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Abstract 
 

Low Pressure Die Casting (LPDC) process is one the most common casting process to 

produce structural automotive components, such as alloy wheels and suspension 

components. It has been identified that cavity filling and solidification process are two 

most critical aspects to produce premium quality casting components. 

 

During the solidification process of casting alloy, it is a well known phenomenon that 

metal experiences volumetric shrinkage due to its density difference between liquid and 

solid phase. When this volumetric shrinkage is not properly compensated, then a casting 

defect commonly known as solidification shrinkage occurs. The solidification shrinkage 

has very detrimental effects on structural integrity required for premium quality casting 

such as aluminium alloy wheels. 

 

Literature and practical experiences of foundry men show that it is critical to achieve 

unidirectional solidification pattern by avoiding an isolated hot spot in order to minimise 

the solidification shrinkage. However, it is found that the geometry of industrial casting 

applications is often constrained by other design factors that would not naturally avoid 

these isolated hot spots. The subject of this research, aluminium alloy wheels, is not 

excluded from this constraint. 

 

In aluminium alloy wheels, an isolated hot spot is commonly observed in an area known 

as rim and spoke junction due to its geometry constraints. Consequently, the 

solidification shrinkage is commonly experienced, which is undesirable due to its 

detrimental effects for the structural integrity of alloy wheels. In order to minimise the 

solidification shrinkage, forced cooling method is applied to avoid an isolated hot spot. 

The control of this forced cooling is achieved by cooling media, flow rate of cooling 

media and duration cooling circuit.  

 

Foundry experiments in industrial environment were conducted producing aluminium 

alloy wheels using commercially treated A356 (Al-Si) alloy, where different durations of 
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cooling circuit were used to understand the sensitivity of solidification shrinkage 

formation to the duration of cooling circuit. This was followed by metallurgical structure 

analysis and numerical modelling to suggest the sensitivity of cooling circuit duration in 

controlling solidification shrinkage. 

 

The major finding conclusion of this research is that control of the shrinkage formation is 

not very sensitive to the duration cooling circuit. It is suggested that as casting solidifies 

initially from the mould wall, it retracts away from the cast-mould interface due to 

thermal contraction. Consequently, air gap is formed between casting and mould 

interface, creating an effective thermal resistance layer. Thereafter, heat transfer across 

the cast-mould interface is not sensitive to the change in the cooling channel which is a 

distance to the cast-mould interface. 

 

Some limitations of numerical modelling and metallurgical analysis were also identified 

during this research and recommendations were made to improve the accuracy of local 

hot spot prediction in production of aluminium alloy wheels. More specifically, 

numerical modelling of the effect of grain refinement and use of non homogeneous 

material property (particularly fraction of solid) for rapidly chilled area. Fraction of 

eutectic rather than secondary dendrites arm spacing is a proper microstructure parameter 

that can be used to locate the hot spot. 
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1 Introduction 
 

1.1 Wheel Manufacturing Process at ION Automotive  

 

ION Automotive (ION) is a relatively large sized aluminium alloy casting manufacturer 

using low pressure die casting (LPDC) process. ION’s main products are structural 

automotive components, such as aluminium alloy casting wheels and suspension cross 

members. Its Manukau based operation, employing up to 500 employees, has an annual 

production capacity of 1.75 million casting wheels and 10,000 suspension cross 

members. 

 

In order to understand the significance of solidification process control on manufacturing 

of high quality casting products at ION, its manufacturing process needs to be discussed 

first. A schematic diagram of the overall manufacturing process of casting wheels at ION 

is shown in Figure 1-1. The manufacturing process can be categorised in to the following 

four distinctive stages as shown below. 

 

• Melt preparation. 

• Metal casting process. 

• Machining process. 

• Painting process. 

 

In this introduction section, only the first two processes (Melt preparation, metal casting 

process) will be discussed as they are closely related to this research. 
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Figure 1-1 Overall manufacturing process of aluminium alloy casting wheels at ION Automotive. 

 

1.1.1 Melt Preparation 

 

Melt preparation process is the first step of the manufacturing process. Its primary 

purposes are to melt raw material and treat the molten metal to ensure that adequate metal 

quality is achieved.  

 

For manufacturing casting wheels at ION, premium A356 aluminium alloy is used, 

whose composition is shown in Table 1-1. Raw material of A356 is supplied in a form of 

ingots from the local supplier. Then using two thirty tonne gas fired melting furnaces, 

ingots are melted and ready for melt treatment process. 
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Table 1-1 Alloy composition of typical A356 aluminium alloy. [1] 

Elements  

Si Fe Cu Mn Mg Zn Ti Al 

Composition (%) 6.5-7.5 0.50 0.25 0.35 0.25-0.45 0.35 0.25 Balance 

 

 

The primal purposes of melt treatment 

 

Degassing – Molten aluminium has a very high solubility of hydrogen gas that can be 

absorbed from the moist in ambient air. Dissolved hydrogen gas in aluminium alloy can 

later on result in gas pores in casting products. Therefore it is necessary to treat the 

molten metal through degassing process. 

 

Fluxing – Fluxing is a common term used in casting process to describe an addition of 

chloride or fluoride based salt. Cleaning of metal is provided by addition of fluxing salt 

that reacts with non-metallic inclusions in the melt. This reaction then form a cluster 

called dross, which can be separated from the melt.  

 

Alloy addition – In the case of casting wheel manufacturing at ION, three main types of 

alloying elements are added in a form of aluminium master alloy. 

Al-Mg: Mg is added to a specified level for A356, shown in Table 1-1, to provide 

required mechanical properties. 

 

Al-Sr: Strontium is added in aluminium silicon alloy to provide modified eutectic 

structure, where eutectic is transformed from needle like structure to globular structure. It 

is shown that modified structure increases fatigue strength of aluminium silicon alloy. 

 

Al-TiB: Titanium boride is added to provide nucleation sites for solidification of 

aluminium silicon alloy. Provision of increased number of nucleation sites results in 

much finer grain structure, which increases yield strength and fluidity of aluminium 

silicon alloy. 
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1.1.2 Metal Casting Process 

 

At ION, Low Pressure Die Casting (LPDC) process was used to produce casting 

components. LPDC process is one of the most widely used casting processes in metal 

forming industry. Its relatively superior mechanical strength over other metal casting 

processes, gravity or high pressure die casting and low to medium capital make it most 

suitable for a mass production of premium structural applications (Casting wheels, 

suspension components etc.). A schematic diagram of LPDC is shown in Figure 1-2.  

 

 

Figure 1-2 A schematic diagram of LPDC. 

 

In the basic configuration of LPDC process (shown in Figure 1-2), large volume of 

molten metal (ranging from 800 Kg to 1.5 tonne) is delivered into a pressure tight 

furnace, referred to as a holding furnace. A platform with a mould cavity is located on top 

of the holding furnace and it is connected by a riser tube. As air in the holding furnace is 
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pneumatically pressurised, molten metal starts to flow into the mould cavity through a 

riser tube against the gravity. 

 

The key objectives of filling process control in LPDC process, step 1 in Figure 1-2, are to 

minimise the level of turbulence during the cavity filling and ensure a complete filling of 

the cavity. Increased level of turbulence during the filling has shown to create entrapped 

air bubbles and oxide inclusions in the casting components. As a result, reduction of 

fatigue life and mechanical strength of casting components are commonly observed. 

While, it is critical to ensure non turbulent filling by reduced filling speed, it is also 

critical to avoid excessively slow filling. As molten metal flows over mould cavity 

surface, heat transfer between molten metal and cavity surface takes place. Consequently, 

the temperature of molten metal would drop and its fluidity is decreased. In extreme 

cases, where too slow filling with excessive heat loss from the molten metal, metal 

temperature would drop below its liquidus point and cease to flow. Therefore, a properly 

controlled filling process is where a balance is achieved between a minimised turbulence 

and temperature loss. 

 

As mould cavity is completely filled, a series of cooling circuits at strategic locations in 

the mould cavity are activated to control the solidification profile. The objective of 

solidification control is to minimise solidification shrinkage. A typical example of this 

defect is shown in Figure 1-3. Shrinkage porosity, which is one of the most common 

casting defects, is particularly detrimental in many structural casting applications. It is a 

well known fact that a presence of shrinkage porosity, hence a discontinuity in casting 

structure can severely reduce mechanical strength of casting components. Also in some 

applications, where pressure tightness is critical (e.g. casting wheels, cylinder heads and 

manifolds etc.), it is also shown that pressure tightness can be severely reduced by 

shrinkage porosity. Shrinkage porosity is particularly important in manufacturing of 

aluminium alloy wheel casting, as it requires both superior mechanical property and 

pressure tightness. More detailed discussion of shrinkage formation and prevention will 

be discussed in the following section. 
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Figure 1-3 Typical shrinkage porosity found in aluminium alloy casting using LPDC. 

 

1.2 Solidification Shrinkage 

 

The root cause of shrinkage porosity is attributed to a basic physical phenomenon of 

solidification. Typical aluminium alloy experiences 7% volumetric shrinkage during its 

phase change from liquid to solid due to density discrepancy between those two phases. 

Voids formed by contraction of casting during solidification need to be compensated by 

movement of either liquid or solid phase. This compensation of solidification contraction 

by liquid or solid is commonly known as “feeding”. Failure of efficient feeding or 

adequate compensation of contraction during solidification would result in discontinuity 

in casting structure or shrinkage porosity.  

 

1.2.1 Compensation of Solidification Shrinkage 

 

Efficient feeding in casting component can be achieved by a controlled solidification 

pattern, known as unidirectional solidification. Unidirectional solidification describes a 

solidification order, where casting part furthest from the riser (reservoir of liquid metal 

for feeding) solidifies first followed by its adjacent part towards the riser. An example of 
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an ideal unidirectional solidification profile is shown in Figure 1-4. Local solidification 

time of each location within the casting, labelled A, B and C, shows that the thinnest part, 

labelled ‘A’, solidifies first followed by ‘B’. Relatively longer solidification time of 

section ‘B’ than that of section ‘A’ means that it remains in liquid phase while the section 

‘A’ goes through solidification. Therefore, any solidification shrinkage in the section ‘A’ 

can be compensated by feeding from the section ‘C’, which is a riser in this case, through 

the section ‘B’.  

 

Figure 1-4 Illustration of ideal unidirectional solidification in a simple shaped casting. 

 

In case of non unidirectional solidification, illustrated in Figure 1-5, the local 

solidification time of section ‘A’ is longer than the section ‘B’. Therefore, section ‘B’ 

would solidify before solidification of the section ‘A’ is completed. Consequently, any 

feeding from the riser, section ‘C’, would be impeded as its feeding channel (the section 

‘B’) is solidified. As a result, any solidification shrinkage in section ‘A’ remains unfed or 

uncompensated.   
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Figure 1-5 Illustration of undesired non-unidirectional solidification in a simple shaped casting. 

