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ABSTRACT 

The research described in this dissertation investigates the feasibility of casting inlet valves for 

an internal combustion engine using Ti6Al4V alloy. The engine valves operate in an extreme 

environment under high thermal cycles – this requires a material that can withstand such 

exposures. Ti6Al4V is the most common titanium alloy with high temperature creep and fatigue 

resistant behaviour, however, it is not all positive. Ti6Al4V alloy also yields many difficulties 

with respect to processing especially when the material is cast.  It is therefore important to gain 

a thorough understanding of the pouring and solidification characteristics of this material.  

 

The main focus of this work was to investigate and optimise feeding and geometrical 

parameters to produce valves that are free from defects, especially porosity.  

 

An in depth analyses of the parameters that influenced the casting quality was performed, and 

it was found that casting orientation, inlet feeder geometry, initial and boundary conditions all 

played a vital role in the final results. These parameters were individually investigated by 

performing detailed numerical simulations using leading simulation software for each of these 

cases. For each case, a minimum of ten simulations was performed to accurately determine 

the effect of the alteration on casting soundness and quality. Furthermore, the relationships (if 

any) were observed and used in subsequent optimised simulations of an entire investment 

casting tree. 

 

The change of geometric orientation and inlet feeder diameter and angle showed distinct 

relationships with occurrence of porosity.  On the other hand, alteration in the pouring 

parameters, such as temperature and time, had negligible effect on occurrence or position of 

porosity in the valve. 

 

It was found that investigating individual parameters of simple geometry and then utilising 

these best-fit results in complex geometry yielded beneficial results that would otherwise not 

be attainable. 
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NOMENCLATURE 

V Volume in cubic meters (m3) 

m Mass in kilograms (kg) 

M Modulus of casting – volume per area (mm) 

ρ Density in kilograms per cubic meter (kg/m3) 

l Length in meters (m) 

g Gravity constant in meters per second squared (m/s2) �� Specific heat capacity (J/kg.K) 
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GLOSSARY 

AGH  Akademia Górniczo-Hutnicza University of Science and Technology, Kraków, 

Poland 

BCC   Body Centred Cubic, an atomic arrangement 

CPUT   Cape Peninsula University of Technology 

CAD    Computer Aided Design 

CFM  Control Volume Method, a numerical technique used for solving differential 

equations 

EPA   Environment Protection Agency 

FDM  Finite Difference Method (Euler method), a numerical technique for solving 

differential equations 

FEM  Finite Element Method, a numerical technique used for solving differential 

equations 

FEA   Finite Element Analysis 

HCP   Hexagonal Closed Packed, an atomic arrangement 

HIP  Hot Isostatic Pressing, a high pressure high temperature process used 

extensively in titanium alloys to produce defect free components 

PDE   Partial Differential Equation 

SEM   Scanning Electron Microscopy 

WRM  Weighted Residual Method, a numerical technique used for solving differential 

equations 

 

 

 

 

 

 

 

 

 

 

 

 

 



Master of Technology: Mechanical Engineering – J Fourie 

 

1 

 

1. Introduction 

1.1 Background 
 

In recent years, the improvement of internal combustion engines has become a crucial factor 

in the development of motor vehicles. Major pressure from environmental protection agencies 

around the globe have pushed the development of lighter, more fuel efficient vehicles that 

produce less toxic substances, especially in built-up inner city areas where pollution is of great 

concern. Reduction of inertial masses inside the engine directly affects not only acceleration 

and improvement in vehicle performance characteristics, but also increases engine component 

durability and lifespan. By investigating lighter, stronger and tougher materials that can operate 

under increasingly higher pressures and working temperatures, future internal combustion 

engines will be more fuel efficient and be more likely to be used in conjunction with alternative 

propulsion methods rather than being replaced. 

 

Investigation into manufacturing of light weight, high-strength titanium alloy components will 

yield beneficial results in the dynamics of the internal combustion engine with improved fuel 

efficiency and durability with reduced emissions. These components must withstand high 

pressures and working temperatures, and Ti-6Al-4V, an alpha-beta alloy previously used for 

its high temperature properties and heat treatment possibilities, fall into the required 

specifications due to its advantageous properties.  

 

 

1.2 Problem statement 
 

High temperature titanium alloy presents a major opportunity for production of aerospace-

grade components for the automotive industry, such as high temperature engine inlet valve 

components. Besides the drastic reduction of waste in forming near-net shaped components 

using precision casting technology, the effect on the microstructure of the material by 

excessive machining is also avoided. 

  

There are common issues with as cast components and specifically titanium-based alloys that 

must be addressed at this point.  One such major issue is the fact that titanium-based alloys 

have an affinity for oxygen, which leads to defects such as porosity as well as extensive 

shrinkage porosity.   
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To address these issues, it is necessary to more closely investigate the investment casting 

process involving such alloys.  Part of this investigation includes the design and optimisation 

of the feeding (or gating) system, especially in cases that involve the simultaneous feeding of 

multi-cavity moulds.   

 

This requires: 

(a) Understanding the mechanics of casting Ti-6Al-4V in an investment casting process. 

(b) Understanding the influence of temperature dependent parameters on the component’s 

final properties. 

(c) Investigation into the feeder parameters and understanding the influence of inlet feeder 

and casting geometry on the final properties of the component. 

 

As an application, the design of a feeding system for a multi-cavity investment casting mould 

for the production of Ti-6Al-4V engine inlet valve components will be considered.  To make this 

process viable for industry, an investment cast tree containing as much as 50 valves that must 

be cast simultaneously will be considered in the study.  

 

 

1.3 Facilities 
 

The Faculty of Foundry Engineering at AGH University of Science and Technology in Poland 

was established in 1951 and specialises in Foundry Technology and Foundry Machinery.  The 

Faculty educates specialists in the field of foundry technology and is the only faculty of this 

kind and scope of education operating within higher education system in Europe. This study 

made use of computer facilities at the AGH.   

The company Kom-Odlew Computer Engineering Systems Sp. was founded in 1995. The 

initial profile of activity associated with the optimisation of casting technology using computer 

simulation of casting was subsequently extended to the overall problem of computer-aided 

design (CAD), computer aided manufacturing (CAM) and computer aided engineering (CAE), 

through cooperation in this area with the world leaders in the field of metal casting such as 

Magmasoft.  

Through the assistance of onsite personnel at Kom-Odlew, numerical simulations could be 

undertaken and issues for subsequent investigation addressed.  Bi-weekly meetings were also 

held at the premises to obtain relevant information. 
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1.4 History and extraction of titanium 
 

The earliest known discovery of titanium ore was by an English mineralogist who investigated 

magnetic black sand in Cornwall in 1791. He called the sand Menachanite, after the name of 

the city where it was found. A few years later in 1794, Klaproth found a similar black ‘sand’ in 

rutile and named it titanium after the mythological Titans [107]. It took another two centuries to 

find a method to extract pure titanium in a commercially viable way [53]. 

 

Titanium is the ninth most abundant element in the earth’s crust and the fourth most abundant 

metallic element [29, 30, 65, 76, 79, 101], and it appears in the crust as rutile and ilmenite [79]. 

 

The most popular method currently for extracting pure titanium from rutile and ilmenite is called 

the Kroll process, but other competing processes are also used with similar initial steps. The 

first step of the process involves extracting titanium slag through an enrichment process. Step 

two involves producing titanium tetrachloride (������ through a chlorination process. Here the 

chloride is added to titanium and heated to 1000⁰C to produce a gas, �����. From this, the ����� is reduced to pure titanium by cooling it back to a liquid of 600⁰C. Magnesium is added 

and the mix is held at 600⁰C for four days. 

The pure titanium is now in the form of sponge that must be processed through casting or 

forging processes [29].  The complexity of the aforementioned process gives rise to the high 

cost of titanium metal. 

 

 

1.5 Use of titanium in engine components 
 

Intake and exhaust valves in internal combustion engines are 

required to control the flow of gasses into and out of the 

combustion chamber by opening and closing through the valve 

train as indicated in Figure 1.1. The intake valve is responsible 

for inlet of cooler air and the outlet valve for the removal of hot 

exhaust gasses [55].  These valves are required to work under 

high thermal and cyclic stress conditions and must function 

without fail.  

 

Any failure, be it fatigue, high temperature creep or surface 

corrosion, could lead to ultimate failure of the component and 

Figure 1.1 - Combustion 
chamber of an internal 

combustion engine [33]. 
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subsequent engine failure.  Although the entire structure of the valve is important, three main 

areas are crucial: The seat surface must always be without defect as this surface prevents 

gasses from leaking out of the high pressure combustion chamber. Fatigue failure could occur 

at the head of the valve which causes radial and transversal cracks due to mechanical bending 

stresses. These cracks could further propagate due to the corrosive high temperature 

environment and lead to valve failure. Any porosity, due to casting procedure, in the head and 

stem will lead to corrosion and valve failure. Furthermore, the stem and valve seat of the valve 

should be resistant to high temperature creep and fatigue. An elongation will lead to gasses 

escaping from the combustion chamber prior and during combustion. The keeper groove is 

subjected to tensile stresses and, due to the reduced section, stress concentrations. Although 

there are many modes of failure including wear, valve face recession, erosion, overheating, 

carbon deposits, the most common mode of failure is fatigue [56, 103]. 

 

A standard Otto cycle and Diesel internal combustion engine presents a wide variety of power 

outputs and consequently a variety of temperature and pressure values. A maximum value for 

intake temperature has been recorded as 550ºC. Maximum localised stresses in the order of 

15MPa, in addition to these high temperatures, justifies the use of special high temperature 

creep and fatigue resistant materials [56-57, 103]. 

