values.

(3.23)

Carlson and Beckermann [5] relate Ny* to the critical liquid fraction g, at which
feeding is no longer able to hinder porosity. Here 3 is the total solidification shrink-
age, defined as 8 = (ps — pi)/pi- The final shrinkage pore volume fraction can be
approximated by

B _ps—p
B+1 ps
where g, is pore volume fraction, ps is solid density and p; is liquid density. In
commercial software these might be implemented relationships internally and report
a microporosity field rather than Ny* itself. It is however still useful to explain the
theory behind it since it explains why Niyama star microporosity is influenced by
both thermal and material data.

9 =B, B = (3.24)

Because the model is derived from Darcy feeding through the mushy zone, it should
be viewed as a feeding-related shrinkage or microporosity indicator, not as a gas-
porosity model or a complete predictor of isolated-liquid shrinkage. This is important
because commercial software outputs can appear more definitive than the underlying
criterion actually is.

Guo et al. [11] applied a dimensionless Niyama approach with ProCAST to Ni-based
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superalloy castings and reported that the method could predict both location and
average volume fraction of microporosity in validation cases. This means that the use
of Niyama star microporosity as a relevant output for a nickel-superalloy investment
casting. Provided that the software settings and material data are documented.

3.11 Relation between shell thickness and Niyama
star microporosity

The link between shell thickness and Niyama star microporosity follows from Equa-
tion (3.23). Shell thickness influences G' and T, through the thermal boundary
condition. The alloy properties in the square-root term may remain constant between
shell cases, but the local thermal field changes. Therefore, different shell thicknesses
can produce different Ny* values even for the same alloy and geometry.

The effect can go in either direction. If a shell-thickness increase reduces cool-
ing rate more than it reduces the temperature gradient. Then Ny* may increase and
predicted microporosity may decrease. If the same thickness increase instead flattens
the thermal gradient or creates a larger isolated hot region. Then Ny* may decrease
and microporosity may increase. This explains why published studies can report
different trends depending on geometry, alloy, insulation and process conditions.
In one Ni-based superalloy plate study, thermal insulation changed cooling rate
and Niyama values, reducing shrinkage-porosity area fraction in the investigated
configuration [24]. In turbine-blade work, shell thickness, insulation and casting
temperature are treated as interacting variables rather than independent single-factor
causes [21].

The shell thickness should be compared using a predefined set of linked inputs
such as:

ts solidification time, (3.25)

fs(t,x) fraction-solid evolution, (3.26)

G(x) thermal gradient, (3.27)

T.(x) cooling rate, (3.28)

Ny(x) standard Niyama value, (3.29)

Ny*(x) or g,(x) Niyama star microporosity / pore volume fraction.  (3.30)

Reporting only one of these might not give the correct picture. For example a case
may show lower cooling rate, but if the thermal gradient also collapses then feeding
may not improve. Another case may show better standard Niyama values but still
show Niyama star microporosity because the cooling-rate effect on permeability
changes the pore-volume prediction.
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3.12 Simulation assumptions and credibility checks

Since casting simulations are not a direct measurement of reality, but instead a nu-
merical representation based on geometry, mesh, material data, boundary conditions,
solver settings and post-processing criteria. The most important assumptions are
likely to be:

the thermal properties of IN718 and the ceramic shell;

the liquidus, solidus and fraction-solid curve of IN718;

the metal-shell interfacial heat-transfer coefficient;

the shell outer-surface convection and radiation conditions;

the shell thickness distribution and whether it is uniform or locally varied;
the feeding and porosity model settings;

the fraction-solid threshold used for late-mushy-zone interpretation;

the mesh resolution in thin sections and near gates, feeders and hot spots.

XN OO W

Each of these can change predicted hot spots and porosity indicators. The theory
chapter should therefore support a transparent methodology chapter. If a value is
taken from a software database, it should be stated. If a value is taken from literature
or a company standard, that should be stated. If a value is assumed because no data
are available, the assumption should be treated as a limitation.

Model credibility should primarily be viewed as a sensitivity analysis and seeing
if its at all plausible rather than full experimental validation. Thermal calibration
and porosity prediction studies for nickel-superalloy investment castings show that
matching thermal histories is important before making strong defect-prediction claims
26, 27].

A wuseful check is to start from simple expectations. Thin sections should cool
off before thick ones unless local insulation or radiation prevents it. Feeders should
remain liquid longer than the regions they feed. Low Niyama or Niyama star values
should appear in the last-to-feed or low-gradient regions rather than randomly at
certain mesh-artefacts. If these checks fail, the model setup should be questioned
before shell-thickness conclusions are drawn.

3.13 Implications for the thesis simulation plan

The theory above leads to several practical implications. First, shell thickness should
be studied as part of a thermal-feeding system. It should not be discussed only as a
mould-building parameter. The simulation matrix should therefore include variables
that capture temperature, fraction solid, feeding and porosity.

Secondly, the IN718 material database is to be treated as a central input assumption.

Liquidus, solidus, latent heat and fraction-solid curve influence the timing of the
mushy zone and the interpretation of the 0.7 solid-fraction cutoff. Since IN718 has
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significant segregation and late interdendritic solidification. The last part of the
freezing range is important for microporosity. The source of the IN718 data used in
the simulations should therefore be documented.

Third, the 0.7 solid-fraction cutoff should be explained as a post-processing threshold
for late-stage mushy solidification. It is useful for identifying when feeding changes
from open liquid flow to restricted interdendritic flow. It should however not be
presented as an absolute.

Fourth, Niyama and Niyama star microporosity should be treated separately. Niyama

is a thermal criterion based on G/4/ T.. Niyama star microporosity is a dimensionless
microporosity framework that takes the material into account more and is able to be
connected to the shrinkage porosity volume fraction.

Finally, results should be compared to each other. The goal is to determine how
shell thickness affects the predicted quality for the component and the process condi-
tions. The conclusion should identify whether shell thickness mainly changes total
solidification time, feeding direction, Niyama values, Niyama star microporosity or
the location of the last-to-freeze region. The purpose of the theory chapter is to
make those mechanisms explicit.
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3.14 Traceability of formulas and symbols

The formulas in this chapter are included as explanations for simulation results.
Table 3.1 summarises where the main formulas come from and what the separate
terms mean. This is to prevent them from appearing as unsupported post-processing
choices.

Table 3.1: Traceability of the main formulas used in the theory chapter.

Formula or equa- Origin Meaning of the parts
tion

ATy =Ty —Ts and Standard solidification def- 77, is liquidus temperature, T's
fi=1—f initions used in casting- is solidus temperature, AT} is
solidification theory [23].  freezing range, f is solid frac-

tion and f; is liquid fraction.

fseit ~ 0.7 and Practical late-mushy- f; e is the selected solid-

fs > fserit zone cutoff. It is fraction threshold. Regions
a post-processing above it are mostly solid and
threshold supported likely to require interdendritic

by shrinkage/fraction- rather than open-liquid feeding.
solid studies that treat

high-solid-fraction regions

as restricted-feeding mush

[29, 16].

pOH/Ot = ¥V - Energy conservation writ- p is density, H is specific en-
(kVT)+¢and H = ten in enthalpy form for thalpy, k is thermal conductivity,
H(Ty) + [¢,dT + phase-change heat trans- 7 is temperature, ¢ is a source

Lf fer, commonly used to de- term, ¢, is heat capacity, L is la-
scribe solidification mod- tent heat and f; determines how
elling [23, 19]. latent heat is released through

the freezing range.