 

Therefore in the case of wheel casting, as shown in Figure 1-6, it is desired that the rim 

part of wheel solidifies first while spoke section can provide feeding. Then it is followed 

by solidification of spoke section, while hub section would provide feeding and so on. A 

cross section of a typical wheel casting and a schematic of directional solidification are 

shown in Figure 1-6.  
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Figure 1-6 A schematic of diagram of desired directional solidification in wheel casting. 

 

In the design process of casting components, it is most logical to design a casting that its 

geometry can naturally induce the directional solidification. A simple example would a 

wedge shape casting, where thin edge would naturally cool down and solidify much 

quicker than the thicker bottom part. However, in the design process of wheel castings 

and other complex shape castings, it is often that geometry of product is constrained by 

various other factors, such as design requirement by customers and styling of products. 

Therefore, it is necessary to design a comprehensive thermal control to achieve a 

directional solidification even with a complex geometry. 

 

1.2.2 Control of Solidification Shrinkage at ION 

 

Design of a thermal control system at ION mainly involves a series of cooling circuits 

placed at various locations within the mould cavity. An example of a typical mould 

cavity for a casting wheel is shown in Figure 1-7, showing both forced air and water 

cooling circuits. A combination of cooling circuit duration, activation sequence and 

Desired direction of 
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Rim and Spoke Junction 

Spoke 
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Hub 
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cooling media flow rate is used as main control parameters. In order for cooling circuit to 

be effective, a right balance of above control parameters should be achieved.  

 

 

Figure 1-7 An example of thermal control system designed at ION. 

 

Rim and spoke junction (RSJ) of a casting wheel, which is the focus of this study, is 

considered in Figure 1-8 to illustrate the significance of balanced control parameters. RSJ 

is selected for this study as it is prone to shrinkage porosity in the junction area. This is 

mainly due to its geometry where relatively large mass at the junction is surrounded by 

very thin sections, which are rim and spoke part of the wheel. In RSJ, desired direction of 

solidification is in the order of rim, junction then spoke section. In Figure 1-9, desired 

direction of solidification is represented in terms of relative solidification time at each 

location (rim, junction and spoke). This shows that solidification time of junction is 

longer than the rim section; hence solidification shrinkage of the rim can be compensated 

by the junction. Later on, solidification shrinkage of the junction can be compensated by 

the spoke section, as it shows longer solidification time than the junction. However, 

naturally increased solidification time of the junction due to its large geometry would 

Casting Alloy Wheel Locations of cooling circuits 
Cavity Filling Direction 
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alter the solidification order. The effect of increased solidification time is illustrated in a 

red dotted line in Figure 1-9. Therefore it is necessary to reduce the solidification time of 

certain area using a forced cooling in order to achieve the desired direction of 

solidification. In the current thermal control system at RSJ, a water cooled cooling 

circuit, referred to as chill is located directly targeting the mass of junction area. Intended 

effect of this forced cooling circuit is illustrated in Figure 1-9 to achieve the desired 

directional solidification.  

 

 

Figure 1-8 Thermal control system at rim and spoke junction (RSJ). 

 

There are three parameters of a forced cooling circuit that determine its effectiveness in 

controlling solidification pattern of casting. They are shown in Figure 1-8, labelled HT 

#1, #2 and #3. Heat transfer through cooling circuit and its interface with casting is 

governed by theses three elements and local solidification is then controlled. Details of 

these elements are as follows. 
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• Control of heat transfer through control of cooling medium, HT #1 in Figure 1-8. 

Air and water are two most commonly used cooling medium and their flow rates 

and temperatures are considered as critical control parameters. 

• Timing of cooling control, HT #2 in Figure 1-8. In the case of time based cooling 

circuit control, duration of each cooling circuit is considered. 

• Control of heat transfer through cooling circuit and casting interface, HT #3 in 

Figure 1-8. Heat transfer through cooling circuit and casting surface and 

formation of casting microstructure is considered. 

 

Influence of the above elements in heat transfer through cooling circuit and solidification 

behaviour will be discussed in more detail in the proceeding section. 

 

 

 

Figure 1-9 Graphical representation of different direction solidification scenario at RSJ. 
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1.3 Chapter Summary 

 

A brief introduction to the manufacturing process of an aluminium wheel casting at ION 

Automotive, New Zealand was presented. In more detailed discussion of casting process, 

solidification shrinkage was identified as the most common yet detrimental casting 

defect.  

 

It was shown that directional solidification is a key to minimise shrinkage porosity 

through an effective feeding. However, in many cases of complex shape castings, 

aluminium casting wheels in particular, casting geometry is not in favour of a naturally 

induced directional solidification. Therefore, a series of forced cooling regime is 

implemented in design of casting process and tooling to effectively control local 

solidification behaviour. Rim and spoke junction of the wheel casting was presented as 

the main subject of this research due to its tendency to suffer from solidification 

shrinkage. Detailed discussion of thermal control at the rim spoke junction to minimise 

the solidification shrinkage has shown the following three key aspects in terms of its 

effectiveness to control solidification shrinkage. 

 

• Control of heat transfer through control of cooling medium, HT #1 in Figure 1-8.  

• Timing of cooling control, HT #2 in Figure 1-8.  

• Control of heat transfer through cooling circuit and casting interface, HT #3 

in Figure 1-8. 

 

1.4 Research Scope and Objectives 

 

The main objective of this research is to understand the effect of the above key elements 

of controlling forced cooling on solidification behaviour of aluminium wheel casting to 

reduce the shrinkage porosity. Detailed objectives are as follows. 
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1. To conduct a set of controlled experiments to produce casting samples with 

different levels of thermal control (i.e. cooling) at the chill and metal interface. 

2. To perform a series of qualitative x-ray micrograph analysis of casting samples 

from Objective 1. This is to qualitatively analyse the effect of different thermal 

control levels on solidification defects. 

3. To perform a microstructural analysis of samples form Objective 1 to quantify the 

effect of different levels of thermal control on overall solidification patterns. 

4. Numerical modelling of heat transfer at the chill metal interface and solidification 

pattern of a casting.  

5. Validation of numerical modelling with quantitative microstructural analysis 

results. 
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2 Literature Review 
 

The aims of the literature review in this section are as follows. 

 

1. To understand the importance of directional solidification in order to minimise the 

formation solidification shrinkage. 

2. To understand the heat transfer of the casting system, particularly at the casting 

and cooling circuit interface. 

3. To understand the effect of three thermal control factors, as shown in Figure 1-8, 

on heat transfer of the casting system. 

4. To identify the knowledge gap in which one of three thermal control factors 

requires deeper understanding to improve the effectiveness of the thermal control 

system. 

5. To understand the relationship between thermal condition of casting and its 

microstructure. 

 

2.1 Directional Solidification 

 

It is clearly understood in the previous chapter that minimised solidification shrinkage is 

required to ensure high quality structural casting. The rim spoke junction of an 

automotive wheel, as shown in Figure 1-8, was presented as an example and a main 

subject of this research. In minimising solidification shrinkage, it was suggested that an 

effective feeding through unidirectional solidification was necessary.  

 

It was also illustrated in the previous chapter that unidirectional solidification is 

represented in terms of local solidification or thermal gradient at various locations within 

a casting, as shown in Figure 1-4. Use of local solidification time or thermal gradient has 

been extensively used by foundry engineers to gauge or visualise directional 

solidification, hence sound casting. It is observed that a particular area of casting 
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surrounded by solidification time contours, namely an isolated hot spot, is prone to 

solidification shrinkage. This observation led to numerous empirical design rules in 

casting developed by foundry engineers to avoid this isolated hot spot. [2] 

 

One of the pioneering work by Niyama [ 3 ] successfully demonstrated theoretical 

modelling of shrinkage formation during solidification in this regard. It looked at 

formation of shrinkage in relation to restriction of interdendritic fluid flow due to 

development of dendritic solidification structure. Niyama’s work looked at local thermal 

gradient and cooling rate at various locations of casting to establish a criteria function of 

solidification shrinkage, known as Niyama’s Function. Niyama’s work not only provided 

the theoretical significance of thermal gradient in solidification shrinkage formation, but 

also established a subjective measure of shrinkage formation. In this work, Niyama also 

confirmed foundry engineers’ observation of isolated hot spots and its tendency to form 

solidification shrinkage.  

 

Further development in research of criteria functions saw a series of modified Niyama’s 

functions to aluminium alloy applications, where Niyama’s function was originally based 

on steel alloys [4 -567891011]. Review of those modified criteria functions shows that criteria 

function based thermal gradient is applicable in aluminium alloy castings, provided that 

correction factors are added to account the effect of dissolved hydrogen gas on shrinkage 

formation. This further highlights the theoretical significance of thermal gradient or 

unidirectional solidification in minimising solidification shrinkage. 

 

2.2 Heat Transfer at Cooling System Casting System 

 

It is shown in the previous chapter that various cooling circuits are placed in a typical 

casting die of aluminium alloy wheels. It is also illustrated that these cooling circuits at 

strategic locations play a critical role in improving casting quality by allowing better 

direction of solidification 
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In thermal control of a typical low pressure permanent mould casting process, there are 

three major methods [2].  

• Increased surface area of outside of die cavity area to dissipate more heat through 

natural convection (e.g. cooling fins). 

• Increased die mass in certain areas to absorb more heat from the cavity (e.g. heat 

sinks) or controlled thickness of mould coating. 

• Forced cooling using water or air through cooling channels (forced convection). 

 

Over the years, it is experienced by casting process engineers that forced cooling is the 

most efficient and the fastest approach to control the thermal profile of casting cavity. 

Likewise at ION, the major thermal control method is through forced cooling method. 

Therefore, the remaining of literature review looks at physical description of forced 

cooling and known effects of some of its critical parameters. 

 

The following section looks at mathematical and physical significance of forced cooling 

circuit, which is referred to as HT#1 and HT#2 in Figure 1-8. 

 

2.2.1 Mathematical Approximation of Cooling Circuits 

 

A specific case of forced cooling is considered, namely forced cooling in a tube or an 

enclosure. In a typical cooling circuit arrangement, a cooling channel is drilled in a steel 

die block. A uniform heat flux is assumed from all direction of cooling channel, as shown 

in Figure 2-1. Additionally idealised distribution both temperature and velocity of cooling 

fluid in y direction is assumed, as illustrated in Figure 2-2. 
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Figure 2-1 A schematic diagram of heat flux around a cooling channel in a steel die. 

 
Figure 2-2 Illustrations of idealised distribution of temperature and velocity in cooling channels. 

  

Furthermore, the following assumptions are made. 

• Conservation of mass – no loss or gain of mass between inlet and outlet of 

cooling channel. 

• No work done on the fluid – no work interactions on fluid. 

• No friction between fluid and tube layer. 

• Constant CP for the flow media is assumed. 
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Therefore convection heat transfer at any location within the cooling channel can be 

expressed by the following equation. 

 

)( mS TThAThAQ −=Δ=  

Equation 2-1 

Where 

h = Convection heat transfer coefficient 

A = Surface area of cooling channel 

ST = Surface temperature of cooling channel 

mT = Idealised mean temperature of cooling fluid 

 

A schematic diagram of energy balance of flow through a tube section is shown in Figure 

2-3.  