 

Table 1.1 shows the most widely used titanium alloy used in industry, Ti-6Al-4V. This makes 

this alloy of great importance for this study. The following section describes the effects of the 

alloying elements listed in Table 1.1 below, on phases present at room temperature and 

therefore subsequent microstructural and material properties. 

 

 

Table 1.1 - Composition of Ti-6Al-4V [31]. 

Estimated 
relative use 
of castings 

Nominal composition, wt% 
Special 

Properties 
O N C H Al Fe V Cr Sn Mo Nb Zr Si 

85% 0.18 0.015 0.04 0.006 6 0.13 4 … … … … … … 
General 
Purpose 
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1.6 Titanium Alloy Phases 
 

Commercially pure titanium promotes an allotropic phase with slow transformation at 883ºC 

as illustrated in Figure 1.2. Below this temperature, the structure is hexagonal closed packed 

(hcp). Alternatively referred to as α-phase. Phase above aforementioned temperature is body-

centred cubic (bcc), alternatively referred to as β-phase.  

 

The phase temperatures and crystallographic orientations can be altered by addition of alloying 

elements. In the case of Ti-6Al-4V, the α-β phase transformation occurs at 980 ºC illustrating 

the effect of alloying elements on transformation temperature. 

 

Titanium alloys can therefore be classified as either α-, near-α, α/β or β phase and they are 

differentiated through their chemical composition, the weight percentage of alloying elements 

and resulting microstructure at room temperature [8, 36, 89, 42]. 

 

Alpha alloys have superior creep resistance to 

that of β alloys [79]. The principal alloying 

element in alpha alloys is aluminium in the 

order of 6wt%. Aluminium is also an α-phase 

stabiliser reducing the α/β transition 

temperature. When these alpha alloys are 

alloyed with β-alloying elements, they are 

classified as α/β–phase alloys. These α/β-

phase alloys are processed in the upper α/β or 

β fields to achieve a variety of microstructures 

depending on the mechanical and resistance 

properties that are required. However, they all have 

the basic structure of platelets of beta lamellae arranged in colonies inside the grain. The alloy 

to be investigated in this study is an α/β-phase alloy that exhibit enhanced high temperature 

properties and creep resistance due to the aforementioned microstructure. 

 

It is evident that Ti6Al4V is a complex alloy with a wide variety of possible properties, each 

specific to the mechanical, fatigue and corrosive properties required. The casting process, 

specifically the method and rate of solidification, greatly impacts possible phases that would 

be present at room temperature before the addition of post-processing heat treatment. 

 

Figure 1.2 - Ti6Al4V phase diagram [100]. 
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As mentioned above, this alloy is favourable for heat treatment procedures that improve the 

material’s high temperature characteristics. Heat treatment and its effect on the mechanical 

properties of the alloy will, however, not be investigated in this study. 

 

 

1.7 Manufacturing of Titanium Alloys 
 

Unlike the more conventional metals such as iron, aluminium and bronze, for which processing 

routes have been well established, titanium can be seen as rather unconventional due to the 

highly controlled environments, alloying element additions and morphology possibilities, which 

makes it rather difficult to control.  

 

Currently, the limiting factor for the mainstream usage of titanium alloys is their production 

cost, as discussed in Section 1.4. This causes customers to shy away from current titanium 

usage and rather opt for the “well known” rather than the “best new” approach. After all the 

processing parameters such as static and dynamic properties, chemical resistance, weight and 

specific density, casting complexity, mould composition and material cost have been taken into 

account, titanium alloys become rather profitable. 

 

Titanium, although a very attractive metal because of its specific weight and corrosion 

resistance, has a strong affinity for reaction with oxygen, nitrogen and carbon. This affinity 

plays a major role when processing this material and attributes the high cost of titanium. 

According to Leyens and Peters [70], titanium’s affinity for oxygen causes several defects. 

Such defects include embrittlement, increase in hardness and a reduction in fatigue life [75].  

 

Titanium’s high melting temperature range of 1600 to 1700 ̊C, and specifically that of Ti-6Al-

4V with a liquidus temperature of 1688 ̊C, causes it be highly reactive in moulds.  This reaction 

in common moulds cause a hard brittle α-case on the surface of titanium alloys. The α-case 

phase is stabilised by the interstitial oxygen and/or carbon that is absorbed during the 

breakdown of the mould. This α-case layer can cause crack initiation in severe cases. It is 

undesirable and must be removed from the casting [17].  
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1.8 Properties of Titanium Alloy 
 

Ti-6Al-4V alloy yields excellent yield strength even at elevated temperatures [31]. The 

maximum working temperature for Ti-6Al-4V is 300-350ºC [14, 62], but the elevated 

temperature can safely be raised to 450ºC without excessive effects on the yield strength. 

 

In the (α + β) to β phase transformation temperature of 980°C, which is well below solidification 

temperature, the β dendritic structure transforms during solid state cooling to an α + β platelet 

structure typical for β processed wrought components. Properties such as creep resistance 

and crack propagations are superior to those of wrought components. Furthermore, the 

allotropic transformation of most titanium alloys allows the microstructure to be altered during 

post processing, adjustment of cooling rates and Hot Isostatic Pressing (HIP) [32, 82]. 

 

 

1.8.1 Castability of titanium 

 

Castability has been described by many researchers.  Baran [9] described castability as the 

“ability of an alloy to faithfully reproduce sharp detail and fine margins of the wax pattern”. 

Presswood [80] also stated, amongst others, that castability is the “ability of a molten metal to 

completely occupy the mould created by the elimination of a pattern”.  Whatever the definition, 

it is clear that castability is a function of ability to fill the mould successfully and exactly replicate 

the removed wax pattern. Some factors that influence the castability of titanium are as follows: 

 

• Gating design [22, 68, 73] 

• Type of casting alloy [5, 25, 83] 

• Casting temperature of metal alloy [15, 48] 

• Mould temperature [1, 43] 

• Mould size and space [52, 61] 

• Chemical composition of mould material [19, 72, 95] 

• Permeability of the investment mould wall [49, 87] 

• Type of casting process [11, 97, 104] 

• Specific gravity of the metal or alloy [78, 97, 102] and 

• Position of the pattern in the mould [69, 74] 

 

These and other factors mentioned above are addressed in the numerical investigations in this 

study. 
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1.8.2 Investment casting  

 

Casting is a process whereby a molten metal is poured into a cavity of the desired final shape. 

After solidification, the metal assumes the shape of the mould cavity. Casting processes are 

employed under the following conditions [18]:   

 

• The final component is too large to be manufactured in any other way. 

• The final component is too complicated to be manufactured in any other way. 

• The metal’s ductility is too low to be formed by any other processes. 

• Casting is the most economical process. 

 

The term ‘casting’ is often associated with products that are inferior to wrought products, but 

this assumption is not true for titanium cast components, which are often superior due to the 

unique phase transformation properties [30, 34]. 

 

Koch et al. [58] suggested in their studies that investment casting of titanium is the method of 

choice for producing shapes with high dimensional accuracy and good surface finish. Donachie 

[30] added that titanium investment casting has been extensively used in aerospace industry 

due to the significant strength to weight ratios, but also due to production of precise 

components and near-net shapes requiring minimal machining and material loss. According to 

Taylor [98], technological advances in this field has made investment casting among the most 

versatile of all casting processes.  

 

Casting of titanium yields its own set of difficulties. Firstly, titanium cannot be melted using 

conventional methods due to its high affinity to oxygen and hydrogen. Current melting 

techniques make use of electric-arc pressure/vacuum or centrifugal casting machines 

protecting the titanium from contamination under an argon or helium gas environment [79, 91]. 

 

Secondly, titanium reacts adversely with many currently utilised investment mould materials 

[10] which produces porosity and voids [19].The materials chosen for the production of the 

ceramic investment shell is therefore very important especially with titanium alloy production. 

In ferrous metals, the investment medium is made up of zirconia, silica and alumina/silica, but 

due to titanium’s aforementioned affinity for oxygen, this mould medium will produce castings 

of poor surface quality and porosity. Gas bubbles can be produced because of the reaction of 

the titanium with the shell, which in turn causes gas porosity [47]. 
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To overcome this, studies by Syverud [93] suggested the use of gas permeable moulds to 

remove some of the gas build-up. Additionally, mould media such as zirconia must be 

employed. Phosphate-bonded mould materials contain increased amounts of zirconia oxide, 

but more recently, magnesium oxide and calcium oxide refractory materials have been 

employed [44, 49, 95]. 

 

Additionally, Jones and Yuan [54] found that the ceramic shell (mould) should have the 

following characteristics: 

 

• Sufficient green and fired strength. 

• High thermal shock resistance to prevent cracking once metal is poured. 

• High chemical stability to prevent mould-metal interaction. 

• Sufficient mould permeability to allow for the gasses to escape.  

• Sufficient thermal conductivity to allow heat to be removed from the system and allow 

the casting to cool. 

• Limited creep characteristics to provide a casting of close dimensional tolerances. 

 

Thirdly, titanium has unusual flow characteristics in the molten state with poor thermal 

conductivity and rapid solidification [29, 53, 96]. Takahashi [95] suggested that the main reason 

for this is due to titanium’s low density compare to other metals. To overcome the rapid 

solidification of titanium, the mould cavity must be filled rapidly [104]. 

 

Finally, if the temperature difference between the molten metal and the mould material is too 

high, costly miscasts can occur [21, 47, 97, 104].  

 

Some methods can be employed to overcome the defects listed above by superheating the 

alloy, but due to titanium’s poor thermal conductivity, it does not respond well to superheating 

processes [29]. 