R’ = 1/hpm_s + Thermal-circuit form of h,,_, is metal-shell interface
Ly/ks + 1/hs_o conduction and convection heat-transfer coefficient, L;/k;
and q’ = resistances in series. Be- is shell conductive resistance per
(T, — Too) / R ot hera et al. [3] use the same unit area, hs_o, is the outside

series-resistance logic for heat-transfer coefficient, T,, is

investment-casting shells metal temperature and T, is

and overall heat transfer = ambient/surrounding tempera-
ture.

Continued on next page
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Formula or equa-
tion

Origin

Meaning of the parts

ks7eq

Liot/ X2i(Li/ks)

qraqa = eocF (T} —
Ts4ur> and hrad

eo F(Ts+ T ) (T2 +
T2))

sur

T. = |0T/ot|, G =
IVT| and ty; =
HT =Ts) — (T =
Tr)

Ay = C)\Tc_n

t, = B(V/A)"

Composite-wall expression
for a multilayer shell. In-
cluded because real invest-
ment shells are built from
several ceramic coats [3,
13].

Stefan-Boltzmann radia-
tion written with a view
factor, then linearised into
an equivalent radiation co-
efficient. Upadhya et al.
28] shows why view fac-
tors matter in investment-
casting defect prediction

Standard thermal post-
processing quantities.
Niyama-based shrinkage
work evaluates G and
cooling rate near the end
of solidification [18, 24].

Empirical SDAS-cooling-
rate relation. Szeliga [24]
reports an experimentally
fitted relation for a Ni-
based superalloy casting,
while the chapter keeps
the general form because
constants are alloy/pro-
cess dependent.

Chvorinov-type modulus
relation [7], wuseful for
explaining why large-
modulus regions solidify
late. Upadhya et al. [28]
discuss investment-casting
modifications where
mould/radiation  condi-
tions change the simple
sand-casting behaviour.

L; and k; are the thickness and
conductivity of layer i; Ly is to-
tal thickness; ke is the effective
through-thickness conductivity
used if the shell is homogenised.

¢ is emissivity, o is the Stefan-
Boltzmann constant, F' is the
view factor, Ty is shell surface
temperature and Ty, is sur-
rounding surface/ambient tem-
perature.

T. is cooling rate, G is thermal
gradient and t, is local solidi-
fication time. They should be
evaluated consistently across all
shell-thickness cases.

Ao is secondary dendrite arm
spacing, C) is a fitted alloy/pro-
cess constant, T. is cooling rate
and n is the cooling-rate expo-
nent.

B is a mould /process constant,
V/A is casting modulus and n
is an exponent. It is used qual-
itatively here, not as the thesis
solver.
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Formula or equa- Origin Meaning of the parts

tion

Sy.L, = Normalised finite- gy is any output such as Nymi,
(Ay/yo)/(ALs/Lsp) difference sensitivity or tg, L is shell thickness and

frag = —(K/u)Vp
and K oc \2f7/(1—

fi)?

Ny:G/\/YTC

measure. This is a mathe-
matical comparison tool
rather than a casting law.

Darcy-flow picture of inter-
dendritic feeding through
a porous mush, with
Kozeny—-Carman-type per-
meability scaling. Carl-
son and Beckermann [5]
use this feeding concept in
their dimensionless Niya-
ma,/microporosity frame-
work.

Original Niyama
shrinkage-porosity crite-
rion [18], later used and
calibrated in different
casting alloys.  Szeliga
[24] uses the same form

for Ni-based superal-
loy shrinkage-porosity
interpretation.

Dimensionless Niyama cri-
terion proposed by Carl-
son and Beckermann [5]
to connect thermal condi-
tions, feeding properties
and pore volume fraction;
Guo et al. [11] apply the
approach to Ni-based su-
peralloy castings.

subscript 0 denotes the baseline
case. It expresses percent out-
put change per percent thickness
change.

u; is intrinsic interdendritic lig-
uid velocity, fiu; is effective
Darcy /superficial velocity, K is
mush permeability, p; is liquid
viscosity, p is pressure, Ao is
SDAS and f; is liquid fraction.

G rewards directional heat
flow /feeding, while \/T, repre-
sents cooling-rate demand. Low
Ny indicates higher shrinkage-
feeding risk, but thresholds are
alloy and process dependent.

Ny* is the Niyama star micro-
porosity indicator, AP,, is crit-
ical pressure drop for pore for-
mation, y; is liquid viscosity,
is solidification shrinkage and
AT} is freezing range. It should
be treated as a feeding-related
shrinkage /microporosity indica-
tor, not as a gas-porosity model.

Continued on next page
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Formula or equa-
tion

Origin

Meaning of the parts

9p = B/gl,cr and
6, = (ps - pl)/ps

Pore-volume relation asso-
ciated with the dimension-
less Niyama/microporos-
ity model [5].

gp s shrinkage pore volume frac-
tion, g is the critical liquid
fraction at pore formation, 3’ is
an effective shrinkage factor and
ps, pr are solid and liquid density.
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3.15 Summary of key theoretical quantities

Table 3.2 Summary of theoretical quantities which while they may not be used
directly have an influence on the results and should be used consistently.

Table 3.2: Key theoretical quantities for interpreting shell-thickness and IN718

casting simulations.

Quantity Expression Interpretation

Freezing range ATy =Ty, —Ts Temperature interval over which
liquid and solid coexist.

Solid fraction fs=1—1f; Progress of solidification; used to
identify mushy and late-mushy re-
gions.

Late mushy cutoff fs,rit = 0.7 Practical threshold for restricted
feeding and shrinkage-risk interpre-
tation.

Cooling rate 1. = 0T/ ot| Rate of local heat extraction; af-
fects SDAS and feeding pressure
demand.

Thermal gradient G = |VT| Directional  feeding indicator;

Shell resistance

Layered shell con-
ductivity

SDAS

Niyama

Niyama star micro-
porosity

Pore volume frac-
tion

R”=1/hp—s+Ls/ks+1/hs—oo

ks,eq = Ltot/ ZZ Li/kz’

Ao = C)\Tc_n

Ny:G/\/jTc

AP,
mBATYy

Ny* = Nylo

gp = /Blgl,cr

higher gradients generally support
feeding.

Shows how shell thickness enters
the heat-flow path.

Converts a layered ceramic shell
into an effective through-thickness
conductivity.
Microstructural spacing; affects
mush permeability.

Thermal shrinkage-porosity risk in-
dicator.

Dimensionless material-aware mi-
croporosity indicator.

Approximate link between critical
liquid fraction and shrinkage pore
fraction.
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Methods

4.1 Approach

The study was structured as a comparative simulation study. A provided CAD
model was used as the basis for the simulation setup, after which different shell
representations were generated and evaluated. The work first focused on establishing
two main shell models: a constant-thickness shell and a non-uniform shell based
on physical shell cut-up measurements. These models were then compared with
and without insulation wrapping. After this initial comparison, the main sensitivity
study was performed using insulation-wrapped models, since this better represented
the actual process.

The study was not designed as a material-property investigation. The cast al-
loy definition used in ProCAST was treated as a fixed input required to perform
the simulations. No experimental determination of cast material properties was
performed, and no comparison between different cast materials was included. The
focus was instead placed on the simulation workflow, shell-thickness representation,
process-parameter variation and interpretation of solidification-related defect indica-
tors.