 
Figure 2-3 A simple energy balance diagram of flow through a channel. 

 

dATThQ MS )( −=&δ

MPTCm& )( MMP dTTCm +&

MT MM dTT +

ST

dx   

y 

x 

Where 
Mass flow rate of cooling 
fluid inside channel 

=m&

=PC Specific heat of cooling 
fluid 
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With an assumption of no work done on the fluid and no friction at the boundary, the 

above energy balance relationship shown in Figure 2-3 gives the following. 

 

dATThdTCm mSmP )( −=&  

Equation 2-2 

With aforementioned assumptions of constant PC  for cooling fluid and conservation of 

mass through the channel, it is shown in Equation 2-2 that a change in temperature of 

cooling fluid is solely governed by heat transfer between the surface of the cooling 

channel and cooling fluid. The convection heat transfer coefficient, shown as h  in 

Equation 2-2, plays a key role in this equation as a mathematical representation of heat 

transfer between cooling channel surface and cooling fluid under various conditions.  

 

In an effort of determining h  values in various conditions of cooling channel, empirical 

method is typically used. This is primarily due to the complex nature of heat transfer 

phenomena, which is affected by other complicated factors such as presence of turbulent 

flow, degree of friction at the cooling channel surface and geometry of cooling channel. 

When heat transfer in a cooling channel of simple of geometry or simplified geometry is 

considered, first laminar or turbulent nature of fluid flow is determined by calculation of 

Reynolds Number, Re. Reynolds Number is a non-dimensional quantity, which is a ratio 

of the inertia forces to the viscous forces of the fluid, as shown in Equation 2-3. It is 

known that fluid becomes a turbulent nature when it exceeds the critical Reynolds 

Number, which varies depending on geometry. The critical Reynolds Number for a tube 

is known to be 2300, where a transition between full laminar to turbulent flow begins and 

by 4000 it is considered a fully developed turbulent flow. [12] 

 

ν
δ∞==

v
Forces Viscous

Forces InertiaRe
 

 

Equation 2-3 

where 
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=∞v free-stream velocity, (m/s). 

=δ characteristic length of the geometry, (m). 

=v kinematic viscosity, (m2/s). 

 

Subsequently, another non-dimensional quantity, named Nusselt Number, Nu, is 

introduced. Nusselt Number expresses the ratio of the convection heat transfer and 

conduction heat transfer, as shown Equation 2-4 and Figure 2-4. 

 

 

k
h

q
qNu

cond

conv δ
==

&

&
 

Equation 2-4 

where 

Thqconv Δ=&  

δ
Tkqcond

Δ
=&  

=k thermal conductivity of fluid, (w/m). 

 

Figure 2-4 Illustration of heat transfer through a small layer of fluid. 
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Therefore, Nu = 1 indicates that heat transfer shown in Figure 2-4 is a conduction through 

fluid layer and greater the Nusselt Number larger the heat transfer by convection. Nusselt 

Number is significant in determining the convection heat transfer coefficient h  as it has 

the following empirical relationship with previously discussed Reynolds Number for both 

laminar and turbulent flow. [12]  

 
14.03/1PrRe86.1 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛=

s

b

L
DNu

μ
μ  (Laminar flow) 

 
3/18.0 PrRe023.0=Nu  (Turbulent flow) 

Equation 2-5 

where 

=bμ bulk mean temperature of fluid. 

=sμ surface temperature of cooling channel. 

=D diameter of tube. 

=L length of tube. 

=Pr Prandtl number, the dimensionless parameter for the thermal boundary layer. 

=f friction factor for turbulent flow. 

 

Substituting Equation 2-5 into Equation 2-4 yields the following relationship between 

empirically determined properties, Re and Pr, and convection heat transfer, as shown 

below. 

 

k
hδ

14.03/1PrRe86.1 ⎟⎟
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⎜
⎝
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b

L
D

μ
μ  (Laminar flow) 

k
hδ 3/18.0 PrRe023.0=  (Turbulent flow) 

Equation 2-6 
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Despite its simple appearance of Equation 2-6, determining correct value of heat transfer 

coefficient can be extremely difficult in many cases. The difficult is more apparent when 

more complicated shapes of cooling channel are considered rather than simplified shapes, 

where the most of empirical effort was focused on. Correct evaluation of Re and Pr alone 

in a complex shaped flow channel involving turbulent flow can be a complicated fluid 

dynamic problem. Therefore in many cases, where simply convection heat transfer 

coefficient value is required for the purpose of further numerical analysis, a method 

known as inverse engineering approach is used in conjunction with some experimental 

data. Through this method, approximated value of convection heat transfer coefficient 

can be determined. A schematic diagram of inverse engineering approach is shown in 

Figure 2-5. 

 

Figure 2-5 Inverse engineering approach to empirically determine interfacial heat transfer 

coefficient, h. 

 

In this method, an arbitrary value of heat transfer coefficient is initially assumed. It is 

then used in a numerical modelling of heat transfer, where the output is compared against 

the experimental data using a numerical optimisation approach. Several literature looks at 

different numerical optimisation techniques to determine heat transfer coefficient based 
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in iterative on approach [13, 14, 15, 16, 17]. However, the detail of various numerical 

optimisation methods will not be discussed in this literature review as it is out of scope 

for the current research work.  

 

2.2.2 Effect of Cooling Media on Heat Transfer 

 

In order to understand the effect of different cooling parameters on convection heat 

transfer coefficient at the cooling circuit, several researchers looked at determining 

convection heat transfer coefficient with different experimental condition. (using 

aforementioned numerical optimisation methods). Namely cooling media flow rate and 

temperature. 

 

Booth and Allsop [18], demonstrated that water flow rate is only significantly influential 

on heat transfer coefficient for a very small range. It shows that only at very low flow rate 

the heat transfer differs significantly. It is due to possible boiling of water at very low 

flow rate and leading to erratic behaviour in heat transfer. Once the flow rate reaches a 

certain level, the flow rate shows very little effect. Very similar result is also reported by 

Manilal et. al. [19]. In this research, it is highlighted that in case of water cooling, water 

temperature is more influential than actual flow rate. 

 

Manilal et. al. [19] however, reported that flow rate becomes more influential on 

convection heat transfer when air is used as main cooling fluid. Using experimental data 

and numerical optimisation, it is demonstrated that there is a linear relationship between 

convection heat transfer coefficient and a range of flow of rate. However, it was noted 

that over certain flow rate, there is a little increase in heat transfer coefficient with 

increase in flow rate. 

 

 

 

 



Rafael Lee 

 

25 

2.3 Heat Transfer at Mould and Casting Interface 

 

In this section, the fundamental study of heat transfer at the mould and casting interface is 

reviewed. Firstly, heat transfer in its physical significance is discussed and its 

mathematical approximation is followed. Lastly, a discussion on a series of previously 

published literature on the effect of some casting process parameters on overall heat 

transfer mechanism is discussed. 

 

Physical Mechanism of Heat Transfer at Casting Mould Interface 

 

At the interface of casting and mould, there are number of heat transfer mechanisms that 

are considered. Firstly, in order to better understand the nature of heat transfer 

mechanism at the interface, physical nature of the interface at microscopic level is 

analysed. 

 

A schematic diagram of the casting mould interface at microscopic level is shown in 

Figure 2-6. Regardless of how smooth the mould surface might appear, at microscopic 

level there are varying ranges of surface irregularity. Due to this surface irregularity, the 

heat transfer mechanism at the metal mould interface is considered as a combination of 

different heat transfer mechanisms with varying level of dominance rather than one single 

dominating mechanism. However, it is a general consensus in literature that the following 

heat transfer mechanisms are the predominant and most significant. [20] 

 

• Conduction through point to point contact (liquid to solid or solid to solid). 

• Conduction through air gap.  

• Radiation from metal surface through air gap. 

Comment [RL1]: This sentence 
is too long. 
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Figure 2-6 A schematic diagram of casting mould interface at microscopic level. 

 

Conduction through a point to point contact 

 

When the liquid metal fills the cavity during the filling, the liquid part comes in contact 

with peaks of irregular surfaces of mould. As liquid metal comes in contact with peaks of 

mould surface, nucleation of solid metal takes place and initial solid to solid contact is 

established. This mechanism of solid to solid contact during the initial filling and early 

stage of solidification was initially proposed by Prates and Biloni [21]. It was based on 

the postulation that surface peaks at a microscopic level would provide nucleation sites 

for solidification and become points of contact for conduction. Later study by Ho and 

Pehlke [20] confirmed this postulation. Ho and Pehlke showed experimental data of 

increased heat transfer in early stage of filling and solidification in their study. Through, 

inverse and numerical modelling methods, Ho and Pehlke proved this postulation by 

Prates and Biloni.  

 

Conduction and radiation through air gap 

 

Another important aspect of postulation on heat transfer mechanism due to surface peaks 

proposed by Prates and Biloni [21] was a suggestion of an air gap formation at the 

MetalMould 
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interface of mould and metal. A combination of restricted wetting ability of liquid metal 

due to surface tension and contraction of liquid metal during its initial solidification was 

suggested as a main mechanism of air gap formation in between valleys of surface peaks. 

 

Advancing from this postulation, Ho and Pehlke [20] suggested further refined models to 

explain heat transfer mechanisms in the later stage of solidification. Three most probable 

mechanisms were proposed, namely convection in the air gap, conduction and radiation 

through air gap. However, a simple calculation of Grashof number for such a thin layer of 

air gap indicates that convection in this case is negligible. Therefore the main mechanism 

of heat transfer in the air gap at the interface is focused on a combination of conduction 

and radiation through air gap. 

 

In their early study, Ho and Pehlke [20] used a simple superposition of both radiation and 

conduction through air gap to model heat transfer at the interface with a reasonable 

accuracy. In their later study [22,23], use of inverse modelling based on convection and 

radiation mechanism successfully modelled the heat transfer at the interface with an 

improved accuracy. In the same study [23], heat transfer at the interface was modelled 

using the quasi steady state approximation by summing the effect of conduction and 

radiation through a measured thickness of air gap. The study showed that there was a 

close agreement between the initial inverse modelling result and later quasi steady state 

approximation of conduction and radiation. This confirms that the proposed model of 

heat transfer at the interface is a combination of conduction and radiation through air gap. 

 

2.3.1 Mathematical Approximation of Heat Transfer at Interface 

 

Heat transfer at the interface can be expressed as a sum of three mechanisms discussed in 

the previous section as shown below. 

 

RGS QQQQ &&&& ++=  

Equation 2-7 
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where 

SQ& = Heat transfer by conduction through solid contact. 

GQ& = Heat transfer by conduction through air gap. 

RQ& = Heat transfer by radiation through air gap. 

In order to simplify the expression, the above equation can be expressed in analogous 

manner using Newton’s law of cooling. [12]  

 

Interfacec TAhQ Δ=&  

Equation 2-8 

where 

A = Contact area at the interface. 

InterfaceTΔ = Effective temperature difference at the interface. 

ch = Convective heat transfer coefficient.  

 

ch  in most of heat transfer problem is referred to as convective heat transfer coefficient. 