 

The recommended mould temperatures for casting titanium varies from room up to 600ºC [43, 

97, 104]. If the walls of the mould are too cold, the walls will solidify first causing the walls to 

be impermeable, stopping the gasses from escaping. This would cause surface porosity 

resulting in poor surface quality. Also, to improve mould filling and mould filling time, it is highly 

recommended to design the gating system with the shortest path in mind [53]. 
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Figure 1.3 illustrates the standard investment casting process that is gravity fed. Some aspects 

of the investment casting process with relevance to the investigation will be discussed in further 

sections, and the main concepts are listed below.  

 

 

Figure 1.3 - Investment casting process under gravity [37]. 

 

To prepare the investment mould, a wax preform or pattern must be created. For this process, 

various methods are available. For single production processes, the wax pattern can be 

created using 3D printing techniques, carved out of wax if dimensional accuracy is not required, 

or alternatively (and most often utilised) injected into a steel die.The next step involves the 

assembly of the wax patterns onto a wax tree. The geometry and placement must be carefully 

calculated to allow for proper feeding.  The completed wax tree is then covered in various 

layers of ceramic slurry. The thickness and grain sizes are dependent on the material being 

cast and the quality required. The ceramic coat is left to dry in ambient atmospheric conditions. 

 

The ceramic shell is then dewaxed by placing it in an autoclave. The high heat and partial 

vacuum removes the wax pattern through a melting and draining process.  Additional firing of 

the shell is required to remove all wax residue and harden the shell for the investment casting 

process. 

 

The next stage involves the actual casting, or pouring. The pouring process can be completed 

in a variety of ways. Either through gravity feeding, which is the simplest and cheapest option, 

but requires careful planning with respect to geometry and material used. Additional pouring 
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methods include centrifugal casting and vacuum-assisted casting. These alternative 

processes are more costly and time consuming. 

 

After pouring the part is removed from the shell and finished if required. 

 

 

1.8.3 Pattern preparation 

 

For the investment casting process, the pattern is made from wax, either organic or synthetic, 

although synthetic wax is most commonly used in industry today. This wax has a low melting 

point and has a high modulus of rigidity and low shrinkage. The pattern is produced in such a 

way that it has the exact geometry of the final cast component with additional dimensional 

allowances for the volumetric shrinkage of the wax upon solidification as well as to compensate 

for the shrinkage of the cast metal inside the mould [28].  

 

According to investigations conducted by Craig and Eick et al. [28] the wax pattern must have 

the following properties: 

 

• lowest thermal expansion coefficient, 

• melting temperature should be as low as possible and as close to ambient temperature, 

• resistant to breakage, 

• a smooth surface after wax solidification to provide a smooth surface for casting, 

• a low viscosity when melted to assist flow into thin sections of the mould, 

• release easily from the mould after solidification, 

• environmentally safe. 

 

It is well known in industry that troublesome issues that arise for a ferrous caster is most often 

devastating to a titanium caster. It is therefore important when dealing with titanium alloys, 

such as the investigated alloy, that great care must be taken into choosing the correct wax. 

High ash content in the wax, for instance, can lead to excessive defects in casting often leading 

to castings being scrapped.  

 

 

1.8.4 Casting Porosity 

 

When solidification of an alloy inside an investment cast mould is not compensated for by 

additional feeding, porosity will occur [90, 99]. These porosities reduces the cross-sectional 
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area which adversely affects the mechanical properties. Also, these defect sites are potential 

crack initiation areas for failure [63]. 

 

In the case of titanium, the defects are generally limited to shrinkage porosity, but porosity due 

to gas, discussed in later section, also occurs. Donachie [29] stated that the porosity does not 

affect the tensile properties, but adversely affects the creep and fatigue strength of the alloy. 

 

Some factors that contribute to the porosity in castings are shrinkage of the metal, gas removal, 

alloy composition, casting process, heating methods, temperature of mould, reactivity of mould 

with casting alloy, pattern and gating system design [11, 22, 64, 68]. 

 

According to Flemings [38], there are a number of resistances to heat flow from the molten 

metal to the surroundings that affect the solidification time and locale, which in turn are 

responsible for generation of hotspots and subsequent defects such as porosity.  These 

resistances are as follows: 

 

• The liquid metal 

• The solidified metal 

• The metal/mould interface 

• The mould 

• The surroundings of the mould 

 

 

1.9 Hot Isostatic Pressing (HIP) 
 

Titanium’s affinity for oxygen and other elements such as nitrogen and hydrogen is also 

responsible for gas porosity, which negatively affects the final casting [20, 47, 93]. For this 

reason, and to reduce the risk of elemental contamination, titanium alloy castings are 

preferably produced under vacuum or under protective environment such as argon gas. These 

castings are inherently good, but defects such a shrinkage porosity and gas porosity still occur 

and, for this reason, it is common practice to apply HIP to the castings to remove such defects. 

 

Polmear states that the static strength (maximum tensile and compressive strength under non-

dynamic load conditions) of titanium castings are similar to those of wrought material with the 

same composition.  
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During the casting process, many defects can occur as previously mentioned in other sections. 

During the solidification, poor feeding causes shrinkage in core areas. In most cases, these 

defects cannot be eliminated through improvement of the feeding system, and the use of HIP 

becomes necessary. HIP is typically performed at 1000bar pressure in an inert atmosphere 

and at 900ºC. At these temperatures and pressures, the material is free to creep without 

affecting the macroscopic dimensional stability. 

 

 

1.10 Gating system design 
 

Since the early 20th century, researchers have been interested in successful sprue design (the 

main cavity in a ceramic mould that is used to feed the casting with molten metal) to improve 

material properties. The entire system is often referred to as a casting tree.  

 

Sprue design is one of the most crucial design considerations as improper design always leads 

to defects and miscasts [67, 99]. Shell [88] suggested that the metal must flow to all the 

extremities of the mould before solidification starts. Also, the metal must remain molten in 

areas that will solidify last to prevent hot spots and internal porosity [23, 99]. Brockhurst [15] 

added that porosity can be eliminated by proper sprue design. 

 

To provide a successful sprue design, two important guidelines have to be taken into account. 

Firstly, the solidification should always be directional from the furthest part of the casting 

towards the feeding neck [17]. Secondly, the feeder must contain sufficient amount of liquid 

metal to account for the extreme shrinkage that occurs with titanium alloy castings.  

 

According to Magnitskii [66], titanium alloys have a tendency to shrink up to 3.5% volume 

percent, or even higher according to Suzuki et al. [91]. If these casting guidelines are not 

carefully followed the, volumetric shrinkage will result in porosity favouring the last to solidify 

areas or hotspots. What is more troublesome is that the areas plagued with porosity are directly 

related to casting geometry and feeding and gating system design [81]. It is therefore important 

to look at optimising the feeding system by removing areas that could cause turbulence [90] 

as well as the initial geometry of the cast part to reduce such porosity.  
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1.11 Research Objectives 
 

The main objective of the research is to study and compare the feeding characteristics of Ti-

6Al-4V alloy with results obtained from numerical simulations. The objective will require the 

following to be completed successfully. 

 

• Design of the inlet valve schematic making use of design software DSS 

Solidworks™. The initial design of the valve and inlet geometry will be visualised in 

Solidworks™ to be used in further investigations.  

 

• Investigation of feeding systems for casting of Ti-6Al-4V alloy by investment casting. 

All the parameters that influence the quality of the final cast samples will be investigated 

individually. These parameters include design alterations to the sprue inlet position, 

orientation and shape. Also, initial and boundary conditions such as pouring and mould 

temperatures will be investigated. Each parameter will be investigated individually and 

results will be investigated. Further investigations into the results will be performed to 

determine relationships between parameters and alterations. 

  

• Gating and feeding system optimisation. Data obtained from all numerical simulations 

will be investigated and optimised for a complete gating system. The best results for each 

investigated individual case are used as initial and boundary conditions for the complete 

casting. The results obtained will determine the validity of optimizing a complex design 

geometry by investigating the individual parameters that influences the final result and 

combining them together.  

 

 

 

 

 

 

 

 

 

 

 

 



Master of Technology: Mechanical Engineering – J Fourie 

 

15 

 

2. Numerical method for the analysis of a heat transfer process 

2.1 Introduction 
 

There are three steps to computational modelling. The first is to idealise the problem with a set 

of quantities that we, the user, would like to determine or measure. In some cases the problem 

is easily idealised and has a unique solution that can be analytically solved. In most real world 

processes, however, this idealisation is not guaranteed. 

 

The second step is to model the process mathematically. This mathematical model is the set 

of governing equations that accurately represents the process. For example, the Navier-Stokes 

equations models the flow of the liquid melt and is an accurate representation of the actual 

process. Similarly, the Fourier-Kirschoff equations can be used to model the heat conduction, 

convection and radiation processes. 

 

The final step is to find the numerical solution to the process. The numerical solution is a set 

of PDEs that is solved over the entire solution space. 

 

Usually in industry the design of components are an expensive and time consuming task and 

through the use of these numerical models, foundry men and engineers are able to effectively 

design optimal solutions for complex casting processes. 

 

 

2.2 The Mathematical Model 
 

Equation 1 is the Fourier-Kirchoff equation that relates to the flow of heat through and between 

materials and used as the base model for further numerical models. 

 �(�� 	
	� =  ��(��. ∇��� +  ��          (1) 

 
 

where � = ���������� � ���!�� "�#� (J �%. &⁄ �  � = ��� ��#���� (&� � = �ℎ���#� ��)*����+��, (- �. &⁄ �  . = ���� (/� 

 

and �� = 0. 	12	�  (3 45⁄ � 

 

where !6 = �2�  , and !6 = !6(;, ,, <, ��  and represented as a value from 0 to 1               
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 0 = ���������� �#��)� ℎ�#� (3 45⁄ � �6 = ������ !�#����) /���* �) �)+�/��5#��* <�)�  � = ������ �! �)+�/��5#��* <�)�. 