Due to the industrial context of the project, exact component geometry, process
parameters, shell dimensions, internal modelling values and company-specific simula-
tion settings are not reported. The methodology therefore describes the modelling
procedure, simulation sequence and comparison strategy, while proprietary GAIC
information is left out.

4.2 Simulation software

All casting simulations were performed in ProCAST. The software was used to
simulate both mould filling and solidification. Including both stages was important
because the thermal state after filling provides the starting condition for the solid-
ification calculation. Since shell thickness and process settings can influence the
temperature distribution during filling, a solidification-only approach would not have
been an accurate representation of the process.

The filling calculation was computationally demanding and accounted for the majority
of the simulation time. However it was still included because the filling stage affects
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metal temperature, heat loss, local cooling conditions and the later development of
solidification indicators. The filling and solidification stages were therefore treated
as connected parts of the same process simulation.

4.3 CAD model and casting system

The simulation work was based on a CAD model provided for the project. The
CAD geometry was imported into ProCAST and used as the basis for the simulation
model. The model included the casting system required for the process simulation.
In particular, the gating system was included as part of the model rather than being
removed or treated separately.

Including the gating system was necessary because the filling behaviour, metal
flow path and temperature distribution are influenced by the complete casting sys-
tem. The gating system controls how the metal enters the mould cavity and how
different regions of the casting are thermally loaded during the early stages of the
process. Since the later solidification behaviour depends on the thermal state after
filling, the gating system was not changed between the simulations.

Any geometry preparation performed before simulation was limited to making the
model suitable for meshing and process simulation. The component and gating layout
were treated as industrial input data. Redesigning the component or developing a
new gating system was far outside the scope of the study and not something the
author was qualified to do.

4.4 Ceramic shell modelling

The ceramic shell was generated within ProCAST. Two main shell representations
were used in the study. The first representation was a constant-thickness shell, where
the ceramic shell was generated with a uniform nominal thickness around the casting
system. This represented the idealised shell setup used as the initial simplified
simulation approach.

The second representation was a non-uniform shell. This model was based on
improved knowledge of the real shell thickness obtained from physical shell cut-ups.
These cut-ups provided measurements of the actual shell-thickness distribution and
showed that the real shell could not be represented fully by a single constant thick-
ness. Based on this information, an attempt was made to reproduce the measured
shell-thickness variation in ProCAST as closely as practically possible.

The non-uniform shell model should be understood as an approximation rather
than an exact digital copy of the real ceramic shell. Reproducing the measured shell
geometry precisely was difficult due to the complexity of the casting geometry, the
limited number of measurement locations and practical limitations in creating the
shell representation inside the simulation environment. The aim was not to model
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every local shell-thickness detail exactly, but to create a shell representation that was
closer to the measured physical shell than the idealised constant-thickness model.

The comparison between the constant and non-uniform shell representations formed
the central part of the study. The constant shell model represented a simplified
modelling approach, while the non-uniform shell model represented a more realistic
approximation of the measured shell condition.

4.5 Insulation wrapping

Insulation wrapping was included as a part of the simulation setup because the
mould is insulated in the actual process. The unwrapped simulations were there-
fore not intended to represent the real process condition directly. Instead, they
were included to show the influence of the insulation wrapping and to provide a
reference for how strongly the thermal behaviour changes when the wrapping is added.

Both ceramic shell representations were simulated with and without insulation
wrapping. This resulted in four initial model variants: a constant shell without
wrapping, a constant shell with wrapping, a non-uniform shell without wrapping
and a non-uniform shell with wrapping. The constant shell represented the idealised
nominal shell-thickness approach, while the non-uniform shell represented an approx-
imation of the measured shell-thickness variation.

As expected, the comparison showed a large difference between the wrapped and
unwrapped simulations. The insulation heavily affected the thermal response of
the mould and casting system by changing the heat exchange with the surrounding
system. This combined with the actual casted parts utilising insulation wrapping
means that these were the relevant models for the continued study.

The difference between the constant and non-uniform shell representations was
much smaller when both models included insulation wrapping. This does not mean
that the shell representation had no impact, since local differences could still appear
in temperature history, heat flux, solidification behaviour and defect indicators.
However, the initial comparison showed that insulation wrapping had a much larger
influence on the overall thermal behaviour than the difference between the two
wrapped representations.

For this reason, the later sensitivity study was performed using insulation-wrapped
models. The non-uniform wrapped shell was used for the main process-parameter
variations, while the constant wrapped shell was used for corresponding comparison
cases.
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4.6 Simulation case structure

The simulation cases were organised around two stages. The first stage consisted
of the four initial model variants described above: constant shell without wrapping,
constant shell with wrapping, non-uniform shell without wrapping and non-uniform
shell with wrapping. This stage was used to confirm the influence of insulation wrap-
ping and to compare the two shell representations under process-relevant wrapped
conditions. Since the actual process uses insulation wrapping, the unwrapped models
were not carried forward into the main sensitivity study.

The second stage consisted of the process-parameter study. This was first per-
formed using the non-uniform shell model with insulation wrapping. The varied
parameters were:

 shell preheat temperature,

» mass flow rate during filling,

o enclosure emissivity.
The mass flow rate was compared between the original simulation setting and a
lower value based on measured process averages. The shell preheat temperature
was evaluated at a lower, standard and higher level. The enclosure emissivity was
evaluated using the standard value and one lower value. Exact numerical values are
omitted due to confidentiality.

The enclosure emissivity variation had no practical influence on the investigated
results. A likely reason is that the mould was exposed to the enclosure radiation
condition for a limited part of the relevant process time compared with the stronger
effects from filling, shell preheat and metal-mould heat transfer. For this reason the
later comparisons focused mainly on shell representation, mass flow rate and shell
preheat temperature.

After the non-uniform shell simulations had been evaluated corresponding simulations
were performed using the constant-thickness shell model with insulation wrapping.
These simulations allowed the constant and non-uniform shell representations to be
compared under similar filling and thermal conditions. Since the emissivity variation
had shown to have no real influence in the non-uniform shell study, it was not present
in the later constant-shell comparison.

The study was not a full factorial design of experiments. Instead, it was a fo-
cused comparative simulation study intended to evaluate how shell representation

and selected process parameters affected the simulated filling behaviour, solidification
sequence and predicted defect indicators.

4.7 Filling and solidification simulation

Each simulation included both filling and solidification. During the filling stage
molten metal was introduced through the gating system according to the defined

44



4. Methods

filling condition. ProCAST calculated the progression of the metal front, the devel-
opment of the temperature field and the heat transfer between the metal, ceramic
shell, insulation and surrounding environment.

After filling, the simulation continued through solidification. The solidification
stage was used to evaluate how the different shell representations and process settings
influenced cooling behaviour, fraction-solid development, hot-spot formation and
predicted defect indicators. Since the thermal field at the end of filling affects the
entire solidification sequence, the filling and solidification stages were evaluated as
one connected process.

The simulations were compared through differences between cases. The main inter-
est was not only the absolute value of a single output in one simulation, but how
the response changed when the shell representation or selected process parameter
was changed. The same approach was therefore used across the cases to make the
comparisons consistent.

4.8 Post-processing and evaluated outputs

The simulation results were evaluated using both field outputs and time-dependent
data extracted from selected locations. The post-processing focused on outputs
that describe filling behaviour, solidification development, heat transfer and defect
tendency.

