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ABSTRACT 

 
 
 
SemiSolid Metal (SSM) casting is a promising technology offering an opportunity to 
manufacture netshape, complex geometry metal components in a single operation. 
However, the absence of foundry guidelines and limited design data for SSM casting makes 
it challenging to predict the performance of both process and components. The objective of 
this research was to develop and offer new solutions to material processingrelated issues in 
the electronics industry. By investigating the opportunities afforded by the recently 
developed RheoMetalTM rheocasting process, a better understanding of the critical factors 
needed for an effective manufacturing process and optimised component characteristics was 
achieved. 

A study of the evolution of microstructure at different stages of the RheoMetalTM process 
demonstrated the influence of multistage solidification on the microstructural characteristics 
of the rheocast components. The microstructure of a slurry consists of the solutelean and 
coarse globular αAl particles with a uniform distribution of alloying elements, suspended 
in the liquid matrix. Additional soluterich αAl particles were identified as being a 
consequence of discrete nucleation events taking place after the initial slurry production. In 
the final components, macrosegregation was observed in the form of variations in the ratio 
of solutelean coarse globular αAl particles and soluterich fine αAl particles in both 
longitudinal and transverse directions. 

The relation between microstructural characteristics and material properties was established 
by determination of the local properties of a rheocast component. The fracture of a rheocast 
telecom component was strongly affected by microstructural inhomogeneity. In particular, 
macrosegregation in the form of liquid surface segregation bands and subsurface pore 
bands strongly affected the fracture behaviour. Thermal conductivity measurements 
revealed that regions of the component with a high amount of solutelean globular αAl 
particles showed higher thermal conductivity. The effect of the local variation in thermal 
conductivity on the thermal performance of a large rheocast heatsink was evaluated by 
simulation. The results clearly show the importance of considering material inhomogeneity 
when creating a robust component design. 

Keywords: Rheocasting, aluminium alloy, RheoMetalTM process, microstructural 
characteristics, component properties and performance, robust design process 
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CHAPTER 1   

 
INTRODUCTION 

 


The background of the current work focusses on the aluminium alloys and the general 
microstructural features and properties of cast components produced by the semisolid metal 
casting process. 

1.1 BACKGROUND 
 , based on market opportunity and the customer's requirements, in 
conjunction with  as sequences of activities to make a real, 
physical product, are two key concepts within the  [1]. 
Product development as a process of improving an existing product or developing a new 
product based on the marketplace trends, aims to improve the capabilities and reliability of 
many applications. Production systems development on the other hand aims to utilize 
production as a competitive means in the business strategy by improving existing production 
systems and continuously improving a production process. 

Innovation in product development to design commercially successful products demands 
innovative and advanced materials with unique properties to produce complex industrial 
components in cost effective ways. Innovation in advanced materials is also in great demand 
for emerging technologies where reduction of both cost and energy consumption is a key 
element for success in a competitive market. A controversial issue with regard to new 
material solutions is the ability of a manufacturing technology to demonstrate robust 
production, acceptable quality and reliable performance of the final product, while at the 
same time tolerating process variability. Hence, an understanding of the relevant parameters 
in a new manufacturing technology and its capabilities and limitations have a significant 
impact on process validation when developing new product. These impacts include 
providing the technical knowledge and understanding for the process.  

In metallic materials, the majority of methods applicable for manufacturing complex net
shape components can be categorised into one of two routes;  or  state methods. 
Solidstate methods including forming, machining and powder metallurgy are very complex 
operations, and are therefore at an economic disadvantage. Conversely, casting is the most 
favourable liquidstate method, and offers a promising and costeffective solution when 
producing complex shaped components. However, an important drawback is ease of control 
of the final microstructure and thereby performance of the final product as result of variation 
in mechanical and physical properties [25]. 
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Casting, already well established as a costeffective and sustainable method of 
manufacturing is currently under intensive development, with a critical breakthrough 
expected soon. Innovation such as SSM casting makes it possible to produce high integrity 
components with optimum performance at costs that are significantly lower than other 
processes. This makes it conceivable to enter market areas that have rarely been considered 
for the casting process. In spite of this potential, industrialization of the SSM casting process 
has been occurring slowly because capital costs, profit margins, ability to meet customer 
requirements and lack of information about the performance of SSM cast components are 
still unsolved issues. 