However, in this specific case of interfacial heat transfer problem, it is otherwise referred 

to as thermal contact conductance or interfacial heat transfer coefficient. ch  in this case is 

a sum of the following. 

RGSc hhhh ++=  

Equation 2-9 

 

Again, subscript S, G and R refers to three main mechanisms of interfacial heat transfer, 

conduction through solid contact ( Sh ), conduction ( Gh ) and radiation ( Rh ) through air 

gap respectively.  

 

2
1

)/(/ HPckh mS ∝  Rapier et. al. [24] 

GGG xkh /=  
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))(( 21
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2
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1 TTTThR ++= εσ  

 

Referring back to Newton’s Law of Cooling, heat transfer at the interface can be 

expressed in the following, Equation 2-10. It is also graphically illustrated in Figure 2-7. 

 

)()( 21 TTAhhhQ GRS −++=  

Equation 2-10 

 

 

Figure 2-7 A schematic diagram of heat transfer at the mould and metal interface showing a 

combination conduction, convection and radiation through air gap. 

 

In the interest of determining interfacial heat transfer coefficient for various casting 

applications, establishing individual heat transfer coefficient (hS, hR and hG ) can be very 

complicated. Therefore, above three heat transfer coefficients are further simplified into a 

single term, interfacial heat transfer coefficient (hC). Another important aspect of 

simplification is that rather than irregular surface contact between the mould and casting, 

as shown in Figure 2-7, perfect surface contact is assumed. A schematic of this 

simplification is shown in Figure 2-8. 
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Figure 2-8 Illustration of simplification of heat transfer at the casting mould interface using 

interfacial heat transfer, hC. 

 

Interfacial heat transfer coefficient, hC, is then empirically determined by measuring 

temperature gradient across the casting and mould interface. There are several methods of 

inverse optimisation to establish the interfacial heat transfer coefficient as a function of 

time or temperature. Details of inverse optimisation technique will not be discussed in 

detail as it is not the main scope of this research. However, a discussion of literature on 

determining interfacial heat transfer with varying casting conditions and their effects will 

be presented in the following section.  
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2.3.2 Effects of Casting Variables on Interfacial Heat Transfer 

 

Casting super heat and mould temperature 

 

Two most influential thermal parameters in casting process are initial mould temperature 

and superheat of metal entering the mould cavity. Superheat is defined as excessive 

temperature above the liquidus temperature of casting alloy. 

 

A comprehensive research by Muojekwu et. al [25] looked at effect of varying superheat, 

ranging from 0°C to 120°C , on interfacial heat transfer coefficient between Al-Si alloy 

and a copper chill. The maximum value and overall profile of interfacial heat transfer 

comparison shows that increased superheat produced higher interfacial heat transfer 

coefficient in both maximum value and overall profile. Similar results are reported by 

Gafur et. al. [26], where superheat raging from 45°C to 140°C applied and interfacial 

heat transfer coefficient between pure Al and a copper chill was determined.  

 

It is suggested by Muojekwu et. al. [25] that this increase in interfacial heat transfer 

coefficient with increased superheat is due to increased fluidity of molten metal 

improving the surface contact. This surface contact in this regard refers to Sh  in Equation 

2-10. Again similar explanation is presented by Gafur et. al. [26]. Evidence of this theory 

is also shown by Michel et.al. [ 27 ], where increased mould temperature produced 

increased interfacial heat transfer coefficient. It is understood that increased mould 

temperature means that the molten metal in the cavity can retain its superheat longer, 

hence improved the surface contact and Sh . 

 

Chill materials 

 

Muojekwu et. al [25] in their research also looked at four different chill materials 

(copper, brass, steel and cast iron) and their respective effects on interfacial heat transfer 

coefficient. The results clearly showed that increased thermal diffusivity of chill material 
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increased both maximum value and overall interfacial heat transfer coefficient. This 

result is also supported by other researchers [28, 29], where copper chills show higher 

interfacial heat transfer coefficient than steel chills.  

 

An important point by Muojekwu et. al [25] is that interfacial heat transfer towards the 

later stage of solidification shows very little difference between different chill materials. 

The authors suggested that this is an indication of air gap development at the chill and 

casting interface. Presence of air gap suggests that conduction through an air gap ( Gh  in 

Equation 2-10) becomes a more dominant factor in determining heat transfer from casting 

to chill. Consequently, thermal diffusivity of different chill materials becomes less 

dominant. Similar results are observed other reported studies. [28, 29,30] 

 

Coating methods 

 

It is a commonly used technique in foundries to apply various types of coating on chill 

and mould surfaces for the following reasons. 

 

• Protection of chill and mould material from corrosive alloys, such as aluminium 

alloys. 

• Provide insulating characteristics as a mean of thermal control of dies. 

 

In controlling thermal characteristics of surface coatings, its insulating capacity is 

increased by either increased coating thickness or increased surface roughness. In 

research work by Chiesa [31], insulating coating materials with varying conditions were 

applied and their insulating capacities were measured by interfacial heat transfer 

coefficient. Chiesa reported that increased coating thickness provided much less increase 

in insulating capacity when compared to increased surface roughness. This indicates that 

conduction through air gap, shown as Gh , is much more dominant factor determining 

heat transfer across the mould and casting interface than conduction through solid contact 
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Sh . Similar results are reported elsewhere, indicating that conduction through solid 

contact being much less influential that conduction through air [25, 27]. 

 

Number of literature reported the presence of additional pressure during solidification 

[32, 33] increases interfacial heat transfer coefficient. It is a general consensus among 

these authors that the presence of additional pressure due to either by contraction pressure 

or applied pressure increases solid to solid contact between mould and casting. Therefore 

it increases Gh  in Equation 2-10.  

 

2.4 Microstructure of Al-Si Alloys 

 

Growth of a typical microstructure is discussed in this section. Understanding of 

microstructure formation is critical in this research as it is used as a measure of thermal 

history of casting section. In this section of literature review, brief theory on a typical 

microstructure formation, namely dendrite structure, and its relationship with thermal 

parameters are discussed.  

 

2.4.1 Typical Microstructure Development of Al-Si Alloys 

 

After nucleation of solid particles, solute is diffused and constitutional undercooling takes 

place. Then depending on level of undercooling, different modes of solid growth is 

determined – planar growth, cellular growth and dendrite growth, as shown in Figure 2-9. 

In this literature review, only dendritic growth will be considered.  
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Figure 2-9 Different modes of solid growth, plane growth, cell growth and dendrite growth [34]. 

 

 

 

Figure 2-10 Early model of dendrite arm growth by Flemings [35]. 
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Figure 2-11 Corrected model of dendrite growth by Flemings [36]. 

 

The above model of dendrite coarsening was suggested by Flemings [ 35 ]. It was 

originally suggested by Flemings [35] that the initial dendrite arm spacing Od would 

remain more less same as the final dendrite arm spacing Fd . It is understood that 

individual dendrite arms would continue to grow after maintaining its initial dendrite arm 

spacing, as shown in Figure 2-10. However, Flemings’ later work [36] looked at modified 

model of dendrite arm coarsening. Rather than the original idea of individual arm 

coarsening while maintaining its original arm spacing, it concluded that there are several 

dendrite arms initially with much smaller original arm spacing Od . Then as solute 

diffusion controlled arm growth continues, one dendrite arm becomes a dominating one 

while adjacent arms remelt. This continuous remelting of adjacent arms allows the initial 

dendrite arm spacing to grow. As more arms remelt even larger dendrite arm spacing is 

produced as shown in Figure 2-11. Additionally, Flemings presented five difference 

modes of dendrite arm coarsening, illustrating various cases of dendrite arm structure 

formation as shown in Figure 2-12.  

dO d dF 
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Figure 2-12 Dendrite coarsening model [36]. 

 

2.4.2 Microstructure and Thermal Parameters 

 

It was reported by Flemings [35] in 1966 that there is a power law relationship between 

secondary dendrite arm spacing and thermal parameters. It was validated by using the 
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experimental data of Al-4.5%Cu that secondary dendrite arm spacing and solidification 

time have a power law relationship. It was suggested that with longer solidification time, 

hence slower cooing rate, longer period of remelting is allowed for dendrite arms. 

Therefore much larger individual dendrite arms with larger dendrite arm spacing are 

produced as a result. Based on diffusion controlled coarsening model, Flemings 

suggested the following relationship between the solidification time and final dendrite 

arm spacing, as shown in Equation 2-11. 

 
a
fAd θ=  

Equation 2-11 

where 

=A Alloy specific constant 

=fθ Local solidification time 

=a Alloy specific exponent 

 

Based on Flemings’ equation, notable further modification was made by Kirkwood [37] 

as shown in Equation 2-12. An additional parameter of M , expressed as a coarsening 

parameter in Equation 2-13.  

 
3/1

2 )( FMtK=λ  

Equation 2-12 

 

Where 

=2λ Secondary Dendrite Arm Spacing 

=K Alloy specific constant 

=M Coarsening parameter 
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Equation 2-13 

 

where 

=Γ Gibbs-Thomson coefficient 

=Lm Liquid line slop in Al alloy phase diagram 

=0k Solute partition coefficient 

=D Liquid solute diffusivity 

=EC Eutectic composition 

=OC Alloy composition 

 

Various researchers have validated the accuracy of Kirkwood model under various 

casting conditions and different alloys. Peres et al [38] reported that the Kirkwood model 

with a numerical factor of 5 with varying coarsening parameter M  for four different Al-

Si alloys closely match their experimental values. A list of different coarsening 

parameters and respective Al-Si alloy is shown in Table 2-1.  

 

Table 2-1 List of different coarsening parameters used for various Al-Si alloys. [38] 

Alloys Coarsening Parameter ( M ) 

Al-3wt%Si 7.73E-18 

Al-5wt%Si 6.30E-18 

Al-7wt%Si 5.43E-18 

Al-9wt%Si 4.883E-18 

 

The above coarsening parameters for formation of dendritic arms relate to a typical 

cooling curve or Al-Si alloy, shown in Figure 2-13. The part of cooling curve 

corresponds to formation and coarsening of dendritic arms is labelled reaction ‘1’ and 

‘2a+2b’. Detail of those reactions is shown in Table 2-2. 
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Figure 2-13 A typical cooling curve of Al-Si alloy showing areas where formation and coarsening of 

dendritic arms take place. 

 

Table 2-2 List of different reactions take place during solidification of Al-Si alloy. [1] 

Reaction No. Reactions Remarks 

1 AlLiq →.  Formation of dendrite arms. 

2a 2315 ),(. SiFeMnAlAlLiq +→  Coarsening of dendrite arms. 

2b 23155 ),(. SiFeMnAlFeSiAlAlLiq ++→  Coarsening of dendrite arms. 