 

The latent heat of solidification (0) is a crucial component in the determination of the true 

temperature field. Due to the formation of nuclei at the onset of the liquidus temperature the 

fraction solid (�6� changes as the temperature drops. This increase in nuclei formation increase 

the heat generated due to formation of nuclei which briefly increases the temperature.  

 

Without taking the second boundary condition, also known as the Neumann condition or heat 

flux, into account the cooling curve will be represented in Figure 2.1(I). The true solidification 

curve is represented in Figure 2.1(II). The phenomenon that occurs from B to D is particularly 

important for micro modelling. However, only the macro model will be considered for this 

investigation. 

 

 

Figure 2.1 - Graph illustrating the effect of latent heat of solidification on the final temperature of the 
casting. 

 

Consequently the energy equation for the mould can also be considered 

 �J(�� 	
K	� = ∇ ��J(��. ∇��         (2) 

 
where � =  ����* �*�)��!��� 

 

The Robin boundary condition is applied to the surface of the mould. Although the 

surroundings to the solution space is not investigated, the surface temperature is affected by 

convection at the mould/air interface. For the purposes of this investigation natural 

convection will be considered. 

I 

II 

A 

B D 

C 
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The convection on the surface of the mould (in this instance) can be represented by equation 

3: 

 −�J(��. 	
	M =  N(�J − �O�          (3) 

 

where N = ��)+�����) ���!!����)�  (- (�� • &�⁄ � �O =  #�Q��)� ��� ��#���� (&� �J  =  ��� ��#���� �) ���* /��!#�� (&� ) = )���#� +����� *���+#��+� 

 

At the interfaces between mould/insulation and mould/casting the fourth boundary condition is 

considered as a rule with constant contact between surfaces and given by equation 4. 

 �(��. 	
	M = −�J(��. 	
K	M           (4) 

 

Another major factor to consider for heat transfer between the component and the feeding 

channels in the investment casting tree is radiation. Radiation is a method of heat transfer that 

does not rely on the flow of material, nor does it rely on the heated surfaces being on contact 

such as in the case of the above mentioned convection and conduction processes. 

The heat generated as a function of the cooling metal is dissipated in the form of radiation 

energy to the surrounding surfaces which is this case is neighbouring cast components. 

Consequently, in any numerical simulation of an investment mould the radiation interchange 

between these surfaces must be taken into account. The view factor is defined as the fraction 

of total radiant energy leaving one surface that arrives at another surface. The view factor is 

purely a function of geometry.  

 

Heat can be transmitted through empty space by thermal radiation, also called infrared 

radiation or electromagnetic radiation. 

The complex geometry, closely orientated components and the thin walled mould results in 

excessive radiation that affects the rate of heat loss. 

 

To consider thermal radiation one must describe the solution space as a series of bodies, 

some radiating heat while other absorb it. In the case where all radiation is absorbed by a body 
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it is known as a black body or an ideal body, but this does not exist in nature. For non-ideal 

bodies the radiation is partly reflected absorbed or transmitted and is called irradiation. 

 

The net radiation heat loss rate in a body when the surrounds are cooler, can be expressed 

with equation 5.  

 −�J(��. 	
	M = R(�J� − �O��          (5) 

 

where R = emissivity of the object (one for a black body). Generally this value is between 0 

and 1 depending on material and temperature of surface. 

 

Additionally the angle at which the radiated heat leaves body one and at which it meets body 

two influences that accumulates heat and can be expressed by Lambert’s Cosine Law 

illustrated in equation 6: 

 ST = ���/U            (6) 

 

where ST  =  ℎ�#� ���//��) �) #)5�� U  � =  ℎ�#� ���//��) !��� �ℎ� /��!#�� U =  #)5��   
A cross section through the top of the investment tree in illustrated in Figure 2.2. The 

components with their respective inlet feeders are arranged with their centres on equilateral 

triangles. The radiation heat flow is relatively complicated due to complex geometry. For 

example, the radiation heat flow leaving the surface of one component, may or may not be 

intercepted by surrounding components. Also, the components are considered to be non-black 

or grey bodies, which means that not all radiation energy that falls on them are absorbed, but 

could also be reflected or transmitted. This radiation heat flow can be reflected multiple times 

before all energy is finally absorbed.  
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Figure 2.2  Investment casting top section through inlet feeders indicating radiation analysis. 

 

For viewing of these complex calculations standalone software such as Facets™ are utilised. 

These standalone software packages allow for the optimisation of the geometry to either 

reduce or increase radiation effects to specific areas. Built-in modules in Magmasoft™ and 

Solidworks™ uses radiation calculations to determine heat flow results, but the user is unable 

to view such calculations for optimisation processes. 

 

 

2.3 Thermo-physical parameters 
 

The thermo-physical parameters are the characteristics of how a material behaves when it is 

subjected to temperature and these parameters are the density, thermal conductivity, specific 

heat, fraction solid and latent heat of solidification of the material. These parameters are 

temperature and material dependent excluding latent heat of solidification which is a given 

material constant. 

 

 

2.4 Initial conditions 
 

Initial conditions are the conditions at time(��  =  �V for the set of mathematical equations. Initial 

conditions are required across entire solutions space. These values represent the known 

values of the given problem and are required to solve the mathematical model. Initial 

temperatures of the metal, mould and surroundings are employed at the onset of the numerical 
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simulation. The metal and mould are transient state condition and the surroundings are steady 

state and also forms the boundary of the solution space. 

 

2.5 The Numerical Model 
 

The goal of the numerical model is to produce an accurate representation of all the physics of 

the casting process and allow the user to adjust and effectively control the process parameters. 

By visualising the processes the user is able to see problems such as porosity, temperature 

gradients, metal flow, solidification fronts and distortion and make adjustments to remove these 

defects. Bonollo and Odorizzi [13], however, stated that the reliability of such simulations are 

closely linked to the initial boundary conditions and knowledge of the materials involved in the 

simulation, and that making poor decisions on the input data will result in misleading results. 

 

Making use of such software and numerical simulation reduces overall manufacturing cost by 

reducing the trail-and-error period of design especially with expensive pattern and mould 

manufacturing. 

 

To simplify discussion surrounding the methods of solution we can consider a one-dimensional 

solution space �(;, �� with a set of points ;W, i = 1,2,3 … . . \ in the domain of �(;� (refer to Figure 

2.3) The numerical solution that we are looking for is represented by the function values ]�̂ , ��, … , �M_ at the discrete points. It will also be assumed that the space is equally discretised 

with constant distance between the nodes unless otherwise stated. 

 

 

Figure 2.3 - Discretised space of the domain. 
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There are many situations where obtaining the exact solution is not possible and we have to 

make approximations. The process of obtaining a finite set of data points involve obtaining 

values from the continuous solution and representing these values in a finite set. This set of 

Partial Differential Equations (PDEs) is called a discrete system. After the set of PDEs are 

obtained the process of obtaining values can be completed using one of the following methods. 

 

• Finite Difference Method 

• Finite Element Method 

• Control Volume Method 

• Least squares Method 

• Galerkin Method 

• Collocation Method 

• Boundary Element Method etc. 

 

The two most common are discussed in the following sections. 

 

 

2.5.1 The Finite Difference Method 

 

The following numerical approximations will be written in differential form. It is also possible to 

approximate the solutions using integral form and Weighted Residual Method (WRM), but they 

are not discussed in this section. Please refer to further reading by Mochnacki et al. for detailed 

explanation of this method. The following section briefly describes this process. The first step 

is to approximate the derivatives into discrete functions or finite differences. Equation 7 

illustrates the Taylor series that is an expansion of the Euler method.  

 �(;� = �(;V� + �`(;V� (abac�^! + �``(;V� (abac�e�! + ⋯                  (7) 

 

Now donating ;V = ;g and ; = ;gh^ or ; = ;gb^ and considering only the first three terms we 

can rewrite the Taylor series as follows 

 !(;Wh^� = !(;W� + !`(;W�(;Wh^ − ;W� + !``(;W� i(ajklbaj�e�! m and                            (8) 

!(;Wb^� = !(;W� − !`(;W�(;Wh^ − ;W� + !``(;W� i(ajklbaj�e�! m                (9) 
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where ;W      = �ℎ� +#��� �! ; #� �)+�/��5#��* )�*� ;Wh^  =  �ℎ� +#��� �! ; #� �ℎ� )�;� )�*� #5#��)� �� ;W 

 
Below is an illustration of the explicit scheme utilised in finite difference method.  Implicit and 

generalised schemes are also well used in industry, but not discussed in this section. Equation 

10 illustrates the forward differential scheme that donates the temperature gradient over time.  

 

i	
	nm ≈ 
Wpklb
qprn                                  (10) 

 

Equation 11 represents the central differential scheme for the second order derivative for 

change of temperature over a discrete distance. 

 

i	e
	aem ≈  
qkls b�
qsh
qtlsue ,                          (11) 

 

The algebraic procedure to derive equation 10 and 11 from equation 9 has been purposely 

ommited. Refer to readings of Mochnacki et al.  

 

Equation 10 and 11 are incorporated into the mathematical model ( equation 1 from previous 

section) and represented in equation 12 below. Here it can be noticed that the temperature at 

any point i in the next time step f+1 be easily obtained from the surrounding nodes at this time 

step f. 

 
Wpklb
qprn   = N( 
qkls b�
qsh
qtlsue � + �g,                 (12) 

 
 
where N =  �ℎ���#� *�!!�/�+��, �g = ℎ�#� !��;  
 
The discrete functions can now be represented in global matrix notation through the method 

of lines. Equation 13 illustrates the matrix notation. And from here the temperatures can be 

easily found for each node. 