In SSM casting, from economic and business objectives, new concept generation may create 
an opportunity in which the development of a new technology overcomes most of these 
shortcomings. Factors such as easily satisfied demands for process control, short slurry 
forming times and favourable microstructure characteristics together mean that it is possible 
to produce high integrity components at significantly lower costs. These advantages can 
help fulfil the market requirements in a very pronounced manner. Nevertheless, in the 
absence of a thorough scientific understanding of this process and its products, the 
knowledge of materials engineers is not fully able to contribute effectively to product 
design. In this case, established methods for an appropriate level of cooperation between 
product designer and production line make a proper situation for a prospect planning of a 
strategic framework for a company through more robust design [6]. 

Academic studies and core research into SSM casting can turn a   into a 
successful commercial  in very effective way. This is achievable only by building a 
bridge between the production line and the product developer. This bridge can contain 
activities such as generating guidelines and transferring practical knowledge to foundries, 
with a high level of confidence, to manufacture a consistent product meeting predetermined 
quality criteria. In addition, a database about the functionality of component within the 
constraints of economically feasible production would be very beneficial information for 
the designer. 

This thesis takes a step towards closing an existing gap in understanding the rheocasting 
process and resulting component characteristics. It develops a scientific understanding of 
the phenomena involved in the RheoMetalTM process and the influence of microstructure on 
the performance of a rheocast component. The goal is to identify relevant parameters for a 
reliable manufacturing method for aluminium components, and guidelines for a robust 
design process. 
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1.2 SSM CASTING 
 of SSM casting dates back to research on the viscosity behaviour of tin/lead 
alloys during solidification, done at MIT during the 1970s. Spencer observed the formation 
of nondendritic solid particles suspended in a liquid matrix by introducing an external force 
during solidification [7]. The phenomenon occurs due to the influence of stirring on the 
interaction between a solidification front and melt flow, which changes the morphology of 
particles from the classical dendritic, to spherical or globular shape [8]. Figure 1 (a) 
illustrates the evolution of particle morphology according to solidification rate as well as 
shear rate, both of which alter the morphology from dendritic, via rosette to spherical [9]. 
Formation of slurry and casting the slurry generated a new concept in casting, called SSM 
casting. Caused by the spherical particles, the nonNewtonian rheological properties of the 
slurry are the main beneficial feature of SSM casting. 

 of a nonNewtonian slurry can be described in terms of cooling 
rate (solidification rate), time dependency (thixotropic behaviour) and shear rate 
dependency (pseudoplastic behaviour) [10]. It is commonly accepted that in the steady state, 
the apparent viscosity of nonNewtonian slurries depends on solid concentration, and at 
constant shear rate, an increase in solid fraction leads to higher viscosity, Figure 1 (b).[11, 
12]. Shear thinning, also referred to as pseudoplasticity describes viscosity reduction with 
shear rate. Pseudoplastic behaviour in a slurry with a constant solid fraction results in an 
increase in viscosity when the shear rate is reduced. Thixotropic behaviour in a material 
results in a viscosity decrease with time at constant shear rate, whereas viscosity increases 
when the material allowed to rest. The most frequent observation of changes in the structural 
arrangement in a material caused by the forces acting between suspended solid particles that 
leads to thixotropic behaviour are those where the structure breaks down (and viscosity 
decreases) under high shear rate but recovers under low shear rate or when at rest. To 
achieve these beneficial characteristics requires making a good quality slurry in a cost and 
time efficient manner. 