3 FeSiAlSiAlLiq 5. ++→  Formation of Si eutectic. 

4 SiMgSiAlLiq 2. ++→   

 

Contrast to a close match between the Kirkwood model and the experimental data by 

Peres et al [38], experimental data using sand casting samples by González-Rivera et al 

[39] shows a quantitative discrepancy while showing good qualitative agreement between 

the Kirkwood model and the experimental data. The fact that there is a good qualitative 
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agreement confirms that the basic relationship between secondary dendrite arm spacing 

and solidification time is roughly proportional to the root of cube, as it was shown 

elsewhere [ 40 ].González-Rivera et al stipulated that “the quantitative discrepancy 

observed might be related the difference between experimental and predicted local 

solidification time, to the limitations of the coarsening model implied in Kirkwood model, 

including the applicability of the selected ripening parameter (coarsening parameter) to 

the case of the experimental alloy or to experimental error associated to the SDAS 

(Secondary Densrite Arm Spacing) measurement method used in this work”. This 

highlights the importance of numerical correction factor in Kirkwood model that different 

thermal conditions and other factors that could affect coarsening of dendrite arms need to 

be considered. 

 

2.5 Chapter Summary 

 

In the introduction, it is highlighted that presence of directional solidification is required 

to minimise the solidification shrinkage. It is also shown that thermal control is one of the 

keys to achieve directional solidification.  

 

In the literature review, number of literature is shown to highlight the theoretical 

background and importance of directional solidification. Then thermal control, especially 

focusing on forced cooling, was discussed and the effect of different parameters (cooling 

media, flow rate and temperature). This refers to HT #1 in Figure 1-8. 

 

Furthermore, a discussion on interfacial heat transfer between casting and mould, which 

correspond to HT #3 in Figure 1-8, and its physical and mathematical significance was 

discussed. Also, various casting parameters and their respective effect on interfacial heat 

transfer coefficient are discussed. 

 

From this, it is concluded that there is not sufficient understanding in cooling circuit 

timing and its effect on thermal control dies. It is only intuitively guessed longer duration 
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equals more heat removed from dies. Therefore, the main focus of this research is to 

analyse the cooling circuit duration and its effectiveness in thermal control of casting. In 

addition, literature review has shown that the measurement secondary dendrite arm 

spacing can be translated into local cooling rate of casting, which can be an indication of 

effectiveness thermal controls.  

 

It is therefore proposed that the focus of this research is to determine the effect of cooling 

circuit timing on overall effectiveness of thermal control. It is also proposed that 

measurement of secondary dendrite arm spacing would be used as a microstructural 

indicator of effectiveness of thermal control. 
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3 Experimental and Analysis Procedures 

3.1 Introduction 

 

It was established in the previous chapter that duration of cooling circuit and its effects 

on thermal control were necessary to further understand the methods of ensuring 

directional solidification in a rim and spoke junction. Measurement of secondary dendrite 

arm spacing (SDAS) was presented as one of indirect methods to quantify different 

thermal history of casting samples. Therefore it was suggested that SDAS measurement 

can be used to quantify the effectiveness of different cooling duration in ensuring right 

thermal gradient, hence sound casting quality. The experimental work conducted was 

aimed towards to produce casting samples with different durations of cooling circuit and 

analytical methods to quantify its effects on effectiveness of thermal control.  

 

3.2 Casting Experiments 

 

As discussed in the previous section, a series of casting experiments was required to 

analyse the effect of different durations of cooling circuits on casting quality. Again, rim 

and spoke junction of a casting wheel, as shown in Figure 1-8, is the main focus of this 

experiment.  

 

A particular model of casting wheel, referred by its model name D333, is selected for the 

purpose of casting experiment. A schematic diagram of D333 is shown in Figure 3-1. 

D333 model is selected as a subject of casting experiment for the following reasons. 

 

• Large number of spokes. Each D333 wheel has fifteen spokes, producing 

significant number of rim spoke junction samples.  

• Relatively simple profile at the rim and spoke junction for ease of microstructural 

and thermal analysis. 
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Figure 3-1 An illustration of D333 wheel used in the casting experiments. 

 

A graphical representation of a typical timing based cooling circuit settings are shown in 

Figure 3-2 and their corresponding locations within tooling design of D333 are shown in 

Figure 3-3. Each setting consists of the following four components. 

 

• Delay – Start of each cooling circuit is controlled by the delay parameter to ensure 

that each cooling circuit is activated to produce directional solidification.  

• Air – For cooling circuit with air as main cooling media duration of its cooling 

cycle is controlled by air parameter. However, for water and air combined circuits 

such as side chill, air parameter can be used either to clear out the water passage 

or gradual increase of cooling to prevent thermal shock to the cooling circuit.  

• Water – Control parameter for duration of water flow for water and air combined 

circuits. 

• Purge – Purge is exclusively used to water and air combined circuits after water 

flow. This is to minimise the boiling effects of residual water in cooling circuits, 
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where boiling residual water can rapidly and often undesirably increase the 

cooling effect. 

 

Cooling circuit labelled side chill is highlighted in Figure 3-3 to indicate its location 

relative to rim and spoke junction as shown in Figure 1-8. Side chill circuit is considered 

as the most influential cooling circuit to control the thermal balance of the rim and spoke 

junction due to its close proximity to that area. Therefore timing of side chill circuit was 

selected as a main variable in this experiment. 

 

D333 Cooling Circuit Setting (Exp A - Control)
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Figure 3-2 Timing based cooling circuit setting of D333 process. 
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Figure 3-3 Locations of various cooling circuits used in process setting of D333.  

 

A detailed breakdown of the current side chill cooling circuit setting, set as a control, and 

three modified settings labelled Exp A-C are shown in Figure 3-4. Side chill circuit uses a 

combination of water and air as cooling fluid, where duration of each cooling fluid is 

carefully controlled. As previously mentioned, air parameter in side chill circuit is 

primarily used to clear out the water passage for a short duration of five seconds, hence 

providing the minimal cooling effect. Therefore, delay parameter and duration of water 

cooling were altered at three different levels to provide different cooling circuit duration, 

while overall cooling cycle of 200 seconds was maintained for all experiments. A 

summary of each experimental set up is shown in Table 3-1. 
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Side Chill Experimental Set Up
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Figure 3-4 Detailed comparisons of side chill cooling circuit timing setting used for experimentation.  

 

Table 3-1 Delay and duration of each cooling setting for the experiments. 

Exp Label Delay (sec) Water (sec) 

Exp A (Existing setting) 5 180 

Exp B 15 170 

Exp C 35 150 

 

Timer setting of side chill cooling circuit for each experiment was adjusted through 

InTouch™ based control system on the casting machine. For each experiment, total 20 

sample castings were gathered. However, it is important to note that the initial 10 samples 

of each setting were labelled “buffer” and discarded and only later 10 samples of 20 

casting samples were used for analysis. It was assumed that those buffer samples were 

produced while the casting process experienced transient state after adjusting the cooling 

setting. Therefore, discarding these buffer samples for analysis was to ensure that 



Rafael Lee 

 

47 

samples for analysis were produced from a steady process. A schematic diagram of this 

particular sampling regime is shown in Figure 3-5.  

 

 

Figure 3-5 Sampling regime for the experiment.  

 

3.3 Microstructural Analysis 

 

Upon completion of casting experiments, several casting samples were selected and 

prepared for x-ray radiography and measurements of secondary dendrite arm spacing 

(SDAS).  

 

Sample selection and preparation 

 

For more detailed x-ray radiography, two casting wheels were selected from each casting 

experiment. 4th and 8th sample from 10 casting samples of each experimental setting were 

selected to ensure that the samples are produced from relatively steady process. 

 

Due to a size restriction of x-ray radiography film used, only seven out of 15spokes of 

each wheel were selected. Total seven samples from evenly spread locations were 

selected for x-ray radiography analysis, as shown in Figure 3-6. Each spoke is labelled 

number 1 – 15 depending on its relative anti-clockwise location to a valve hole.  

Exp A 

Buffer 

Exp B Exp C 

Exp Samples Buffer BufferExp Samples Exp Samples 
1-10 11-20 21-30 31-40 41-50 51-60 
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Figure 3-6 Locations of samples for x-ray radiography. 

 

3.3.1 X-ray radiography 

 

The purpose of x-ray radiography is to visually analyse the effect of each cooling setting 

by comparing the size of shrinkage porosity at the rim and spoke junction of each casting 

samples. Seven spokes from each cooling setting were selected, as shown Figure 3-6, 

using the method discussed in the previous section. Total 42 samples were then sectioned 

as shown in Figure 3-7, concentrating on rim spoke junction, and placed on A3 sized x-

ray film for radiography. Each sample was then labelled according to labelling method 

shown in Figure 3-8. 
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Figure 3-7 Location of samples for x-ray radiography and SDAS measurement. 

  

Figure 3-8 Sample labelling method. 

 

3.3.2 SDAS Measurement 

 

It was discussed in the previous chapter that there is a clear correlation between some 

thermal history parameters of a casting section, namely solidification time and cooling 

rate, and Secondary Dendrite Arm Spacing (SDAS). Therefore it was established that 

effectiveness of each cooling setting could be realised by SDAS measurements of casting 

samples, whose presence of shrinkage porosity was established from x-ray radiography 

analysis. 
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Sample A4-8 and D4-8 were selected and sectioned through its middle plane and 

polished using various grids of polishing pads to reveal its microstructure. The rim and 

spoke junction of each sample was then marked with 54 grids of 5mm by 5mm as shown 

in Figure 3-9, hence a specific location of each SDAS measurement can be identified. In 

order to precisely identify the location of each measurement within the grid, datum points 

for both x and z axis were defined. Spoke face is defined as a datum point for z-axis and 

bead seat is defined as a datum point for x-axis.  

 

Using an optical microscope equipped with a digital camera, a montage of 5mm by 5mm 

grids was constructed in a manner shown in Figure 3-9. It was measured that the 

microscope was capable of taking an image with a resolution of 1024 pixels by 768 

pixels. With the specification magnification used for SDAS measurement, it was 

determined that an actual area of 1.33 mm by 1 mm could be captured by a single frame 

of a digital image. By moving the specimen table of the microscope at set horizontal 

interval and in a sequence shown in Figure 3-9, microstructural image of each 5 mm by 5 

mm grid could be captured, as shown in Figure 3-10. This is repeated for the rest of 54 

grids, hence a digital image of the entire rim and spoke junction mapped and labelled. By 

this method, a specific location of each image could be recorded along with SDAS 

measurement, hence providing a very detailed SDAS mapping of the entire rim and spoke 

junction. 
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Figure 3-9 Method of taking images for SDAS measurement. 
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Figure 3-10 Combined images of 5mm by 5mm grid. 

 

 

Each image is then analysed using commercially available digital image analysis 

software ImagePro™ to measure dendrite arm spacing. A sample screen shot of the 

software and its control panels are shown Figure 3-11.  

 

First of all the scale bar shown in microscope image is measured for calibration purpose. 

Calibration of ImagePro™ software is done by measuring a known distance, e.g. a scale 
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bar, and counting its corresponding number of pixels in the image. Therefore the same 

calibration factor can be used when measuring SDAS by counting the number of pixels in 

individual arm spacing.  

 

Once the calibration is completed, each image is then digitally enhanced by using a low 

pass filter to improve the contrast between aluminium dendrite (lighter colour) and its 

surrounding eutectic (darker colour). By visually inspecting dendritic arms structures, a 

group of secondary arms that are originated from the same primary arm can be identified. 