 

      
vvn wxx

xy ���%…�Mb��Mb^z{{
{| = N∆ae ~�−2 11 −2 11 −2 11 −2�� wxx

xy ���%…�Mb��Mb^z{{
{| +

wx
xx
y �2 + N1(��∆ae...�\−1 + N2(��∆ae z{

{{
|
                          (13) 
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Or in matrix notation 

        v
vn (�� = � �(�� + ��(�� ,                  (14) 

 

The main disadvantage to the FDM method is the restriction to simple geometry. Complex 

geometry cannot be accurately discretised into equally size elements especially in complex 

geometry and errors especially at the boundaries are prone to occur. The only method to 

improve accuracy at boundaries or at specific locations is to increase number of nodes and 

subsequent cells or to employ an additional method called CVM. This increase in nodal density, 

although it is not specific to investigated area, but will be increased along the x-, y- and z- 

coordinate system for the entire mesh over the investigated area. This phenomenon can be 

easily visualised in the casting, insulation and shell section view Figure 2.4. Mesh in 

rectangular marked section is refined and due to this, the cells along the x and y axis are also 

refined resulting in additional computing time. 

 

 

Figure 2.4 - FDM investigated space with mesh. 

 

The numerical equations are simple and numerical processing fast to perform multiple 

iterations, however, the accuracy of final results is strongly depended on the mesh refinement. 
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2.5.2 The Finite Element Method (Galerkin) 

 

The finite element method is based on the WRM, making use of integrals parts, as appose to 

the differential form of WRM for FDM.  For ease of explanation equation 1 in section 2.2 will 

be utilised with boundary conditions ; = 0: ф i�, v
vam = 0, ; = 0: ф i�, v
vam = 0 

 �  � vva i� v
vam��V + �� �*; + � ���V �*; = 0                                       (15) 

 

We then integrate by parts to obtain a weak formulation of the WRM illustrated in equation 16  

 �(0��(0� − �(0��(0� − � � v
va�V v�va *; + � ���V �*; = 0                                      (16)  

 

The next step divide the solution space into finite elements that is interconnect by nodes as 

illustrated in Figure 2.3. Let the distance between nodes be denoted as ℎ . 
Therefore the temperature at ;. 

 �(;� = �̂ (;g − ;��gb^ + �̂ (; − ;gb^��g,                                       (17) 

 

where   �̂ (;g − ;� =  \g and  �̂ (; − ;gb^� = \gb^ which is called shape functions. 

 

For Galerkin method the shape functions are equal to the weight functions as described in 

equation 18. 

 �(;� = \gb^Ugb^ + \gUg,                              (18) 

 

where  Ug and Ugb^ are coefficients of the base functions 

 

Once the derivatives for all the shape functions calculated over each element as been 

determined (illustrated in equation 19 and 20) the matrices can be combined into a global 

stiffness matrix from where the temperature values can be calculated. The mathematical 

process to find equations 19 and 20 has been purposefully omitted. 
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� � v
va v�va *; =  �� �Ug , Ugb^� � 1 −1−1 1 � � �g�gb^�                            (19) 

and 

� ���*; =  ���� �Ug , Ugb^� �11�                   (20) 

 

FEM unlike FDM is numerically stable which means that any errors obtained in the input and 

calculations do not accumulate with the subsequent iterations.  

 

Additionally with FEM complex geometry can be easily meshed by accurately interpreting the 

boundary with finite elements. In FEM the solution space is discretised into elements that 

accurately depict the solution space and the discretisation error is less. The use of triangular 

or tetrahedral elements are most common in FEM space.  

Where FDM makes use of the strong differential form of governing equations, FEM makes use 

of the integral or WRM method mentioned earlier. The use of integral method is more 

advantages as it is a more natural approach to Neumann boundary conditions. FEM is 

therefore also more suited to deal with complex geometries and multi-dimensional problems 

as the shape of the mesh is not important. 

 

Figure 2.5 illustrates the difference between meshing in FDM and FEM respectively. 

 

Figure 2.5  - Illustrating the difference in meshing in the FEM and FDM space. 
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3. Numerical Investigation of the investment casting process 

3.1 The Geometric Model 
 

The model was generated using DSS Solidworks™ software. The single valve was defined as 

the final model for use in all subsequent cases. The valve component is illustrated in Figure 

3.1 with the following overall dimensions. 

 

 

Figure 3.1 Manufacturing drawing of investigated inlet valve 

 

3.2 Investment casting gating system design calculations  
 

To design the investment casting tree the following calculations must be followed. The values 

obtained, however, are only a guideline along which the geometry must be designed. Due to 

external factors such as geometric complexity that influences factors such as cooling rates, 

small geometric and parameters changes should be made to improve flow and solidification 

conditions. 
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3.2.1 Volume of the casting 

 � = ��� ∗ �                                                                        (21) 

 

 

where  � =  +����� �! �#/��)5 � =  �#*��/ �! �#/��)5 � =  ��)5�ℎ �! �#/��)5 
 

therefore � = � ∗ �(2.7�� ∗ 0.45� ∗ 10b� +  ��(0.35�� ∗ 9.6� ∗ 10b� � = (3.694 + 2.770� ∗ 10b� � =  6.464 ∗ 10b��% 

 

3.2.2 Mass of component 

 � = � ∗ �                     (22) 

 

where   � =  �#// �! �#/��)5 � =  *�)/��, 

 

therefore  � = (3.694 + 2.770� ∗ 10b� ∗ 4430 � = 0.02945 

 

3.2.3  Modulus of the component 

 

 

Figure 3.2 - Sectioned valve. 
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� = ���                                 (23) 

 

where   � =  ��*���/ �� =  �#/��)5 /��!#�� (��� 

 

therefore �6n�J =  ¡e∗¢(� ¡∗¢�h� ¡e 

�6n�J = 3.695 ∗ 10b�(0.211 + 0.077� ∗ 10b� 

�6n�J = 1.689 

 

  ���Ov =  ¡e∗¢(� ¡∗¢�h� ¡e 

���Ov = 2.771 ∗ 10b�(1.232 + 0.396� ∗ 10b� 

���Ov = 1.703 

 

 

3.2.4  Feeder and downsprue modulus 

 

The values for the feeder modulus is obtained from Table 3.1 and used in equation 24 to 

determine the downsprue modulus. 

 

 

Table 3.1 - Table used to determine modules of feeder [77]. 

Component 
weight in 

grams 

Type of 
Parameter 

Parameter value for “m” 

1.1 1.8 2.5 3 3.5 

50 

D¥¦ mm M¨© for l¨© of 4mm M¨© for l¨© of 8mm 

20 
1.75 

2 

20 
2.5 

3 

25 
2.7 
3.2 

25 
3.3 
3.5 

30 
3.5 

3.75 

51-100 

D¥¦ mm M¨© for l¨© of 4mm M¨© for l¨© of 8mm 

20 
2 

2.5 

20 
2.75 
3.25 

25 
3 

3.5 

30 
3 

3.75 

30 
3.5 
4.3 

101-200 

D¥¦ mm M¨© for l¨© of 4mm M¨© for l¨© of 8mm 

20 
2.5 

3 

25 
2.5 
3.5 

30 
3 

3.75 

30 
3.25 
4.25 

35 
3.75 

4.5 

  



Master of Technology: Mechanical Engineering – J Fourie 

 

29 

 

Values obtained from Table 3.1 

 �ª6 = 8�� � = 1.8�� «�¬ = 20�� �ª6 = 3 (��� �#Q�� #Q�+��  

 ��¬ = � √J¯°± ∗ ²¢³2¯J³2                     (24) 

 

where  �</ –  ��*��� �! !��*�� ��5 –  ��*��� �! *��)/ ��� � –  ��*��� �! �#/��)5  µ −  ���5ℎ� �! �#/��)5  �</ –  ��)5�ℎ �! !��*�� 
 

therefore ��¬ = � √^.�¶·¯∗�¶± ∗ √¸¯%  ��¬ = 4.59 

 

 

3.2.5  Nominal downsprue diameter 

 �¹� =  ���                                (25) 

 

therefore �¹� =  º∗»³e± ∗¢¼½ ∗¾³∗¢¼½ =  ¾³e�¾³ = ¾³�   
«ª =  4 ∗ �¹� = 3 ∗ 4 «ª = 12�� 

 

Table 3.2 - Data used to determine diameter and length of downsprue [77]. 

Type of sprue 
Diameter of sprue 

(mm) 

Length of sprue (mm) 

250 280 320 360 400 

Cross-section (D) 20 +  +   

25  + +   

32  + + +  
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From Table 3.2 the nominal diameter and length for the downsprue for successful pour is 

20mm and 320mm respectively. 

 

To predict a successful pour the following conditions must be satisfied: 

 ��¬ > �ª6 > � 

 

Using above calculated modulus from equation 19 and 20 it can be seen that the conditions 

are met. 4.6 > 3 > 1.65 

 

 

3.2.6  Optimal flow velocity 

 +� =  4� ¢KÀÁ¬c                                 (26) 

 

where  4 −  0.05 �! !���*�)5 !��� #Q�+�, 0.06 !��� /�*�, #)* 0.08 !��� Q�����.  ��#; −  �ℎ� �#;���� ��)5�ℎ �! �ℎ� �ℎ�))�/� �#�� �) ��, 5 −  �ℎ� �ℎ��4)�// �! �ℎ� ��/� �ℎ�))�/� �#�� �) ��. 
 

therefore +� =  4� ¢KÀÁ¬c = 0.05 ∗ ¶�Â = 0.685 45// 
 

 

3.2.7  Minimum safe diameter through which the material can flow 

 !JgM =  �%∗�ÄÅ∗Æ∗²ÇK                    (27) 

 

and 

 "J = �5ℎ,                      (28) 

 

where   "� −   ��//��� �! �ℎ� ���#� �) �ℎ� �ℎ�))�/� �#��  È −  !��� ���!!����)� (!�� # �#��)#� !��� �! 0.8 −  0.9, �ℎ� *,)#��� !���  1.4 −  1.5 
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É −  *�)/��, �! �ℎ� ���#� �)  5/��3.   
 

therefore "J = 4.43 ∗ 9.81 ∗ 0.35 = 15.21 

 

and 

 

!JgM =  23 ∗ 0.6851.5 ∗ 4.5 ∗ √15.21 

 !JgM =  0.598 ∗ 10b��� 

 

From the values obtained from equation 29 the minimum diameter through which the metal 

can flow is determined 

 

«ªJgM = Ê�∗1Kqp                      (29) 

 

where  «ªJgM = ��)���� *�#����� (��� 

 

therefore «ªJgM = Ê�∗1Kqp  = 0.873 ∗ 10b� �� 

 

 

3.3 Numerical Analysis: 
 

According to literature, porosity is the main defect observed in castings and for this reason it 

was decided to investigate amendments to the geometry, and initial and boundary conditions. 