(a) (b) 

Figure 1. (a) Increase in shear rate and intensity of turbulence cause a change in the morphology of 
particles; from dendritic to spherical, via rosette [13]. (b) Influence of shear rate and solid fraction on 

viscosity [10] 
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 in different variants of SSM casting methods fall into the 
category of either “thixocasting” or “rheocasting”, Figure 2. The thixocasting process 
begins with a cold billet prepared in advance with a globular structure, and heating up to the 
desired fraction solid before injecting a mould cavity. Conversely, the rheocasting process 
is a direct slurry formation process, which starts with a melt and involves vigorous stirring 
while extracting heat, producing globular solid particles in slurry followed by injection into 
the mould cavity. In the early stages of the commercialisation of the SSM casting process, 
thixocasting evolved into a process capable of preparing slurries with excellent rheological 
characteristics. In spite of good process controllability in thixocasting, a high degree of 
industrialisation has not been achieved due to the cost of the preformed thixoformed billet 
and the inability to recycle scrap inhouse [13, 14]. In contrast, rheocasting because of the 
lower primary investment cost has developed promisingly. However, most of the 
rheocasting processes rely on temperature control by using heat loss to cooler surroundings 
to extract heat, while simultaneously applying the shear force necessary to prepare the 
slurry. From material processing solutions perspective, such methods are often time
consuming, complex and very hard to control the process. 

 
Figure 2. The various technologies for semisolid processing of metallic alloys [15]. 

 in slurry fabrication technology,such as SemiSolid Rheocasting (SSR) 
[16], the GasInduced SemiSolid (GISS) [17] and RheoMetalTM processes [18] apply shear 
forces when nucleation starts by means of an internal heat absorber (inserting a cold part 
into the melt). This novel approach decreases the time for slurry formation and achieves 
almost the same production time as the conventional HPDC (highpressure diecasting) 
method. The RheoMetalTM process, by using an internal heat absorber technique offers a 
method to manufacture more costeffective near netshape components using new types of 
aluminium alloys. This is possible through better process control during the slurry 
formation. In this process, as shown and described in Figure 3, enthalpy exchange occurs 
between a superheated melt and a rotating solid metal alloy piece, the Enthalpy Exchange 
Material (EEM). As the EEM is heated, it melts and produces a slurry generated from both 
separated particles (from the EEM) and by nucleation in the melt as it cools. 
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Evaluations of slurry quality prepared using RheoMetalTM processes [19, 20], and of the 
final microstructure and properties of rheocast components while studying alloy 
modification [21] and casting process parameters [22, 23] have shown promising results for 
both castability and component properties. However, the absence of new concepts and 
failure to attract new industrial investment has limited the growth of this process for the past 
decade. For instance, although magnesium SSM casting using RheoMetalTM was 
introduced, aluminium alloys are still the most popular alloying systems for the future [24]. 
This is due to the attractive properties and higher castability of aluminium alloys as 
compared to magnesium alloys. However, to select an appropriate alloy composition for 
casting aluminium alloys by SSM, there are several criteria to be considered. 

 
Figure 3. RheoMetalTM slurry preparation process: step 1) pouring the melt into a ladle 2) insertion of 

the rotating EEM into the melt and 3) the fabricated slurry [25]. 

 

 for SSM casting needs to consider the criteria for stable slurry 
fabrication, limitations for mould filling and postsolidification treatment, and the properties 
desired in the product. Figure 4(a) shows schematically a phase diagram and typical of an 
alloy composition suitable for SSM casting. The composition of the alloy must be such that 
it results in a wide solidification interval. In addition, the process temperature (slurry 
temperature) must be close to the eutectic knee point temperature in liquid fraction vs. 
temperature curve, Figure 4(b). In two side of the knee point, a significant change happen 
in the sensitivity of solid fraction (dfs/dT) with temperature [26]. The reason for this is to 
obtain a slurry stable at the working temperature, where the solid fraction sensitivity is as 
small as possible when the temperature decreases. This helps to stabilise the solid fraction, 
as the amount of heat needed to form the eutectic phase is large. 

Moreover, the alloy composition affects the microstructure and therefore defines the final 
alloy properties through several parameters, such as intermetallic formation, alloying 
elements in solid solution and their effect on solidification as well as morphology of 
particles and their effect on fluidity. For instance, the consequences of adding alloying 
elements can be predicted by considering them as impurities or as a solid solution. These 
have a significant influence on the alloy thermal conductivity and decrease this value 
dramatically as mean free path of electron reduced significantly[27, 28]. Considering the 
special metallurgical aspects of SSM casting, selecting an appropriate alloy composition 
must be done in such a way that all of these factors interact properly in the final product.  
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(a) (b) 

Figure 4. A typical solidification range and processing temperature for SSM casting, (b) Thermal 
analysis showing the maximum heat flow occurs at the eutectic temperature [15]. 