They are often characterised by similar sized individual arms with the same growth 

direction. An example of typical image of secondary arms is shown in Figure 3-12. For 

an actual measurement of SDAS, a line is drawn perpendicular to the growth direction of 

secondary arms to indicate arms for measurements. By detecting the contrast between 

dendrite arms and eutectic structure, ImagePro™ can automatically identifies individual 

arm and centre to centre distance between each arm. It is shown in Figure 3-12 where 

yellow bars indicate position and approximated width of individual dendrite arm and red 

bars indicate estimated centre of individual dendrite arm.  
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Figure 3-11 Sample screen shot of ImagePro™. 

 

 

Figure 3-12 An example of secondary dendrite arm spacing measurement. 
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It is the centre to centre distance of each dendrite arm that is the main focus of SDAS 

measurement. Measured in unit of micron, SDAS is then recorded in Excel spread sheet. 

This is then repeated for the rest of 16 images representing a grid of 5 mm by 5 mm 

shown in Figure 3-9. An average value of SDAS from all 16 images is taken and 

recorded as average SDAS value for a specific location within rim and spoke junction. 

Through these SDAS measurements, a detailed mapping of SDAS, hence a local cooling 

rate, within the rim and spoke junction of each casting sample is expected. 

 

3.4 Numerical Modelling 

 

For numerical analysis of the Exp A and Exp C, commercially developed simulation 

package MAGMASoft™ is used. MAGMASoft™ consists of three components, pre-

processor, computing module and post-processor. 

 

In pre-processor module, all the necessary boundary and initial conditions of model are 

defined and enmeshment is performed to produce appropriate mesh size.  

 

Boundary conditions of model can be grouped into the followings. 

 

• Interfacial heat transfer coefficients between various die parts and casting. 

• Cooling circuit heat transfer coefficient. 

 

Interfacial heat transfer coefficient is defined as a resistance to heat flow between two 

different bodies of system. In the case of casting process simulation, there are three main 

types of interfacial heat transfer coefficient to be considered.  

 

• Interface between casting and mould parts. 

• Interface between two different mould parts. 

• Interface between mould parts and ambient air. 
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Detailed literature review on interfacial heat transfer coefficient between casting and 

mould parts has been presented in the previous chapter - 2.3. Therefore it will not be 

discussed again in this chapter. However, a brief introduction on two other interfacial 

heat transfer coefficients will be presented in this section. 

 

Interfacial heat transfer coefficient between two mould parts can be approximated as a 

constant value to simulate the metal to metal contact. Non perfect contact is assumed 

between two metal surfaces due to surface roughness of mould parts. Therefore a 

constant heat transfer coefficient is used to simulate the effect of small air gaps between 

two surfaces as discussed in previous section 2.3. Heat transfer coefficient of 1000 

W/m2K from the database of MAGMASoft™ is used for typical metal to metal contact 

[41]. 

 

In order to model the effect of cooling circuits, a range of effective heat transfer 

coefficient values were applied as discussed in the previous section 2.2. Experimentally 

determined values [19] for both water and air cooling through side chill cooling channels 

were used in this modelling. Very low value of heat transfer coefficient, 20 W/m2K, is 

used to simulate the effect of no cooling fluid flow in the channel. For water and air, 

1500 W/m2K and 500 W/m2K of effective heat transfer coefficients were used 

respectively. A summary of effective heat transfer coefficients for side chill cooling used 

in numerical modelling of casting experiment is shown in Figure 3-13.  
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Figure 3-13 Interfacial heat transfer coefficient setting for the cooling circuit for numerical 

modelling. 

 

Another important step in pre-processing is to specify the locations of control plots. 

Control plot is a terminology that is used in MAGMASoft™ modelling which describes a 

specified coordinate points that records numerical results of modelling. In this instance, 

three control plots are defined for representing each of SDAS measurement grids, as 

shown in Figure 3-14. The intension to take an average value of local cooling rate from 

three control plots for each grid, therefore average value of SDAS can be numerically 

calculated. This numerically calculated value of SDAS then can be compared against the 

measured SDAS of corresponding grid for further analysis. 
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Figure 3-14 Locations of control plots, where numerical data is measured. 

 

Each model with different experimental condition runs for 10 cycles, hence cyclic effects 

of die casting process can be considered. The numerical results from control plots are 

then taken from 10th cycle to ensure that the process has reached its stable condition. 

 

3.5 Chapter Summary 

 

Detailed experimental settings for Exp A and Exp C are discussed. This is then followed 

by sample preparation methods for secondary dendrite arm spacing measurements and x-

ray radiography analysis. Finally details of numerical model set up were also presented. 

The results from secondary dendrite arm spacing (SDAS) measurements, x-ray 

radiography and numerical modelling will be discussed in detail in the following chapter. 
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4 Results and Discussion 
 

In this chapter, results from the following areas will be discussed. 

 

• Effect of cooling timing on morphology of solidification shrinkage through x-ray 

radiography analysis. 

• Effect of cooling timing on local solidification time predicted by secondary 

dendrite arm spacing (SDAS) measurements. 

• Numerical modelling of different cooling effect on numerically predicted 

solidification time. 

 

4.1 Effects of Cooling Timing on Solidification Shrinkage 

 

Solidification shrinkage porosity, which the main aspect of this research, has been 

measured using x-ray radiography. Due to relatively light density of aluminium alloy, x-

ray radiography of porosity shrinkage often produces very weak contrast. A sample 

image of porosity shrinkage in rim spoke junction is shown in Figure 4-1. Despite its 

reasonably large size, it is yet difficult to visually identify it. 

 

In order to properly identify the size of shrinkage porosity in each x-ray radiography 

image, a method of digitally enhancing the gamma of each image was used. Adjustment 

of the gamma improves the contrast of dark part of the image. Shrinkage porosity of x-

ray radiography is shown as darker area due to its lighter density than aluminium alloy. 

Therefore, adjustment of the gamma would provide an adequate level of contrast for 

shrinkage porosity. The same image from Figure 4-1 is shown in Figure 4-2 after its 

gamma is adjusted to produce more prominent image of porosity shrinkage. 
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Figure 4-1 A sample x-ray image before processing. 

 

Figure 4-2 A sample x-ray image after processing. 
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Four different grades, ranging from 0 to 3, are used to gauge the relative size of shrinkage 

porosity in rim and spoke junction. Detailed definition and examples of each grade are as 

follows. 

 

• Grade 0: No visible shrinkage porosity in a radiography image, Figure 4-3 

• Grade 1: One small shrinkage porosity visible in a radiography image, Figure 4-4. 

• Grade 2: One or more small cluster of shrinkage porosity visible in a radiography 

image, Figure 4-5. 

• Grade 3: One or more large cluster of shrinkage porosity visible in a radiography 

image, Figure 4-6. 

 

 

Figure 4-3 A comparison of grade 0 samples. 

Example Grade 0:  

Before gamma adjustment 

Example Grade 0:  

After gamma adjustment 
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Figure 4-4 A comparison of grade 1 samples. 

 

Figure 4-5 A comparison of grade 2 samples. 

Example Grade 1:  

Before gamma adjustment 

Example Grade 1:  

After gamma adjustment 

Example Grade 2:  

Before gamma adjustment 

Example Grade 2:  

After gamma adjustment 
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Figure 4-6 A comparison of grade 3 samples. 

 

Collated images of individual sample are attached in Appendix A. Presentation of 

qualitative analysis of x-ray radiography results Exp A and Exp C (detail of experimental 

condition is presented in Table 3-1) is shown in Figure 4-7. Both x-ray results show 

increased number of shrinkage count for Exp C, while Exp A shows the least amount of 

shrinkage count. This supports the initial hypothesis that less cooling in rim and spoke 

junction increases the tendency of shrinkage porosity due to isolated hot spot. 

 

 

 

Example Grade 3:  

Before gamma adjustment 

Example Grade 3:  

After gamma adjustment 
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Figure 4-7 Results of shrinkage counting from Exp A and Exp C x-ray analysis. 

Note: See Figure 3-8 for sample identification method. 
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4.2 Effect of Cooling Timing on SDAS 

 

4.2.1 Processing of Results 

 

Once SDAS is measured using digital image analysis software ImagePro™, it is then 

plotted in Excel spreadsheet as shown in Figure 4-8. As it was discussed in the previous 

section, 3.3.2, each recording then represents a measurement of SDAS at specific location 

within the cross section of the rim and spoke junction. 

 

 

Figure 4-8 Sample of SDAS result recording showing a measurement at specific location. 

 

Over 400 measurements were recorded for each timing delay of cooing condition. In 

order to present this large quantity of data in more effective way, it was necessary to 

It is shown that SDAS reading is 35.6μm at X = 16 and Z = 33.75 in relation to datum points. 
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further process the data by taking average value at set interval. A cross section of rim 

spoke junction with its chill location is shown in Figure 4-9. Considering the chill 

geometry, it was a reasonable assumption that major heat flow direction would be in he 

direction of x-axis. Therefore, it was decided that an average value of four measurements 

along z-axis at each point of x-axis. This average scheme is illustrated in Figure 4-9. 

Finally it is repeated for every 5mm interval to produce averaged SDAS along the x-axis 

of rim and spoke junction at the following height. 

 

• SDAS measurements at z = 2.5 mm,  7.5 mm, 12.5 mm, 17.5 mm, 22.5 mm, 27.5 

mm, 32.5 mm and 37.5 mm. 

 

Overall results of SDAS measurements along the x-axis at the above interval are 

presented in Figure 4-10 to Figure 4-17. 

 

 

Figure 4-9 Averaging method of SDAS measurement for each 5mm by 5mm grid. 
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Averaged SDAS Measurements, Z=2.5 mm
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Figure 4-10 Averaged SDAS measurement at Z=2.5. 
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Figure 4-11 Averaged SDAS measurement at Z=7.5. 
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Averaged SDAS Measurements, Z=12.5 mm
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Figure 4-12 Averaged SDAS measurement at Z=12.5. 

Averaged SDAS Measurements, Z=17.5 mm
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Figure 4-13 Averaged SDAS measurement at Z=17.5. 
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Averaged SDAS Measurements, Z=22.5 mm

0
5

10
15
20
25
30
35
40
45

0 5 10 15 20 25 30
Dist X-Axis (mm)

SD
A

S 
(μ

m
)

Exp A (5s Del.)
Exp C (35s Del.)

 

Figure 4-14 Averaged SDAS measurement at Z=22.5. 

Averaged SDAS Measurements, Z=27.5 mm
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Figure 4-15 Averaged SDAS measurement at Z=27.5. 
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Averaged SDAS Measurement, Z=32.5 mm
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Figure 4-16 Averaged SDAS measurement at Z=32.5. 

Averaged SDAS Measurements, Z=37.5 mm
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Figure 4-17 Averaged SDAS measurement at Z=37.5. 