The evaluated outputs were:

 fraction-solid development at selected time steps,
« animations of the solidification sequence,

o Niyama microporosity over the full model,

o shrinkage porosity predictions,

o mould-interface behaviour over the process,

» time-temperature curves at selected locations,

o time-heat-flux curves at selected locations,

o temperature-heat-flux plots at selected locations.

Fraction-solid plots and animations were used to study how solidification progressed
through the casting. These outputs made it possible to identify which regions solidi-
fied early, which regions remained liquid for longer and where last-to-freeze areas
developed. Selected time steps were used to compare the different cases at similar
stages of the process.

Niyama microporosity and shrinkage porosity outputs were used as defect-related
indicators. These outputs were not treated as direct proof of actual defects, but as
simulation-based indications of regions where the thermal and feeding conditions
may be unfavourable. The defect indicators were therefore interpreted together with
the solidification sequence rather than as isolated results.
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The mould-interface animation was used to examine the temperature development
between the casting and mould throughout the process. This was included because
the metal-mould interface is important for heat transfer and can influence the local
thermal response of the casting.

Temperature and heat-flux data were extracted at a number of selected locations in
the model. These monitoring locations were used to compare local thermal histories
between cases. Temperature—time plots showed how quickly different regions heated,
cooled and passed through the solidification interval. Heat-flux—time plots showed
how local heat extraction changed during filling and solidification. Temperature—
heat-flux plots were used to relate local heat extraction to the thermal state of the
casting.

4.9 Comparison between simulation cases

The simulation cases were compared by examining both global field behaviour and
local thermal response. Global field outputs, such as fraction solid, Niyama mi-
croporosity and shrinkage porosity, were used to identify changes in the overall
casting response. Local plots from selected monitoring positions were then used to
understand the thermal mechanisms behind these changes.

The comparison between the constant shell and non-uniform shell was central to
the work. The constant shell case provided an idealised reference case, while the
non-uniform shell case provided a more realistic approximation based on physical
shell measurements. Differences between the two cases were evaluated in terms
of filling behaviour, solidification sequence, hot-spot location, predicted porosity
indicators and local heat extraction.

The process-parameter variations were interpreted in relation to their expected
physical influence. The mass-flow variation was used to evaluate the effect of the
filling condition on the thermal state entering solidification. The shell-preheat varia-
tion was used to evaluate the influence of the initial thermal state of the ceramic
shell. The emissivity variation was included to test the sensitivity of the model to
the enclosure radiation setting, but was not treated as a main controlling parameter
after showing limited influence in the investigated cases.

4.10 Validation and comparison with process ob-
servations
A limited validation or process comparison was performed using available porosity

information. The comparison was qualitative rather than a full quantitative vali-
dation. Simulation cases using process parameters close to the actual process were
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compared with observed porosity indications from the real casting process.

The observed porosity indications were found to occur in broadly similar regions to
the simulated defect indicators. This provided some support that the simulations
captured relevant trends in the casting behaviour. However, the comparison was
limited and should not be Viewed as complete verification of the model.

Because the available validation data were limited, the results are primarily inter-
preted as comparative simulation trends. The conclusions are therefore related to how
the simulation response changes between shell representations and process-parameter
cases, rather than to exact prediction of porosity amount or final component accept-
ability.

4.11 Confidentiality and reporting of parameters

The project was carried out in an industrial setting, and the simulation work involved
proprietary GAIC information. Exact component details, process parameters, shell
dimensions, internal modelling values and company-specific simulation settings are
therefore not reported in full detail. This applies to both the input data and some
aspects of the simulation case definitions.

To maintain clarity while protecting confidential information, the methodology
is reported in terms of workflow, model structure and comparison strategy. The work
describes which variables were studied, how the simulation cases were constructed
and how the results were evaluated, without disclosing proprietary numerical values.
This means that the public report is not intended to provide a fully reproducible
industrial simulation setup. Instead, it documents the method to explain how the
conclusions were reached.
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Results & Discussion

5.1 Presentation of results

The results are presented as relative simulation trends rather than as absolute numer-
ical process values. Due to confidentiality requirements, exact process parameters,
component geometry, gating geometry and numerical axis values are not shown. The
plots included in this chapter are therefore used to compare curve shape, relative
separation, timing and repeated behaviour between simulation cases.

In total 294 thermal-history plots were generated during the work. These included
time—temperature, time—heat-flux and temperature—heat-flux plots from selected
locations. The full set of plots was used during the analysis to identify trends, but
only a select few of them are included in this chapter. Including all generated plots
would reduce readability without adding any real value.

The results focus on how the simulated response changed when insulation wrapping,
shell, shell preheat temperature, mass flow rate and enclosure emissivity were varied.
The evaluated outputs were local temperature histories, local heat-flux histories,
temperature—heat-flux relationships, fraction-solid development, Niyama microporos-
ity and shrinkage-porosity.

The porosity outputs are to be viewed as defect indicators rather than proof of
defects. Niyama-type criteria and shrinkage-porosity predictions depend on the simu-
lated thermal field, feeding conditions, material data and post-processing assumptions.
For these reasons the results should be seen as comparative trends between simulation
cases, not as final acceptance criteria for the component [18, 5, 16].

For confidentiality reasons, the monitoring locations are referred to using anonymised
labels in the text and figure captions. Examples for these are shown in table 5.1

Table 5.1: Anonymised monitoring locations used for representative thermal-history
plots.

Label used in report Plot file location used in figures
Location A mid_part_large_concave_y_2
Location B mid_part_through_extrusion_thickness_y_9
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5.2 Overview of simulation cases

The simulation work was organised around three main result groups. First of all
four initial model variants were compared: constant shell without insulation wrap-
ping, constant shell with insulation wrapping, non-uniform shell without insulation
wrapping and non-uniform shell with insulation wrapping. This comparison was
used to evaluate the influence of insulation wrapping and to compare the two shell
representations under wrapped and unwrapped conditions.

Second, the non-uniform shell model with insulation wrapping was used for the
main process-parameter sensitivity study. This model was selected because it rep-
resented the measured shell condition more closely than the constant shell model
while also including the insulation wrapping used in the actual process.

Finally corresponding simulations were performed using the constant shell model
with insulation wrapping. These cases were used to compare the idealised constant
shell representation with the non-uniform shell representation under similar process
conditions.

Table 5.2 shows the test matrix for the non-uniform wrapped shell sensitivity study.
Test 1 corresponds to the wrapped non-uniform shell reference case from the initial
four-model comparison. Tests 2—6 were used for the main shell-preheat and mass-
flow comparison at standard enclosure emissivity. Tests 7-12 repeated the same
combinations with lower enclosure emissivity.

Table 5.2: Overview of the non-uniform wrapped shell sensitivity cases. Exact
numerical values are omitted due to confidentiality.

Test Shell preheat temperature Mass flow rate Enclosure emissivity
1 Standard Standard Standard
2 Lower Standard Standard
3 Higher Standard Standard
4  Standard Measured average, lower  Standard
5 Lower Measured average, lower  Standard
6  Higher Measured average, lower  Standard
7  Standard Standard Lower
8  Lower Standard Lower
9 Higher Standard Lower
10 Standard Measured average, lower  Lower
11 Lower Measured average, lower  Lower
12 Higher Measured average, lower  Lower

The enclosure emissivity variation had basically no influence on the results. For this
reason, Tests 7-12 are included in the case matrix, but the results discussion focuses
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on Tests 1-6 and the corresponding constant-shell comparison cases.