Amendments made to these points previously mentioned and the effect to the properties of the 

component would be analysed. The localised investigations were performed on a single inlet 

feeder and component. This process took into consideration the pouring and solidification 

process where factors such as shrinkage porosity and temperature gradients are analysed. 

This investigation was subdivided into nine distinct sub-categories as illustrated in Table 3.3. 
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Table 3.3 - Illustration of localised investigations on the inlet feeder and component. 

Case 
nr. 

Alterations performed to geometry and 
parameters 

Constraints 

1 
Component orientation from 0 to 90˚ in 
increments of 10˚. 

Diameter and length of inlet feeder 
remains constant 

2 
Length of inlet feeder from 5 to 23mm in 
increments of 2mm.  

Diameter and modulus remains 
constant 

3 
Change of diameter from 6 to 24mm in 
increments of 2mm.  

Length remains constant 

4 
Inlet feeder angle from 0 to 45˚ in increments of 
5˚. 

Inlet diameter remains constant 

5 Five shapes of inlet feeder Modulus remains constant 

6 
 

Diameter of the insulation around the feeder from 
24 to 36mm in increments of 2mm. 

Inlet feeder remains constant 

7 
Initial inlet temperature from 1690 to 1740⁰C in 

increments of 5⁰C. 
All geometrical parameters remains 
constant 

8 Feeding time from 1 to 4s in increments of 0.25s. 
All geometrical parameters remains 
constant 

9 
Mould temperature from 300 to 1000⁰C in 

increments of 50⁰C. 
All geometrical parameters remained 
constant 

  

 

3.3.1 Analysis for individual inlet geometry 

 

The following cases investigate individual pouring and solidification parameters. In all cases 

only a single parameter was altered to establish its relationship to numerical results. By 

adjusting only a single parameter the student could understand the relationship of the alteration 

to the occurring defects. All boundary conditions are constant and applicable as discussed in 

chapter two across the entire investigation. 

 

Ambient temperature changes were not investigated and was assumed constant at 20⁰C 

across all investigations. 

 

 

3.3.1.1 Change of component orientation 

 

For case 1 the component geometrical orientation was altered to determine its relationship 

with numerical results specifically component soundness, porosity and hot spot location. 

Numerical simulation initial conditions and geometry are illustrated in Table 3.4. 
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Table 3.4 - Initial and boundary conditions for change of component orientation. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Altered 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 24mm 

Inlet feeder orientation Altered as a result of component orientation 

Inlet feeder modulus 3mm 

 

 

3.3.1.1.1 Geometrical set-up 

 

For case 1 the angle of the component geometry was altered from 0⁰ to 90⁰ in 10⁰ increments. 

0⁰ represents vertically orientated component. 

 

Figure 3.3 - Geometrical set-up and illustration of alteration to component angle from 0 to 90⁰. 

 

 

3.3.1.1.2 Results 

 

Hotspot formation at the surface of the component is observed in numerical results from 

simulation software. Alteration to component angle altered porosity probability and position as 

illustrated in Figure 3.4 and Figure 3.5. 

 

For case 1 it was observed that at 0⁰ and 90⁰ less than 5% porosity in the stem of the 

component is observed. At any angle between 0⁰ and 90⁰ the probably of porosity is observed 

with a maximum at 45⁰ showing exponential proportionality as illustrated in Figure 3.4. Also it 
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is shown in Figure 3.5 that the position of the porosity observed in the inlet feeder moves along 

the length of the inlet feeder proportional to the probability found in Figure 3.4. Best results are 

obtained at 0⁰ and 90⁰ intervals. 

 

 

Figure 3.4 - Probability of occurrence of porosity with respect to change of component geometrical 
orientation from 0 to 90⁰. 

 

 

Figure 3.5 - Change of porosity with respect to change of component geometrical orientation from 0 to 
90⁰. 
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Five thermocouples was placed along the centreline from the surface of the component head 

in 3mm increments. This thermocouple set-up is used across all investigated cases. 

 

 

 

Figure 3.6 - Thermocouple positions located along the centreline of the component. 

 

 

 

Figure 3.7 - Air Entrapment in the component at 0 and 90⁰ respectively. 

 

 

3.3.1.1.3 Conclusion 

 

Alteration to the component geometry angle as significant effects to the probability to formation 

of porosity in the stem of the component. At 0⁰ and 90⁰ orientation the best results was 

obtained. At interstitial increments, between 0⁰ and 90⁰, the effect of porosity could lead to 

1 

2 

3 

4 

5 

3mm 
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microstructural changes that has not been investigated. Future work should employ 

investigations into the microstructural changes. 

The position and occurrence of porosity affected the temperature gradient and cooling rate 

inside the head of the component at the onset of solidification at all increments.  

It was found that severe air entrapment was observed for the component orientated at 90⁰ as 

illustrated in Figure 3.7. This entrapment will cause surface porosity, undesirable dimensional 

changes and rough surface quality. The component orientated at 0⁰ indicates up to 50% 

probability of air entrapment, however, 70% of component indicated probability below 25%. 

The best orientation was decided to be vertically orientated under current component 

conditions. Subsequent investigations will therefore be performed with the component 

vertically orientated. 

 

 

3.3.1.2 Change of inlet length 

 

For case 2 the inlet geometry length was altered to determine its relationship with numerical 

results specifically component soundness, porosity and hot spot location. Numerical simulation 

initial and geometric conditions are illustrated in Table 3.5. 

 

 

Table 3.5 - Initial and geometric conditions for change of inlet length. 

Description Value 
Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length Altered 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 
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3.3.1.2.1 Geometrical set-up 

 

For case 2 the length of the inlet feeder was altered in increments of 2mm from 5 to 23mm as 

illustrated in Figure 3.4. 

        

Figure 3.4 - Alteration of inlet length from 5mm to 23mm. 

 

 

3.3.1.2.2 Results 

 

For case 2 excessive porosity occurred in the inlet feeder close to the surface of the casting 

head. Alteration to the inlet length only accounted for slight changes in porosity severity and 

position.  

Porosity occurrence in the stem of the casting remained constant and was observed along the 

centreline of the casting. 

 

Porosity distance from the surface of head of casting was measured for all 10 instances of 

case 2. The results was collated and represented in Figure 3.5. 
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Figure 3.5 - Graph representing distance of porosity from surface of casting head. 

 

 

3.3.1.2.3 Conclusion 

 

Porosity was observed at the surface of the casting and the porosity did not protrude into the 

casting. Alteration to the inlet length changed the position of the porosity, but not to any 

beneficial extent. No relationship between the data points were observed. The inlet length had 

no observable effects on the temperature gradient and subsequent cooling rates at the surface 

and inside the head of the casting. Solidification will proceed unaffected. Amount of simulations 

must be increased to determine validity of results and to find relationship. 

 

 

3.3.1.3 Change of inlet diameter 

 

For case 3 the inlet geometry diameter was altered to determine its relationship with numerical 

results specifically component soundness, porosity and hot spot location. Numerical simulation 

initial and geometric conditions are illustrated in Table 3.6. 
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Table 3.6 - Initial and geometric conditions for change of inlet diameter. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter Altered 

Inlet feeder orientation Vertical 

Inlet feeder length 20mm 

Inlet feeder modulus 3mm 

 

 

3.3.1.3.1 Geometric set-up 

 

For case 3 the diameter of the inlet feeder was altered in increments of 2mm from 6 to 24mm 

as illustrated in Figure 3.6. 

 

Figure 3.6 - Geometrical set-up and alteration of inlet geometry diameter for Case 3. 

 

 

3.3.1.3.2 Results  

 

For case 3 porosity occurred in the inlet feeder and inside the head of the component.  

Alteration to the inlet feeder diameter and consequent modulus showed beneficial 

improvements to the location of the porosity (refer to Figure 3.7). Overall soundness and 

hotspot location, which is directly related to occurrence of porosity, also showed improvement. 

Minor porosity occurrence in the stem of the component remained constant and was observed 

along the centreline of the component. 
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Figure 3.7  - Change of porosity with respect to change of diameter of inlet feeder. 

 

The distribution in Figure 3.7 is best represented by a generalisation of the sigmoid function. 

This function is effective for coordinates that do not cross the X-axis at the origin, but are offset. 

Equation 30 represents the fitted generalised sigmoidal curve. 

 , = « + (Ëb¾�^h(ÁÌ�Í,                    (30) 

 

where � is minimum value of the function Î is the maximum slope of the function � is the point of inflection « is the maximum value of the function 

 

therefore , = 11.5 + 
b(�h^^.·)

^h(
Á

l¯.Ï
)lc

, 

 

Above values were obtained through the use of an optimisation algorithm in Microsoft Excel 

for a best fit curve. Values were rounded for simplicity. 