 

4.2.2 Discussions 

 

First of all, in order to asses the effect of applied cooling on rim and spoke junction, 

averaged SDAS measurements at z-axis locations between 22.5 mm and 37.5 mm were 
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analysed. These locations were selected as it corresponds to a direct interface to the 

cooling circuit. A logarithmic line of best fit is superimposed over the averaged SDAS 

measurement and they are shown in Figure 4-18 to Figure 4-21.  
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Figure 4-18 Averaged SDAS measurement with logarithmic line of best fit at Z=22.5. 
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Figure 4-19 Averaged SDAS measurement with logarithmic line of best fit at Z=27.5. 
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Averaged SDAS, Z=32.5 mm (Chill Face)
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Figure 4-20 Averaged SDAS measurement with logarithmic line of best fit at Z=32.5. 
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Figure 4-21 Averaged SDAS measurement with logarithmic line of best fit at Z=37.5. 

 

General Observation 

 

Relatively small dendrite arm spacing is observed between 0 to 10 mm along the x-axis. 

Also, more pronounced drop in average dendrite arm spacing is observed around 5 mm 
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along the x-axis for all four heights along the z-axis. It is believed that chilling effect of 

cooling circuit, hence relatively rapid cooling rate or solidification time, is responsible for 

producing such small dendrite arm spacing measurements. Sample dendrite arm spacing 

image from a location close to the cooling circuit is shown in Figure 4-22 showing its 

fine dendritic structure, recorded measurement of 15.3μm. In contrast, much coarser 

dendritic structure, recorded measurement of 37.9μm, is shown in a sample image from a 

location further away from the cooling circuit is shown Figure 4-23. X and z coordinate 

indicating its approximate distance from the cooling circuit is also shown with the both 

image.  

 

 

Figure 4-22 A sample image of fine dendritic structure seen near the chill face. 

 

Exp C, z=35, x=1, 

SDAS 15.3μm 
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Figure 4-23 A sample image of coarse dendritic arms seen near the hot spot in rim spoke junction. 

 

Effect of Cooling Timing  

 

Contrary to the initial expectation of Exp A (5s Del.) producing finer dendrite arms near 

the chill face due to its longer duration of applied cooling, a conflicting trend was 

observed. Analysis of overlapped logarithmic line of best fit near the chill face shows that 

Exp C (35s Del.) shows stronger tendency of finer micro structure near the chill face than 

Exp A (5s Del.). Measurement error can be one of contributing factors, however 

consistent trend was evident at all locations as shown in Figure 4-18 to Figure 4-21. This 

indicates that there must be other factors for this conflicting trend.  

 

It was discussed in the literature review, section 2.3.2, that increased interfacial heat 

transfer coefficient at mould and casting interface was observed when mould temperature 

was increased [26, 28]. It was explained that increased mould temperature would help 

molten metal to retain its superheat longer. Therefore the molten metal would retain 

much better fluidity and improved contact between the mould surface and molten metal. 

Assumption is made that reduced duration of applied cooling for Exp C (35s Del.) would 

contribute to increased mould temperature, hence increased interfacial heat transfer 

coefficient. Increased interfacial heat transfer coefficient would result in increased 

Exp C, z=32.5, x=25, 

SDAS 37.9μm. 
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amount of heat removed from the casting and possibly greater local cooling rate. 

Therefore, it is possible to observe finer dendrite arms (greater local cooling rate) at the 

chill face, or mould casting interface, despite less duration of applied cooling as in Exp C 

(35s Del.) vs. Exp A (5s Del.). An illustration of this phenomenon is shown in Figure 

4-24. 

 

 
 

Figure 4-24 Illustration of a possible of reason for finer SDAS, hence faster local solidification time, 

for Exp C than Exp A. 

 

It is also noted that there is insignificance difference in SDAS in the hot spot (areas 

between 15-25mm in x-axis). Initially it was expected that increased amount of cooling 

used in Exp A would aid reduction of hot spot in rim and spoke junction as shown in 

Figure 1-8 and local solidification of hot spot measured by SDAS would indicate 

quantify this. In this research, longest solidification time, hence the hot spot, is shown in 

the area along x-axis of 20-30mm. However, insignificant difference in local 

solidification time at this hot spot between Exp A (5s Del.) and Exp C (35s Del.) is 

clearly shown in Figure 4-18 to Figure 4-21. This suggests that duration of cooling circuit 

is somewhat ineffective to reduce the hot spot in the rim and spoke junction. 

 

It is suggested that formation of air gap at the casting and cooling interface is responsible 

for this effectiveness of increased cooling duration. As discussed previously in Section 

2.3, air gap formation takes place at the casting and cooling circuit interface as 

solidifying metal pulls itself away from the interface due to thermal contraction. 

Lower mould temperature, i.e. Exp A Higher mould temperature, i.e. Exp C 

Less fluidity in molten metal, larger air gap 

and less effective heat transfer. 

More fluidity in molten metal, less air gap 

and more effective heat transfer. 
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Reduction in efficiency of cooling circuit due to air gap formation has been reported 

using different cooling circuit materials elsewhere [25, 28, 29, 30]. It is now apparent in 

this research that air gap formation can also affect the efficiency of cooling circuits with 

different duration of applied cooling media.  

 

Prediction of Hot Spot Location 

 

Analysis of averaged SDAS measurements also revealed that relatively large sized 

dendrite arms ( >35μm ) were recorded at particular locations. Majority of these large 

dendrite arms were concentrated between 15-20mm along the x-axis and 12.5 -27.5mm 

along the z-axis, as shown in Figure 4-25. This indicates that the local cooling rate of the 

highlighted area in the diagram is relatively slower than its surrounding regions, 

suggesting the existence of a local hot spot. However, a visual analysis of x-ray 

radiography shows that the local hot spot indicated by dendrite arm spacing 

measurements did not overlap with the actual location of porosity shrinkage. It is clearly 

shown in Figure 4-25 that the actual location of typical porosity shrinkage in rim poke 

junction is much closer to the corner of the junction or between 25-30mm along the x-

axis. Meanwhile, measurements of SDAS show that the local hot spot is located between 

15-20mm along the x-axis.  
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Figure 4-25 Location of identified hot spot by SDAS measurement and x-ray radiography. 

 

Further examination of individual images of dendrite samples at two different locations 

along the x-axis, 20-25mm and 25-30mm, revealed some noteworthy differences in 

microstructure. First, sample images from the location 20-25mm of Exp A (5s Del.), 

which SDAS measurement indicated as a local hot spot, are shown in Figure 4-26. The 

microstructure of this region clearly shows large and densely packed dendrite arms 

reflecting its relatively slow cooling rate comparable to one shown in Figure 4-23. 

Sample images from the location 25-30mm of Exp A (5s Del.), which x-ray radiography 

indicated as the most common shrinkage porosity location, are shown in Figure 4-27. It is 

observed that there is a noticeable increase in portion of eutectic region compared to 

images shown in Figure 4-26. Surrounding these large pools of eutectic is a large number 

of fine dendrite arm structure. Some of the recorded measurements in these locations 

show a measurement as small as 24μm, which is more commonly found in regions much 

closer to the cooling circuit. Similar case is also observed in dendrite measurements of 

Exp C (35s Del.) and only difference being presence of visible porosity shrinkage in 

these pools of eutectic.  

 

12 individual images from the location 25-30mm of Exp C (35s Del.) are combined 

together to show an example of the observation discussed previously. During 

solidification of rim and spoke junction, segregation of Si occurs due to possible thermal 

gradient across the rim and spoke junction. As a result of this segregation, a large pool of 

Si phase eutectic is evident in the location shown in Figure 4-28. Higher latent heat of Si 

than Al also means that the area of eutectic pool generates more amount heat. Therefore it 

is possible that this area remains much hotter than its surrounding region, where it 

contains relatively less amount of Si eutectic phase.  

 

This suggests a possible limitation of using SDAS measurement to identify potential 

location of hot spot or solidification shrinkage. As shown in Figure 4-28, solidification 

shrinkage tends to occur at location where segregation of Si eutectic takes place and this 

is not indicated by simple measurement of SDAS. It is also important to note that x-ray 
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radiography results shown in Figure 4-7 clearly shows increased number of shrinkage for 

Exp C, while SDAS results of Exp C failed to indicate.  

 

 

Figure 4-26 Sample images of hot spots identified by SDAS measurement. 

 

 

Figure 4-27 Sample images of hot spots identified by x-ray radiography. 

Relatively densely packed dendrite structure 

with small eutectic pools. 

Relatively fine dendrite structure with 

small large eutectic pools. 



Rafael Lee 

 

79 

 

Figure 4-28 Combined images of an area where solidification shrinkage is found, shown in Figure 

4-25. 

 

4.3 Numerical Modelling 

 

In this section of discussion, results of numerical modelling for both Exp A and C will be 

compared to experimental results to validate the effect of different cooling timing and 

numerical prediction of secondary dendrite arm spacing. Any identified limitations of 

numerical modelling will be discussed. 

 

Solidification Shrinkage

Large Pool Eutectic
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4.3.1 Processing of Results 

 

Upon completion of numerical calculation, time and temperature data at each coordinate 

point specified was stored in text file format as shown in Figure 4-29. As shown in the 

figure, the results of numerical modelling are in a simple time and temperature format. As 

a part of an in-depth analysis, this data would need to be further processed and analysed.  

 

 

Figure 4-29 A sample image of typical data set from numerical modelling. 

 

Time and temperature data was then imported to Microsoft Excel spreadsheet where local 

solidification time at each coordinate was calculated. Then using Kirkwood model, as 

shown in Equation 2-12 and Figure 4-30, secondary dendrite arm spacing (SDAS) was 

calculated. Detailed definition of local solidification time and its correlation with SDAS 

Time Column 

Temperature Column 
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were discussed in the previous section, 2.4.2. Therefore any more detail of numerical 

modelling of SDAS based on solidification time calculation will not be discussed. 

 

 
3/1

2 )( FMtK=λ   
Equation 2-12 

 

 

Figure 4-30 Steps of numerically modelling SDAS based on solidification time calculation results. 

 

Again the chilled face, where casting comes in direct contact with cooling circuit, will be 

the main focus of analysis of numerical modelling of SDAS as in the previous section 

4.2.2. The area of chill face is highlighted in Figure 4-31. 

Numerically Calculated 
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Figure 4-31 Locations of girds for analysis and the chilled face. 

 

4.3.2 Discussions - Effect of Different Cooling Timings 

 

A comparison of numerically calculated SDAS between Exp A and Exp C shows a very 

similar trend shown by their corresponding experimental data discussed previously in 

4.2.2. An example of comparison plot is shown in Figure 4-32, clearly showing very 

insignificance difference in local cooling rate indicated by SDAS. 
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Figure 4-32 Comparison of numerically modelled SDAS for Exp A and Exp C. 

 

This confirms the suggestion of reduced cooling circuit efficiency by air gap formation at 

the casting and cooling circuit interface. Empirically derived interfacial heat transfer 

coefficient at the casting and cooling circuit interfaces [17] as shown in Figure 4-33. 
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Figure 4-33 An example of interfacial heat transfer coefficient used for modelling air gap formation 

[17]. 