5.3 Overall trends from the simulation cases

The investigated simulation cases showed that shell preheat temperature had the
strongest influence on the predicted defect indicators. The effect of shell represen-
tation was also present, but smaller in comparison. The constant-thickness shell
generally gave slightly more favourable results than the non-uniform shell representa-
tion, although the difference was not large enough to suggest that shell controlled the
overall result. The enclosure emissivity variation had very limited influence, while
the lower mass-flow condition produced a smaller negative effect, especially when
combined with the lower shell preheat temperature.

The clearest trend was observed for shell preheat temperature. The higher shell-
temperature cases consistently produced considerably lower porosity indications
than the corresponding standard and lower shell-temperature cases. The standard
shell-temperature cases gave intermediate results, where the predicted porosity indi-
cation was not as severe as in the lower-temperature cases, but also not as favourable
as in the higher-temperature cases. The lower shell-temperature cases gave the
least favourable results across the evaluated simulations and showed strong porosity
indications compared with the other shell-temperature levels.

The mass-flow variation had a slight influence on the results, but significantly
lower than the shell preheat temperature. The lower mass-flow condition generally
produced a somewhat less favourable response. This effect was most obvious when
the shell preheat temperature was also low. This suggests that the lower mass-flow
condition and the lower shell temperature acted in the same unfavourable direction:
both contributed to a colder or less favourable thermal state during filling and early
solidification. When the shell temperature was higher, the negative effect of the
lower mass-flow condition was barely legible.

The enclosure emissivity variation produced almost no visible change in the evaluated
results. The temperature-history plots, heat-flux plots and defect indicators were
very similar between the standard-emissivity and lower-emissivity cases. This indi-
cates that enclosure emissivity was not a controlling parameter for the investigated
simulations. A likely explanation is that the mould was exposed to the enclosure
radiation condition for a limited part of the relevant process time, while the thermal
response was dominated by filling conditions, shell preheat and heat transfer between
the metal and its surroundings.

The comparison between the constant and non-uniform shell representations showed
that the constant shell gave slightly better overall results on average. However, the
difference between the two wrapped shell representations was small compared with
the effect of shell preheat temperature. The non-uniform shell representation can
still be relevant because it may affect local heat extraction and defect indicators, but
the results suggest that the investigated process was more sensitive to shell preheat
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than to the difference between the constant and non-uniform wrapped shell models.

Table 5.3: Qualitative summary of the main simulation trends.

Investigated change Observed effect

Interpretation

Constant shell
compared with

non-uniform shell constant shell

Higher shell preheat = Clearly more favourable
porosity indication

temperature

Standard shell preheat Intermediate result

temperature
Lower shell preheat Clearly worse porosity
temperature indication

Lower mass flow rate  Slightly negative effect,
especially with lower

shell preheat

Lower enclosure
emissivity

Slightly more favourable
overall result for the

Negligible effect

The effect was present but relatively
small compared with the influence of
shell preheat temperature. Local
differences may still be important.

Reduced initial thermal difference
between metal and shell likely
improved the thermal conditions for
feeding and solidification.

The result was acceptable relative to
the lower-temperature case, but less
favourable than the
higher-temperature case.

Increased heat extraction during filling
and early solidification likely promoted
unfavourable feeding and stronger
defect indications.

The lower mass-flow condition affected
the filling thermal history and was
most unfavourable when combined
with a colder shell.

The enclosure radiation setting did not
appear to control the thermal response
in the investigated cases, likely due to
limited effective exposure time.

52



5. Results & Discussion

5.4 Influence of insulation wrapping

The initial model comparison showed a large difference between wrapped and un-
wrapped simulations. This was expected, since insulation wrapping changes the
external heat exchange of the mould system. The unwrapped simulations were there-
fore not representative of the actual process condition, but were useful as comparison
cases to show the importance of the insulation wrapping.

The difference between wrapped and unwrapped models was larger than the difference
between the constant and non-uniform shell representations when both shell models
included wrapping. This is as expected and indicates that insulation wrapping was a
dominant part of the overall thermal boundary condition. Since the actual process
uses insulation wrapping, the later sensitivity study was performed using wrapped
models.

The temperature histories in Figure 5.1 show the difference between the initial
wrapped and unwrapped model variants at Location A. The purpose of the figure
is not to report exact temperatures, but to show the relative change in thermal
behaviour when insulation wrapping is included.
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Figure 5.1: Temperature histories for the initial wrapped and unwrapped model
comparison at Location A. The wrapped cases show that insulation wrapping strongly
affects the thermal response of the mould and casting system. Numerical axis values
are omitted due to confidentiality.

The same general behaviour was visible in the heat-flux histories. The wrapped and
unwrapped cases did not only differ by a small local shift; the insulation changed the
way heat was removed from the system. This supports the decision to use wrapped
models for the main sensitivity study. Also a note on the very visible initial spike
on the heat-flux in figure 5.2. That comes from when the metal first reaches the
plotting point which, since it was located within the part and not the shell, is set to
a significantly lower temperature by the software.
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Figure 5.2: Heat-flux histories for the initial wrapped and unwrapped model
comparison at Location A. The difference between wrapped and unwrapped cases is
larger than the difference between the two wrapped shell representations. Numerical
axis values are omitted due to confidentiality.

5.5 Influence of shell preheat temperature

The shell preheat temperature had the strongest influence on the predicted porosity
indicators. The higher shell-temperature cases gave clearly more favourable results,
while the lower shell-temperature cases gave the least favourable results. The stan-
dard shell-temperature cases gave an intermediate response.

This trend is consistent with the role of shell preheat in the thermal development of
the casting. A colder shell increases the temperature difference between the metal and
the mould during filling and early solidification. This increases heat extraction from
the melt and can promote earlier local freezing, less favourable feeding conditions
and stronger defect indications. A higher preheat temperature reduces the thermal
difference between metal and shell, which can keep regions open for feeding for
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a longer period and reduce the predicted porosity indicators. This interpretation
is consistent with the general investment-casting literature, where shell thermal
behaviour, mould preheat, insulation and boundary conditions are treated as coupled
factors influencing solidification and defect formation [19, 21, 24].

The influence of shell preheat temperature is shown in Figure 5.3. Tests 1-3 compare
the standard, lower and higher shell preheat temperatures at the standard mass-flow
condition. Tests 4-6 show the corresponding shell-preheat variation at the lower
measured-average mass-flow condition.

Shell and Molt Temperature Shell and Molt Temperature . . Shell and MPI( Temperaturg

Point 1 Point 1 \ Point 1

Point 2 Point2 | | ‘\ Point 2

\ Point 3 Point 3 LEA\N Point 3

L Point 4 Point4 | . \ \ ‘\\ Point 4

;v =) =HINNANN e

o N oint \ Point 7 6] h Point 7

= Fg::‘ 8] Point8 || \ Point 8

et =HINRENN
ran 2| s 1+
& &
Time [s Time [s] Time [s]

Test 1: standard shell Test 2: lower shell Test 3: higher shell
temperature, standard mass temperature, standard mass temperature, standard mass
flow flow flow

Shell and Molt Temperature 541ell and Molt Temperature Shell and Molt Temperature
Point 1 1 Point 1 | Point 1
Point2 | Point2 | Point 2
Point 3 Point 3 \ Point 3
Point4 |+ Point4 | A\ Point 4
Point 5 f\ Point 5 \ Point 5
Point6 |7 Point6 | . Point 6
o Point7 | | o Point 7 j AN Point 7
— oint — oinf 4 — Point
ram || 8 foms || % N\ ot
5 Point 10 3 Point10|{ = Point 10
g Point 11 g N Point 11 g AN Point 11
g Point 12 g D . Point 12| E Point 12
& 1 & — &
\_ | ‘
Time [s Time [s] ] ‘ T Time [s] )
Test 4: standard shell Test 5: lower shell Test 6: higher shell

temperature, lower mass flow temperature, lower mass flow temperature, lower mass flow

Figure 5.3: Temperature histories at Location A for the non-uniform wrapped shell
cases. The comparison shows the influence of shell preheat temperature at both
standard and lower measured-average mass-flow conditions. Numerical axis values
are omitted due to confidentiality.