 

Temperature gradient curves for both thermocouple 1 and 2 illustrates the effect with the 

change of diameter. The occurrence of porosity on or around the thermocouples acts as an 

energy reservoir which adversely affects the cooling curve readings. 
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The phenomenon can be illustrated in Figure 3.8 and Figure 3.9. 

 

 

Figure 3.8 - Temperature distribution at thermocouple (1) for Case 3 from 6mm to 22mm inlet feeder 
diameter. 

 

Figure 3.9 – Cooling curves at thermocouple (2) for Case 3 for 6mm to 22mm inlet feeder diameter. 
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Cooling rates observed in the φ14mm inlet feeder is in the order of 95⁰K/s compared to cooling 

rates observed in the 22mm inlet feeder that reaches a maximum of 37⁰K/s.  

 

 

Figure 3.10 – Cooling curve and cooling rates for thermocouple 1 - 14mm inlet feeder diameter. 

 

 

Figure 3.11 - Cooling curve and cooling rates for thermocouple 1 - 22mm inlet feeder diameter. 
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3.3.1.3.3 Conclusion 

 

Porosity was observed in the inlet feeder, on the surface and inside the head of the component 

for φ6mm inlet feeder. As the diameter was increased the position of the porosity was altered 

and showed beneficial results. The relationship between the diameter and the position of 

porosity followed a generalised sigmoid function. 

 

This slower cooling rate observed in Figure 3.11 leads to longer cooling times at the surface 

of the component head. This effect could lead to microstructural changes that must be further 

investigated to determine the effect on mechanical properties. 

 

 

3.3.1.4 Change of inlet feeder shape 

 

For case 4 the inlet geometry shape was altered to determine its relationship with numerical 

results specifically component soundness, porosity and hot spot location. Numerical simulation 

initial and geometrical conditions are illustrated in Table 3.7.  

 

 

Table 3.7 - Initial and geometric conditions for change of inlet feeder shape. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Altered 

Inlet feeder diameter 12mm 

Inlet feeder length 23mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

 

 

3.3.1.4.1 Geometrical set-up 

 

For this geometrical set-up five main geometrical shapes was investigated. For the conical inlet 

a modulus of 3mm was unable to be attained and by constraining the overall height dimension 

to that of the cylinder the modulus was 5mm.  
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Figure 3.12 - Illustration of the shapes of inlet feeder under investigation. 

 

 

3.3.1.4.2 Results 

 

Figure 3.13 is a representation of the position of porosity with respect to the shape of the inlet 

geometry. For each instance the occurrence of porosity closest to the surface of the head of 

component was logged and illustrated.  

 

 

Figure 3.13 – Position of porosity on the surface of the head of the component with respect to inlet 
feeder shape. 
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3.3.1.4.3 Conclusion 

 

It was observed that the pyramid and spheroidal inlet feeder produced soundest components 

without porosity in the head or on the surface of the components. Also spheroidal and pyramid 

inlet geometries yielded unaffected temperature gradients on the surface of the component. 

However, due to change in modulus of the conical shape these results cannot be compared 

accurately.  

Due to difficulty of producing inlet feeder geometries of unique shapes it is unlikely that such 

shapes will be used in industry. The results do indicate that different shapes of same modulus 

yields significantly different results. 

 

 

3.3.1.5 Change of inlet angle 

 

For case 5 the inlet feeder angle was altered to determine its relationship with numerical results 

specifically component soundness, porosity and hot spot location. Numerical simulation initial 

and geometric conditions are illustrated in Table 3.8. 

 

 

Table 3.8 - Initial and geometric conditions for change of inlet angle. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 23mm 

Inlet feeder orientation Altered 

Inlet feeder modulus 3mm 
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3.3.1.5.1 Geometrical set-up 

    

Figure 3.14 - Geometrical set-up and alteration of inlet angle for case 5.  

 

 

3.3.1.5.2 Results 

 

Figure 3.15 is a representation of the position of porosity with respect to the change of the inlet 

angle. For each instance the occurrence of porosity closest to the surface of the head of 

component was logged and illustrated.  

 

 

Figure 3.15 - Effect of change of inlet angle to position of porosity. 
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3.3.1.5.3 Conclusions 

 

It can be observed that at 0⁰, a vertically orientated inlet feeder, the porosity in the feeder is 

furthest away from the component head.  

 

As the angle is increased the tendency is for the porosity to ‘move’ towards the component 

surface head (negative gradient) as observed in proposed relationship in Figure 3.15. The 

investigated range is less than 2mm, and the results could therefore be a result of noise. The 

true relationship, if any, is not fully understood, but a tendency for porosity to move from the 

inlet feeder to the head of component is observed. 

 

 

3.3.1.6 Addition of insulation and change of insulation diameter 

 

For case 6 the component geometrical was orientated in a vertical position and was unaltered. 

Insulation was added to the inlet feeder and the outer diameter was incrementally increased 

to see the effect on the start of solidification, and to determine its relationship with numerical 

results specifically component soundness, porosity and hot spot location. Numerical simulation 

initial and geometrical conditions are illustrated in Table 3.9. 

 

 

Table 3.9 - Initial and geometric conditions for addition and alteration to insulation diameter. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 23mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

Insulation length 16mm 

Insulation inside diameter 20mm 

Insulation outer diameter Altered 
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3.3.1.6.1 Geometrical set-up 

 

For case 6 insulation was taken into account for the inlet feeder. The insulation outer diameter 

was incrementally increased by 2mm from 24mm to 36mm. 

 

 

Figure 3.16 - Geometrical set-up and alteration of inlet angle diameter for case 6. 

       

3.3.1.6.2 Results 

 

Hotspot formation at the surface of the component and in the inlet feeder is observed in 

numerical results.  

  

Minor porosity occurrence in the stem of the component remained constant and was observed 

along the centreline of the component. 
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Figure 3.17 - Effect of changing insulation diameter to the position of porosity. 

 

 

Figure 3.18  - Effect of changing insulation diameter to the solidification initiation temperature. 

 

 

3.3.1.6.3 Conclusion 
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problems in industry. The increase in insulation diameter yields only benefit up to some point 

(not observed in the student’s investigation) after which the increase of diameter has no effect 

other than additional cost to the user. This is due to the outside surface area of the insulation 

from which heat can radiate increases with increased diameter. Convection heat loss is a 

function of surface area and thus the larger the surface the more rapid the heat loss. 

The change to insulation diameter has a linear tendency to increase start of solidification 

temperature with increased diameter. The effect on microstructure and mechanical properties 

is not investigated. 

 

 

3.3.1.7 Change of initial temperature 

 

For case 7 the component geometrical was orientated in a vertical position and was unaltered. 

The pouring temperature was incrementally increased to see the effect on the start of 

solidification, and to determine its relationship with numerical results specifically component 

soundness, porosity and hot spot location. Numerical simulation initial and geometrical 

conditions are illustrated in Table 3.10. 

 

 

Table 3.10 - Initial and geometric conditions for change of initial pouring temperature. 

Description Value 

Pouring temperature Altered 

Mould temperature 600⁰C 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 23mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

 

 

3.3.1.7.1 Geometrical set-up 

 

For case 7 a vertical orientated component set-up was chosen. Inlet feeder was also chosen 

to be constant across investigation as per data in Table 3.11. 
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3.3.1.7.2 Results 

 

It was observed that the position of the porosity was altered due to change to initial 

temperature. The overall change to porosity position was observed to be 1mm as illustrated in 

Figure 3.19. 

 

 

Figure 3.19 – Effect of change to initial temperature. 

 

 

3.3.1.7.3 Conclusion 

 

Alteration to the initial temperature has some effect on the position of the porosity with respect 

to the head of the component. Further increase of the initial temperature could yield further 

improvement, but according to literature, superheating titanium has no beneficial results. 

Titanium’s low thermal diffusivity, which is a function of density, specific heat and thermal 

conductivity, causes titanium to solidify rapidly.  

 

 

3.3.1.8 Change of pouring time 

 

For case 8 the component geometrical was orientated in a vertical position and was unaltered. 

The pouring time was incrementally increased to see the effect on the start of solidification, 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1680 1690 1700 1710 1720 1730 1740 1750D
is

ta
n

ce
 o

f 
p

o
ro

si
ty

 f
ro

m
 s

u
rf

a
ce

 o
f 

h
e

a
d

 o
f 

ca
st

in
g

 (
m

m
)

Temperature (⁰C)

Position of porosity in the inlet feeder with respect to the 

surface of the casting head due to change of initial 

temperature



Master of Technology: Mechanical Engineering – J Fourie 

 

52 

 

and to determine its relationship with numerical results specifically component soundness, 

porosity and hot spot location. Numerical simulation initial and geometrical conditions are 

illustrated in Table 3.11. 

 

 

Table 3.11 - Initial and geometric conditions for change of pouring time. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Pouring time Altered 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 23mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

 

 

3.3.1.8.1 Geometrical set-up 

 

For case 8 a vertical orientated component set-up was chosen. Inlet feeder was also chosen 

to be constant across investigation as per data in Table 3.11. 

 

        

3.3.1.8.2 Results 

 

Hotspot formation at the surface of the component and in the inlet feeder is observed in 

numerical results. The alteration to the insulation diameter appeared to have little effect on the 

position of the hotspot as illustrated in Figure 3.20. 

Minor porosity occurrence in the stem of the component remained constant and was observed 

along the centreline of the component. These defects can be removed by additional post –

processing techniques such as HIP. 
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Figure 3.20 - Illustration indicating the effect of changing pouring time to the position of porosity with 
respect to the surface of the component head. 

 

 

3.3.1.8.3 Conclusion 

 

No relationship was found, for the range investigated, between the change of inlet temperature 

and the position of porosity with respect to the surface of the component head. 