 

4.3.3 Discussions – Numerical Data vs. Experimental Results 

 

Comparisons of numerically calculated SDAS, using the methodology shown in Figure 

4-30, with experimentally measured SDAS are shown from Figure 4-34 to Figure 4-41. 

Results from both Exp A (5s Del.) and Exp C (35s Del.) are shown. 
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Analysis of Exp A (5s. Del.) 
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Figure 4-34 A comparison of numerically modelled and experimental measured SDAS for Exp A at 

Z=22.5. 
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Figure 4-35 A comparison of numerically modelled and experimental measured SDAS for Exp A at 

Z=27.5. 
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SDAS Comparison Exp A (5s. Del.) -  Z=32.5
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Figure 4-36 A comparison of numerically modelled and experimental measured SDAS for Exp A at 

Z=32.5. 
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Figure 4-37 A comparison of numerically modelled and experimental measured SDAS for Exp A at 

Z=37.5. 
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Analysis of Exp C (35s. Del.) 
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Figure 4-38 A comparison of numerically modelled and experimental measured SDAS for Exp C at 

Z=22.5. 
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Figure 4-39 A comparison of numerically modelled and experimental measured SDAS for Exp C at 

Z=27.5. 
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Figure 4-40 A comparison of numerically modelled and experimental measured SDAS for Exp C at 

Z=32.5. 
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Figure 4-41 A comparison of numerically modelled and experimental measured SDAS for Exp C at 

Z=37.5. 

 

A comparison between numerically calculated SDAS and measured values SDAS at 

various locations shows that areas of casting that are further away from chilled face 

demonstrated a reasonable agreement between and numerically calculated and measured 
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values. This area corresponds to distance along x-axis between 15 and 30mm, where 

distribution of measured SDAS remains relatively constant along the x-axis. In contrast, a 

clear discrepancy between numerically calculated and measured SDAS values is shown 

in areas where its distance along x-axis is between 0-15 mm. This area, with clear 

discrepancy, is characterised by its rapid cooling rate as shown by its fine SDAS and 

referred to as chilled face.  

 

The discrepancy between numerically calculated and measured SDAS at the chilled face 

area is shown by both experiments with different cooling timing settings (Exp A and Exp 

C). Therefore it is suggested that this discrepancy is not sensitive to cooling timing 

setting. The following limitations of the numerical modelling are suggested to explain 

this discrepancy. 

 

1. Limitation of the current numerical modelling technique to analyse the influences 

of alloy modification methods commonly used in commercial alloys. 

 

2. Limitation of numerical modelling in predicting microstructure, namely SDAS, in 

rapidly solidified region of casting due to homogeneous material property. 

 

 

Figure 4-42 Suggested limitations of numerical modelling in predicting accurate SDAS at the chill 

face. 
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Limitation Numerical Modelling – Influences of Alloy Modification 

 

The first case, shown as scenario 1 in Figure 4-42, is the potential of incorrect SDAS 

calculation due to incorrect use of ripening factor (or coarsening parameter). Ripening 

factor was used by Kirkwood model to numerically model the formation of SDAS as 

shown in Figure 4-30. The significance of ripening factor in Kirkwood model to describe 

the coarsening effect of secondary dendritic arms has been discussed in the literature 

review, in section 2.4.2. Although it was evident that the ripening factors for various 

alloys were reasonably well established, its applicability for commercial alloy was 

challenged [39].  

 

There are several aspects of commercial alloys that could influence the coarsening effect 

of secondary dendrite arms. However, it is believed in this research that alloy 

modification treatment, particularly grain refinement, could be the most influential 

aspect. A suggested mechanism of how grain refinement can affect the coarsening 

behaviour of secondary dendrite arm is illustrated in Figure 4-43 and Figure 4-44. 

 

First illustration of microstructure formation without grain refinement is shown in Figure 

4-43. Nucleation of aluminium phase takes place and with a presence of adequate 

undercooling condition dendritic structure starts growing. Further coarsening of 

individual dendritic arm takes place until neighbouring arms impinge each other, 

reaching the fraction of solid known as dendrite coherency point. At this point overall 

impression of secondary dendrite arm spacing that particular condition is revealed, as 

impinged arms are locked and further growth is impeded. 

 

In the case of microstructure formation with grain refinement, as shown in Figure 4-44, 

nucleation and coarsening of dendritic arms takes place using the same mechanism. 

However, the major difference is that the density of nucleation is much higher than the 

previous case due to presence of foreign particles, grain refiner, that act as additional 

nucleating sites. Higher density of particles then allows much less space for each 

dendritic particle to grow before it reaches dendrite coherency point. The result is that 
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while both cases would reach the dendrite coherency point at a very similar fraction of 

solid, overall secondary dendrite arm spacing with grain refinement would be much 

smaller than the one without grain refinement.  

 

 

Figure 4-43 Illustration of dendritic arm coarsening without grain refinement. 

Without Grain Refinement 

Less density of nucleated particles 

allows more room for an individual 

dendrite arm to grow before it reaches its 

coherency point. Therefore relatively 

large dendrite arm spacing. 
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Figure 4-44 Illustration of dendritic arm coarsening with grain refinement. 

 

It is shown in Equation 2-13, ripening factor (or coarsening parameter) of Kirkwood 

model is derived from the phase diagram of eutectic alloy. Therefore it is reasonable to 

suggest that Kirkwood model would have limited accuracy in predicting SDAS of 

commercial alloys with grain refining treatment used in this research. 

 

Limitation of Numerical Modelling – Due to Homogeneous Material Property 

 

The second case, shown as scenario 2 in Figure 4-42, is where incorrect solidification is 

predicted by numerical modelling used in this research. Further interrogation of 

numerical modelling shows its limitation in prediction of solidification time for an area 

with rapid cooling. Currently the material property of the modelling package is limited to 

homogeneous material property, where its material property does not vary upon local 

cooling rate. However, it is established that there are number of material properties, such 

as fraction of solid, that show significant changes depending the local cooling rate. 

Fraction of solid is particularly important in this research as it describes different stages 

With Grain Refinement 

Higher density of nucleated particles, 

due to grain refinement, allows less 

room for an individual dendrite arm to 

grow before it reaches its coherency 

point. Therefore relatively fine dendrite 

arm spacing. 
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of solidification process at different temperature. Detailed solidification process has been 

discussed previously, Section 2.4.2. Fraction of solid plots for Al-Si alloy with varying 

cooling rates, 0.2. 0.6 and 5°C/s, are shown in Figure 4-45. The current numerical 

modelling in this research applies fraction of solid plot at 0.6°C/s as a typical 

representation of cooling rate in casting applications. However, when rapid cooling 

experienced at the some part of the casting, it is reasonable to suggest that typical cooling 

rate at the chill face would be close to 5°C/s rather than 0.6°C/s in this case. 

 

A comparison of fraction of solid plot between 5°C/s and 0.6°C/s, as shown in Figure 

4-45, presents two distinctive differences. The first one is the differences in fraction of 

solid developed during solidification of aluminium, labelled Reaction 1. This part refers 

to transformation of liquid to Al phase as shown in Figure 2-13 and Table 2-1. It is 

evident that presence of increased cooling, in the case of 5°C/s cooling rate, allows 

increased undercooling. Therefore increased of amount of solid fraction is developed 

during this part of solidification process. Subsequently with reduced cooling rate, much 

less fraction of solid is developed, as shown in Figure 4-45.  

 

The next part of solidification, labelled Reaction 2 & 2a, describes coarsening behaviour 

of dendritic arms (shown in Figure 2-13 and Table 2-2), hence determines SDAS. It can 

be seen from the plot that lower cooling rate, 0.6°C/s, would typically experience more 

coarsening takes place and fraction of solid increases from approximately 20% to 55%. 

Meanwhile, plot of 5°C/s shows relatively less volume of solid fraction developed during 

this phase, hence less coarsening of dendritic arms takes place. 

 

Through this comparison, it is believed that use of homogeneous material property, where 

the same cooling rate of 0.6 °C/s is assumed for all parts of casting, could pose a 

significance limitation in accurate modelling of microstructure in the area of rapid 

cooling is experienced. The discrepancy shown between numerically modelled and 

experimentally measured SDAS at the chill face can be an example of this limitation.  
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Figure 4-45 A comparison of fraction of solid plots for different local cooling rates. 
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5 Conclusions and Recommendations 
 

Different cooling timing for rim and spoke junction of aluminium alloy wheel casting, as 

shown in Figure 1-8, was analysed to understand its effect on overall effectiveness of the 

thermal control. Casting experiments with different cooling timing settings were set to 

produce samples for secondary dendrite arm spacing measurements, where its 

relationship to local solidification time has been identified in the literature review. Also 

x-ray radiography of the same samples was conducted to qualitatively measure the level 

of shrinkage formation in the rim spoke junction. Numerical modelling of the casting 

experiment was also performed to validate the results of experiment and possibly 

suggests any limitations of numerical modelling to improve its accuracy and applicability 

in microstructure prediction. 

 

 

The suggested findings are as follows. 

 

1. Change in cooling timing between Exp A (5s Del) and Exp (35s Del) showed very 

minimal influence on local solidification time of rim and spoke junction area. 

Similar trend was observed in both experimental and numerical data. Rapid 

formation of air gap at the casting mould interface during solidification was 

suggested to explain this phenomenon.  

 

2. Prediction of hot spot location (i.e. potentially shrinkage location) by SDAS 

measurement shows noticeable discrepancy, when compared with actual 

shrinkage location shown by x-ray radiography. Other microstrucral phenomena 

such as segregation of Si eutectic, which measurement of SDAS alone can not 

predict is suggested as a possible reason for this discrepancy. 

 

3. Although numerical modelling successfully predicted the reduction in 

effectiveness of the thermal control by air gap formation, some possible 
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limitations were shown in predicting microstructure in certain areas. It was 

particularly noticeable in the area where rapid local cooling rate was experienced, 

such as the chill face (close to mould and casting interface). Two scenarios were 

presented in an attempt to explain this limitation, which were the limitation in 

modelling the effect of grain refinement and the limitation due to use of 

homogeneous material property. 

 

 

Recommendations for further work are as follows. 

 

1. Significance of air gap formation in determining the overall effectiveness of 

thermal control in casting system is suggested. It is recommended that the design 

of cooling circuits should consider possible direction of contraction of casting to 

minimise the effect of air gap formation and maximise the effectiveness of the 

thermal control. 

 

2. Evident limitation of secondary dendrite arm spacing to predict location of hot 

spot suggests other microstrucral parameter. For the future research, it is 

suggested to develop a microstructure parameter related to Si eutectic segregation, 

such as fraction of eutectic etc. 

 

3. It is recommended that further development of numerical modelling technique 

should consider the followings to increase its accuracy. 

 

a. Effect of grain refinement addition. 

b. Capability to model the segregation of Si eutectic combined with thermal 

analysis to provide better shrinkage location prediction. 

c. Capability to incorporate heterogeneous material properties for different 

local cooling within the casting. 
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Appendix A 

 

X-ray Radiography Images. 
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Exp C 
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