The corresponding heat-flux histories are shown in Figure 5.4. The lower shell-
temperature cases show a less favourable thermal response than the higher shell-
temperature cases. This supports the interpretation that the colder shell condition
increased early heat extraction and produced less favourable solidification conditions.
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Figure 5.4: Heat-flux histories at Location A for the non-uniform wrapped shell cases.
The heat-flux response supports the interpretation that shell preheat temperature
was the dominant investigated process parameter. Numerical axis values are omitted
due to confidentiality.

5.6 Influence of mass flow rate

The lower mass-flow condition produced a less favourable response than the standard
mass-flow condition, although the effect was significantly smaller than the influence
of shell preheat temperature. The negative influence of the lower mass flow was most
visible when it was combined with the lower shell preheat temperature.

This behaviour can be explained by the connection between filling and solidifi-
cation. Since the simulations included both filling and solidification, the thermal
state after filling became the starting condition for the solidification stage. A lower
mass flow changes the filling time scale and can increase the opportunity for heat loss
before the casting reaches the later solidification stage. This becomes more harmful
when the shell is also colder, because the thermal driving force for heat extraction is
already larger.

The lower mass-flow condition and the lower shell preheat temperature therefore

acted in the same unfavourable direction. Both contributing to a colder state during
filling and early solidification. This helps explain why Test 5, which combined lower
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shell temperature and lower mass flow, gave a clearly worse response compared with
the corresponding higher-temperature cases.

The mass-flow effect is most clearly interpreted by comparing Test 2 with Test 5 and
Test 3 with Test 6. Tests 2 and 5 both use the lower shell preheat temperature, but
Test 5 uses the lower measured-average mass flow. Tests 3 and 6 both use the higher
shell preheat temperature, but Test 6 uses the lower measured-average mass flow.
The comparison indicates that mass flow had an effect, but that the severity of this
effect depended strongly on the shell-temperature condition.

Figure 5.5 shows a second monitoring location used to support this trend. The
repeated behaviour at multiple locations supports the conclusion that shell preheat
temperature was the stronger parameter, while mass flow had a much smaller influ-
ence.
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Figure 5.5: Temperature histories at Location B. The comparison between Tests 2
and 5 shows the influence of reducing mass flow at lower shell preheat temperature,
while the comparison between Tests 3 and 6 shows the corresponding effect at higher
shell preheat temperature. Numerical axis values are omitted due to confidentiality.

5.7 Influence of enclosure emissivity

The enclosure emissivity variation had practically no influence on the evaluated
results. The temperature-history plots, heat-flux-history plots and defect-indicator
outputs were very similar between the standard-emissivity cases and the lower-
emissivity cases. Compared with shell preheat temperature and mass flow rate,

enclosure emissivity was therefore not a controlling parameter in the investigated
simulation setup.

This result does not mean that radiation is unimportant in investment casting.
Radiative heat transfer can be large at high temperatures and depends on emissivity,
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surface temperature, surrounding temperature and view factor [28, 19]. However, in
the present simulations, the emissivity boundary condition appears to have a negli-
gible influence compared with the dominant effects from metal-shell heat transfer,
shell preheat temperature, filling history and insulation wrapping.

A likely explanation is that the mould was effectively exposed to the enclosure
radiation condition for a limited part of the relevant process time. The most impor-
tant thermal response was instead governed by the early interaction between molten
metal, ceramic shell and insulation. Because of this, Tests 7-12 were not treated as
a part of later comparisons.

5.8 Influence of shell representation

The constant shell representation gave slightly more favourable overall results than
the non-uniform shell representation. However, the difference between the two
wrapped shell representations was small compared with the effect of shell preheat
temperature. This suggests that shell representation affected the thermal response,
but that it was not dominant.

The constant shell model gives a more uniform thermal resistance around the
casting system. The non-uniform shell model introduces local differences in shell
thickness and can therefore induce differences in heat extraction. Depending on
where these shell-thickness variations occur, they may either increase local cooling
intensity or retain heat locally. Either effect can become unfavourable if it alters
the intended solidification sequence or creates isolated regions that are difficult to feed.

The slightly better result for the constant shell should not be interpreted as meaning
that a constant shell is more physically realistic. The constant shell is an idealised
representation. The non-uniform shell is closer to the measured physical shell, but it
is still an approximation of the real shell geometry. The result instead indicates that
the measured shell-thickness variation, as represented in the simulation, introduced
local thermal variations that were slightly less favourable for the evaluated defect
indicators. This is consistent with the literature, where shell-thickness effects are
described as dependent on geometry, shell build, mould preheat, insulation, inter-
face behaviour and process conditions rather than following a universal rule [21, 8, 25].

Figure 5.6 shows representative constant-shell and non-uniform-shell comparisons at
Location A. The comparison illustrates that the difference between shell represen-
tations was visible, but less dominant than the difference caused by shell preheat
temperature.
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Figure 5.6: Comparison between constant and non-uniform wrapped shell represen-
tations at Location A. The shell representation affects the local thermal response, but
the difference is smaller than the influence of shell preheat temperature. Numerical
axis values are omitted due to confidentiality.

5.9 Temperature—heat-flux relationship

The temperature—heat-flux plots were used to compare heat extraction at similar
thermal states rather than only at equal simulation times. This was useful because
some cases developed different temperature histories during filling and early solidifi-
cation. Comparing heat flux directly against temperature therefore helped identify
whether the difference between cases was only a timing effect or whether the local
heat-extraction behaviour also changed.

The temperature—heat-flux plots supported the same general trends as the time-based
plots. The lower shell-temperature cases showed more erratic thermal behaviour,
while the higher shell-temperature cases gave a smoother response. The lower mass-
flow condition had a smaller secondary effect, especially when combined with lower
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shell preheat temperature. The emissivity variation did not produce a meaningful
change in this comparison.

A representative temperature-heat-flux comparison is shown in Figure 5.7. The
figure is included to show the development of the heat-flux response relative to local
temperature.
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Figure 5.7: Representative temperature—heat-flux plots for selected non-uniform
wrapped shell cases at Location A. These plots compare local heat extraction at
similar thermal states and support the trends observed in the time-based plots.
Numerical axis values are omitted due to confidentiality.

5.10 Defect-indicator results

The porosity-related outputs followed the same general trends as the thermal-history
plots. The shell preheat temperature had the clearest influence on the predicted
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defect indicators. The higher shell-temperature cases gave the lowest and most
favourable porosity indications, while the lower shell-temperature cases gave the
highest and least favourable indications. The standard shell-temperature cases were
between these two conditions, but more towards the acceptable range.

The figures in this section show Niyama star microporosity indicator results for
the selected simulation cases. The numerical colour scale has been removed due
to confidentiality. The figures should therefore be read as relative comparisons of
indication pattern, affected area and repeated behaviour between simulation cases,
not as quantitative contour plots.