 

 

3.3.1.9 Change of mould temperature 

 

For case 9 the component geometrical was orientated in a vertical position and was unaltered. 

The mould temperature was increased from 300 to 1000⁰C in 50⁰C increments to see the effect 

on the start of solidification, and to determine its relationship with numerical results specifically 

component soundness, porosity and hot spot location. Numerical simulation initial and 

geometrical conditions are illustrated in Table 3.12. 
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Table 3.12 - Initial and geometric conditions for change of mould temperature. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature Altered 

Pouring time 2s 

Component orientation Vertical 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 20mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

 

 

3.3.1.9.1 Geometrical set-up 

 

For case 9 a vertical orientated component set-up was chosen. Inlet feeder was also chosen 

to be constant across investigation as per data in Table 3.12. 

   

     

3.3.1.9.2 Results 

 

 

Figure 3.21 - Position of porosity with respect to the surface of the component head as mould 
temperature is increased. 
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Data points were taken across the temperature range from 300 to 1000⁰C and the change of 

porosity was observed in Figure 3.21. A distinct relationship was observed in Figure 3.22 

where solidification time increased parabolically across temperature range. 

 

 

Figure 3.22 - Solidification time as a function of mould temperature. 

 

 

3.3.1.9.3 Conclusion 

 

Alteration to the mould temperature shows a step function relationship across the range of 300 
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insignificant with only a movement of 1.4mm across a span of 700⁰C. Further increase of the 

mould temperature could yield further improvement, but according to literature and current 

study, a temperature of 600⁰C yields satisfactory results. Also the increase of mould 

temperature above an acceptable level becomes uneconomical. 

 

A 2-order polynomial relationship is observed for the solidification time of the component with 

respect to the change of mould temperature. It can be seen that with further increase of the 

temperature above 1000⁰C less effect to change of solidification time will be observed. It then 

becomes uneconomical to investigate above this temperature. 
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4. Numerical Simulation of Casting Design 

4.1 Introduction 
 

The final gating system was designed making use of numerical results obtained from Chapter 

3 for individually investigated component set-ups. The student chose the best results from 

each investigation and used the initial and geometrical conditions for the entire gating system. 

The relationships found in previous investigations completed in Chapter 3 could be used to 

optimise the final design in future investigations. 

It is important for the student to determine the validity of combining best-fit individual results 

found and use this data in complex geometry. Also, the effect of complex geometry with 

complex flow channels and radiation plays a large role in the final microstructure and 

mechanical properties.  

 

 

4.2 Design of casting tree 
 

An investment casting gating system for 48 components were designed making use of results 

obtained in previous investigations.  

The use of a cylindrical downsprue with traps distributed around the perimeter of the 

downsprue provides a symmetrically distributed melt. This would produce a uniform and 

consist solidification front in all components. The traps are rectangular to allow for ease of 

manufacture and assembled at a 10⁰ angle with respect to the horizontal axis. This angle 

prohibits the metal melt from entering the inlet feeders prematurely as illustrated in Figure 4.1. 

A vertically orientated component was chosen throughout as this has beneficial properties to 

the removal of air, increase in metallostatic pressure in the valve stem and uniform and 

directional solidification. 

A simple inlet feeder geometry was chosen due to ease of manufacture and assembly. The 

results obtained from the cylindrical inlet feeder yielded acceptable results compare to other 

investigated shapes. It was therefore also decided that the inlet angle should be vertical for 

ease of assembly. Overall dimensions of 12mm x 20mm was chosen as this yielded the best 

results for the smallest volume. It must be remembered that the overall volume of casting tree 

that does not form part of the final component reduces yield. Reduction in yield could prove 

that this process is uneconomical. 

The alteration to pouring time yield no relationship with the position of defects and occurrence 

of porosity and therefore the overall pouring time will be re-calculated taking the maximum flow 
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rate in the thinnest section of the valve and overall volume of the casting tree into 

consideration. 

The use of insulation has been omitted due to the fact that it has only a small effect on 

temperature gradient at the surface of the component head. 

The mould temperature of 600⁰C was chosen as this temperature provided favourable results 

without unnecessarily overheating the mould.  

 

The following parameters have been set out in Table 4.1 - Data obtained from individual 

investigation and used for final design for use in complete gating system design. 

 

 

Table 4.1 - Data obtained from individual investigation and used for final design. 

Description Value 

Pouring temperature 1740⁰C 

Mould temperature 600⁰C 

Inlet feeder shape Cylindrical 

Inlet feeder diameter 12mm 

Inlet feeder length 20mm 

Inlet feeder orientation Vertical 

Inlet feeder modulus 3mm 

Pouring time (s) 12 seconds 

Maximum yield (%) 30.8% 

Valves cast (number) 48 
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Figure 4.1 - Final design casting tree. Side and top view respectively. 

 

 

4.3 Results 
 

After final casting tree was designed numerical simulations was performed. The option to 

investigate simulating the pouring and solidification process for the entire casting, as appose 

to making use of axis of symmetry, yielded pouring properties that would otherwise not have 

been observed. 

 

Overall soundness of the lower half of the casting tree can be observed in Figure 4.2. No 

porosity or air inclusions are observed producing maximum yield, however, the upper half of 

the casting tree (refer to Figure 4.3) showed signs of internal porosity in the stem that could be 
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removed with HIP process if not severe. Signs of porosity at the surface and in the valve 

component head is not observed.  

 

 

Figure 4.2 - Illustration of porosity observed in the lower half of the casting tree. 

 

 

Figure 4.3 - Illustration of porosity observed in the upper half of the casting tree. 
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Figure 4.4 - Temperature at the surface of the valve component at the time final part of casting 
solidifies. 

 

Figure 4.4 represents two distinct temperature groups are observed at the end of 

solidification. Casting numbers one, three, five and seven, orientated furthest away from the 

centreline and exposed to comparatively more ambient air, results in a final temperature of 

160⁰C. Castings orientated closer to the centreline and exposed to radiation from 

surrounding valves showed an average temperature increase of 40⁰C. This phenomenon is 

further described in Figure 4.5 illustrating the cooling curves for each of these representative 

components of the casting tree. The components located furthest away from the centreline 

yielded the highest cooling rates in the order of 100⁰K/s indicating the effect of ambient 

conditions on the surface. The components located on the closest to the centreline yield 

cooling rates in the order of 60⁰K/s. 
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Figure 4.5 - Cooling curves for representative components for the casting tree. 

 

 

4.4 Conclusions 
 

The complexity of the final casting tree yielded results not observed in the individually assessed 

components. The lack of metallostatic pressure in the upper half of the casting tree reduces 

pressure required to remove porosity and porosity is therefore observed in all the stems in the 

upper half. To improve the quality of the casting the casting must be performed under 

centrifugal force. 

The parameters in the individually investigated single casting set-up could successfully be 

employed in the more complex design. 

Radiation plays a large role in the solidification of castings and must be investigated in future 

work to determine the extent of the effects. 
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5. Conclusions and Future Work 

5.1 Conclusions 
 

From an experimental point of view, this investigation showed that Ti6Al4V alloy, to an extent, 

can be successfully cast and optimised to produce a sound casting. It was observed that due 

to metallostatic pressure head, the casting orientated in the top half of the casting tree yielded 

unfavourable results. This shows that casting under gravity alone is not desired and the use of 

centrifugal casting for example would yield improved results. The individual parameters such 

as casting orientation, inlet diameter and angle, and mould temperature was altered and 

distinct relationships were observed. These relationships can be used for further optimisation 

procedures, and to investigate this, the numerical simulation must be experimentally 

reproduced. Final mechanical and microstructural properties must be found through 

mechanical tests and optical microscopy after which numerical optimisation can be performed. 

 

The study showed that the individual parameters that influence the soundness of the casting 

can be investigated independently and then combined into a complex geometry that yields 

beneficial results. 

 

In 2000, Nissan Motor Company utilised Ti6Al4V inlet valves in one of their production vehicles 

with great success, even though literature states that working temperatures inside the engine 

combustion chamber reaches temperatures exceeding safe working temperature of 350⁰C. 

This shows that the alloy is capable of operating under high temperature and high cyclic stress 

conditions with the correct post production procedures. 

 

The component is also not a complex shape, which is generally the governing reason for 

employing the investment casting process. For this specific symmetrical geometric shape 

alternative manufacturing processes would be more viable and more cost effective. The study, 

however, illustrated that the casting parameters could be individually investigated and the 

results, where applicable, could then be transferred to more complex engine components.  
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5.2 Future work 
 

After investigation of the individual cases, it was determined that, in order to improve or verify 

the relationships for each case, additional numerical simulations must be completed using 

smaller increments of the relevant parameters. 

 

To verify the soundness of the final design, the simulation must be experimentally reproduced. 

After this process, the mechanical and microstructural properties must be obtained. The 

required properties for the valve component must be obtained from industry and the 

experimental results must be compared. 

 

To obtain components from Ti6Al4V alloy suitable for use in an internal combustion engine at 

500⁰C, additional post processing techniques would need to be investigated such as, HIP and 

heat treatment of the material.   

 

Radiation view factors and the influence on solidification rate must be further investigated due 

to effects on complex geometry. 

 

Investigation into centrifugal casting could yield beneficial results as this would potentially 

remove porosity observed in the stem. 

 

As investment casting is a process specifically for low volume high quality components that 

would be difficult or impossible to manufacture in any other way due to complexity, thin walls 

and type of material. Alternative low volume high quality engine components must be 

investigated in further studies that would be more suited for the investment casting process. 
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Appendix A – Temperature Gradient At The Surface Of The Head Of The Casting 

With Respect To Casting Angle 
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Appendix B – Temperature Gradient At The Surface Of The Head Of The Casting 

With Respect To Change Of Inlet Feeder Length 
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