This result is physically consistent with the heat-transfer interpretation as has
been described previously. A colder shell extracts more heat during filling and
early solidification. This promotes premature freezing in some regions and reduces
the ability of liquid metal to feed solidification shrinkage. The result is a worse
solidification sequence and stronger porosity indication. A hotter shell reduces the
early thermal driving force and can support a more favourable feeding condition
during the critical solidification interval.

The initial model comparison is shown in Figure 5.8. The unwrapped cases show
stronger and more extensive defect-indicator regions than the wrapped cases. This is
consistent with the earlier temperature-history and heat-flux comparisons, where the
insulation wrapping clearly changed the thermal response of the mould and casting
system.
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Constant shell, unwrapped Constant shell, wrapped

Non-uniform shell, unwrapped Non-uniform shell, wrapped

Figure 5.8: Niyama star microporosity indicator for the initial wrapped and
unwrapped model comparison. The wrapped cases give a more favourable indication
pattern than the corresponding unwrapped cases. The numerical colour scale has
been removed due to confidentiality.

The shell-preheat, mass-flow and shell-representation comparisons are shown in
Figures 5.9 and 5.10. In these figures, each row places the constant-shell and non-
uniform-shell result for the same test condition next to each other. This makes the
effect of shell representation easier to compare directly, while still showing that the
shell-temperature effect was stronger than the difference between the two wrapped
shell representations.

Tests 2 and 3 compare lower and higher shell preheat at the standard mass-flow
condition. Tests 5 and 6 show the corresponding comparison at the lower measured-
average mass-flow condition. The lower mass-flow effect was much smaller than
the shell-temperature effect, but it was still somewhat visible in combination with
lower shell preheat. Since filling was simulated together with solidification, the filling
condition affected the thermal field for the solidification stage. Thus the combination
of lower shell temperature and lower mass flow produced the most adverse conditions.
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Constant shell, Test 2: lower shell Non-uniform shell, Test 2: lower shell
temperature, standard mass flow temperature, standard mass flow

v £
Constant shell, Test 3: higher shell Non-uniform shell, Test 3: higher shell
temperature, standard mass flow temperature, standard mass flow

Figure 5.9: Niyama star microporosity indicator for Tests 2 and 3. Each row
compares the constant-shell and non-uniform-shell representations for the same
process condition. The lower shell-temperature case shows stronger indications than
the higher shell-temperature case. The numerical colour scale has been removed due
to confidentiality.
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Constant shell, Test 5: lower shell Non-uniform shell, Test 5: lower shell
temperature, lower mass flow temperature, lower mass flow
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Constant shell, Test 6: higher shell Non-uniform shell, Test 6: higher shell
temperature, lower mass flow temperature, lower mass flow

Figure 5.10: Niyama star microporosity indicator for Tests 5 and 6. Each row
compares the constant-shell and non-uniform-shell representations for the same
process condition at the lower measured-average mass-flow condition. The numerical
colour scale has been removed due to confidentiality.

The constant-shell comparison cases were slightly more favourable on average than
the non-uniform shell representation. However, the difference was relatively small
compared with the influence of shell preheat temperature. This indicates that shell
representation can affect local defect tendency, but that the initial thermal state of
the shell was more important for the investigated cases.

The enclosure emissivity variation did not produce a meaningful change in the
defect indicators. This is consistent with the local temperature and heat-flux plots,
where the standard-emissivity and lower-emissivity cases were very similar. The
emissivity variation was therefore judged to have limited influence for this specific
simulation setup.
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5.11 Comparison with observed porosity indica-
tions

A limited comparison with available process observations was performed using poros-
ity indications from process-related cases. The comparison was qualitative rather
than a complete validation. The purpose was to check whether the simulated defect
indicators appeared in broadly similar regions to observed porosity indications from
the real casting process.

The comparison showed that the simulated defect-indicator regions were some-
what consistent with the observed porosity indications. This provides some support
that the simulations captured relevant trends in the casting behaviour. However, the
comparison was limited and should not be interpreted as a verification of the model.
Previous investment-casting simulation studies also distinguish between sensitivity
analysis and validation, especially when available process observations are limited
[11, 26].

The results should therefore be read primarily as simulation trends. The strongest
conclusions concern the relative effect of shell preheat temperature, mass flow rate,
enclosure emissivity and shell representation. The results do not define a final
accepted production setup or a validated quantitative porosity prediction.

5.12 Summary of main result trends

The main result trends can be summarised as follows:

 Insulation wrapping had a large influence on the thermal response. The wrapped
models were therefore used as the relevant basis for the main sensitivity study.

e The difference between constant and non-uniform wrapped shell representations
was present, but smaller than the effect of shell preheat temperature.

o The shell preheat temperature was the most influential investigated parameter.
Higher shell preheat gave preferable porosity indications, while lower shell
preheat gave clearly worse results.

o The standard shell-temperature cases gave intermediate results.

e The lower mass-flow condition had a smaller negative effect, especially when
combined with lower shell preheat temperature.

e The enclosure emissivity variation had negligible influence on the evaluated
outputs and was not treated as a controlling parameter in the later analysis.

o The constant shell representation gave slightly more favourable overall results
than the non-uniform shell representation, but this should not be interpreted
as meaning that the constant shell is more realistic.

Overall, the results show that the casting response was governed by the combined
thermal history of filling, shell preheat, shell representation, insulation and heat
transfer between metal, shell and surroundings. Among the investigated parameters,
shell preheat temperature had the strongest influence on the predicted porosity
indicators, while enclosure emissivity had the weakest influence.
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Conclusion

This thesis investigated how ceramic shell representation and selected process param-
eters influence the simulated solidification behaviour and predicted defect tendency of
an investment-cast aerospace component. The work was based on casting simulation
of an IN718 component, where the results were interpreted through temperature
history, heat-flux response, shell representation, filling and solidification behaviour,
and porosity-related defect indicators. The purpose was not to define an approved
production setup, but to improve understanding of how the simulated casting re-
sponse changes when the thermal conditions around the shell and mould system are
varied.

The main conclusion is that the casting response was governed by the combined
thermal history of the metal, ceramic shell, insulation and surrounding enclosure.
The ceramic shell should therefore not be interpreted only as a geometric boundary.
It acts as a part of the thermal system and influences how heat is extracted from the
melt, how solidification progresses and how favourable the feeding conditions become
during the late stages of solidification. For IN718, this is important because the alloy
solidifies over a temperature interval and remains sensitive to feeding conditions,
last-to-freeze regions and shrinkage-related defect formation.

Insulation wrapping had a strong influence on the thermal response of the model.
The wrapped and unwrapped cases differed more than the two wrapped shell repre-
sentations did. This means that insulation wrapping was a controlling part of the
simulation setup and that the wrapped cases were the most relevant basis for the
main sensitivity study. The results also show that simplified shell modelling without
the surrounding thermal boundary conditions may give an incomplete interpretation
of the casting behaviour.

Among the investigated process parameters, shell preheat temperature had the
clearest and strongest influence on the evaluated outputs. The higher shell-preheat
cases produced the most favourable porosity indications, while the lower shell-preheat
cases produced the least favourable indications. The standard shell-temperature
cases gave an intermediate response. This trend is physically reasonable. A colder
shell increases the temperature difference between the molten metal and the mould
during filling and early solidification, which increases heat extraction from the melt.
This can promote premature local freezing, reduce the ability of the remaining liquid
to feed solidification shrinkage and produce less favourable porosity indicators. A
hotter shell reduces the initial thermal driving force and can therefore support a
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more favourable feeding condition during the critical solidification interval.

The mass-flow-rate variation had a smaller influence than shell preheat temper-
ature. The lower mass-flow condition was generally slightly worse, especially when
combined with the lower shell-preheat condition. This indicates that mass flow
affected the thermal state established during filling, but it did not dominate the later
solidification response in the same way as the shell preheat temperature. The most
adverse investigated condition was therefore the combination of low shell preheat
temperature and lower measured-average mass flow.

The enclosure emissivity variation had negligible influence on the evaluated results in
this simulation setup. Temperature histories, heat-flux histories and defect-indicator
outputs were very similar between the standard-emissivity and lower-emissivity cases.
This does not mean that radiation is generally unimportant in investment casting.
Instead, it means that, for the investigated model and parameter range, emissivity
was not a controlling variable compared with shell preheat temperature, insulation
wrapping, mass flow and shell representation.

The comparison between constant and varying shells showed that shell representation
can affect the thermal response and the predicted defect tendency. The constant
shell representation gave slightly more favourable defect-indicator results on average
than the non-uniform representation. However, the difference was smaller than the
effect of shell preheat temperature and it should not be interpreted as meaning that
the constant shell is more realistic. The non-uniform shell representation remains
important because real ceramic shells are not perfectly uniform. Local shell-thickness
variation can influence heat extraction and should be included when the objective is
to represent the industrial casting process as realistically as possible.

The temperature—heat-flux analysis supported the trends observed in the time-
based plots and defect indicators. Cases with less favourable porosity indications
also showed thermal behaviour consistent with stronger or earlier heat extraction
during critical parts of filling and solidification. This supports the interpretation
that the defect indicators were linked to the thermal development of the casting
rather than being isolated numerical outputs. The results should therefore be read
as a connected thermal and feeding problem.

A limited qualitative comparison with available process observations showed that the
simulated defect-indicator regions were somewhat consistent with observed porosity
indications. This provides support that the simulations captured relevant trends
in the casting behaviour. However, the comparison was not extensive enough to
validate the model quantitatively. The results should therefore be treated primarily
as simulation-based sensitivity trends, not as verified predictions of exact porosity
size, amount or acceptance.
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The conclusions from this study can be summarised as follows:

e The thermal boundary conditions around the shell, especially insulation wrap-
ping, had a major influence on the simulated casting response.

o Shell preheat temperature was the most influential investigated process param-
eter.

o Higher shell preheat temperature gave more favourable porosity-related indica-
tions, while lower shell preheat temperature gave clearly worse indications.

o Mass flow rate had a smaller but still compared to emissivity still somewhat
visible influence, particularly when combined with lower shell preheat tempera-
ture.

o Constant and non-uniform shell representations produced different local re-
sponses, but the difference was smaller than the influence of shell preheat
temperature.

e The simulated defect indicators were broadly consistent with the thermal-
history interpretation and showed some qualitative agreement with available
process observations.

o The results support the use of casting simulation as a comparative tool for
process understanding, but not as a stand-alone validation of production quality.

The work also shows that shell-thickness effects should be interpreted together with
material behaviour. For IN718, changes in heat extraction influence the solidification
sequence, feeding conditions and the risk of shrinkage-related defects. The shell rep-
resentation is therefore not only a mould-modelling choice but also a material-quality
issue. A shell condition that appears acceptable from one output, such as faster
cooling, may still not be if it freezes feeding paths too early or increases the risk of
isolated last-to-freeze regions.

For process development, the results suggest that control and modelling of shell
preheat temperature should be prioritised. The shell thermal state should be repre-
sented carefully in future simulations, and measured or process-based shell-thickness
information should be used whenever available. Since the emissivity variation showed
little influence in this study, further effort should first be directed toward parameters
with stronger demonstrated effects, such as shell preheat, shell representation, filling
conditions and interface-related assumptions.

The main limitation of the conclusions is that they are based on a specific compo-
nent geometry, simulation setup, material dataset and selected process-parameter
range. The findings should therefore not be transferred directly to other investment
castings without additional analysis. The model also remains limited by assumptions
regarding material properties, shell properties, boundary conditions, interface heat
transfer, shell representation and porosity post-processing. Since the comparison
with observed porosity indications was qualitative, the study cannot define a final
approved production setup or a quantitative acceptance criterion.
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6.1 Recommendations for future work

Several areas are recommended for future work. The first recommendation is to
improve the quality and completeness of the industrial input data used in the simu-
lation model. Several process conditions had to be represented using available or
assumed values. Future work should therefore focus on obtaining better information
about the actual thermal conditions in the vacuum furnace, the temperature history
of the ceramic shell before and during casting, and the thermal properties of the
shell system. More detailed studies of the actual mass-flow conditions during filling
could also be valuable depending on how strongly they affect the case at hand.

A second recommendation is to characterise the real shell geometry in more de-
tail. The comparison between constant and non-uniform shell representations showed
that shell geometry can influence the local thermal response, even if its effect was
smaller than the influence of shell preheat temperature in the investigated cases.
Future studies should therefore include scanning or measurement of manufactured
shells, for example using GOM-scanned data or sectioning, to obtain a more accurate
description of local shell-thickness variation. These measurements could then be used
to study how real shell geometry affects heat extraction, solidification behaviour,
predicted defect locations and ultimately the manufactured cast component.

A third recommendation is to expand the experimental validation. In this work, the
comparison with process observations was limited and mainly based on available
porosity indications. Future validation should include more types of experimental
data, not only additional porosity inspection. Useful validation data would include
measured temperature histories, shell-temperature measurements, filling observations
where possible, dimensional inspection, defect locations from non-destructive testing,
metallographic sections and repeated casting trials. This would make it possible
to evaluate whether the simulation captures both the qualitative trends and the
quantitative behaviour of the real casting process.

Further work should also include a broader sensitivity study of both process parame-
ters and simulation parameters. The present work focused on selected process-related
variables such as shell representation, shell preheat temperature, mass flow rate
and enclosure emissivity. Future studies should also investigate how numerical and
modelling choices influence the results. Examples include mesh resolution, time-step
settings, interface heat-transfer coefficients, radiation assumptions, solver tolerances,
material-property datasets and porosity-model settings. This would help separate
physical process effects from numerical modelling effects. It would also make it
possible to evaluate the balance between simulation accuracy, robustness and com-
putational time.

Finally, a longer-term development step would be to investigate whether the simula-
tion workflow can be extended towards predicting material properties in the finished
cast component. This is likely to require substantially more data and a stronger
understanding of the specific industrial process than was available in the present
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work. Such a study would need reliable thermal histories, validated material models,
experimental measurements of microstructure and mechanical properties, and a clear
connection between simulated solidification behaviour and final material performance.
Although this is further away than the other recommendations, it would be a valuable
direction because it would move the simulation work from predicting defect tendency
towards predicting the properties of the manufactured part itself.

6.2 Final words

Overall, the thesis demonstrates that the simulated quality response of the inves-
tigated IN718 investment casting is controlled by the interaction between shell
representation, shell thermal state, filling conditions and solidification behaviour.
The most important practical outcome is that shell preheat temperature and the
surrounding thermal boundary conditions had a larger influence than the difference
between the constant and non-uniform shell representations in the investigated cases.
The work therefore contributes a simulation-based understanding of which parameters
should be prioritised when developing and interpreting investment-casting procedures
for the studied component.
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