of theSSM cast component is mainly determined by the fraction solid, the 
particle size and shape factor, and the contiguity and continuity of phases [14]. The globular 
grains in a SSM casting are the most striking feature in a comparison to a conventionally 
solidified material, where dendrites typically form. However, there are also differences 
when it comes to e.g. the eutectic morphology and the solute distribution in the primary 
phase. All these microstructural characteristics will have an impact on the final properties. 
A higher fraction of solid particles in the slurry also leads to less shrinkage porosity during 
solidification due to less liquid to solidify, and to better feedability compared to liquid 
casting [29].  

These characteristics of SSM casting result in a component with better integrity, Figure 5.
However, the high integrity of an SSM casting and the microstructural characteristics of 
SSM cast material, which later determine both local and global properties of the component, 
are not directly related. In the SSM process, the different behaviours of the solid and liquid 
phases while under stress during filling demand that their different microstructures be 
considered for process optimization, for material characteristics and for design 
considerations [3033]. For instance, the presence of solid particles later causes surface 
liquid segregation and a subeutectic band [34, 35] as well as migration of solid particles in 
the centre of the component and form different local properties through the component [36]. 

 
Figure 5. Features of a rheocast microstructure compared to a conventional liquid cast alloy [15] 
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    of SSM components produced using the currently 
available processes have been evaluated and are included in a design database. An expanded 
database, which includes tensile, compression, impact, fatigue and creep properties for 
standard alloys, has been developed [3739]. However, the unique parameters of different 
slurry fabrication technologies, such as slurry temperature make it challenging to predict 
the final properties. This arises from the fact that variations in the slurry result in different 
filling properties and secondary solidification inside the mould, and alter the type and 
morphology of eutectic phases and intermetallics [40, 41], grain refinement [4244], and 
defect formation [45]. Because of these variations, heat treatment, the main tool to optimise 
mechanical [46] and thermal properties [4750] as well as to improve wear resistance [51] 
can vary from one slurry fabrication technology to another. 

in SSM casting depend on introducing new concepts from 
both the angle of business image and the need for optimized component performance. For 
industries where quality and performance are as paramount as cost, a manageable solution 
to reach higher performance of a current component can be a key advantage. New concepts 
may include reaching a higher production rate with a lower maintenance cost, or being able 
to produce a challenging product such as a highly complex shape component. For instance, 
Figure 6 shows a cavity filter used in the telecommunications industry, with a thin wall 
thickness (~0.35mm), which has been commercially massproduced using an AlSi6Cu2 
alloy and the automated RheoMetalTM process integrated with HPDC [52]. 

 

 

Figure 6. Filter cavity for telecommunications applications [52] 
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CHAPTER 2  

 
RESEARCH APPROACH 

 


This chapter introduces the purpose and aim of the research, and presents the main research 
activities and methods used. 

2.1 PURPOSE AND AIM 
This study is multidisciplinary project, which involved the complete chain of scientific study 
from alloy selection to performance of a rheocast component. The aim is to understand the 
fundamental aspects of the rheocasting process that govern the microstructural features and 
thereby performance of final component. 

2.2 RESEARCH DESIGN 

2.2.1 Research perspective 
A series of scientific steps was designed to obtain knowledge regarding the main factors 
involved in slurry production and the casting process, evaluation of the microstructure and 
their combined influence on the performance of a rheocast component. Figure 7 illustrates 
the different stages of the research process in four main topics: 

•  was concerned with the effect of the alloying compositions on the slurry 
formation and castability, as well as the final performance of the component. The 
purpose was to extend the boundary to be able to cast uncontroversial aluminium 
alloys toward a lower amount of alloying elements. 

•  by the RheoMetalTM process to understand fully the formation of 
solid particles and slurry in this process and to identify the optimum process 
conditions. 

•  as the critical step in this study to understand the effects of slurry 
characteristics on inhomogeneity of microstructure and porosity formation in the 
final components. 

•   using mechanical testing, thermal conductivity 
measurement, aimed to characterise the performance of the rheocast product in real 
service conditions. 
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Figure 7. The research activities of the project. 

2.2.2 Research questions 
With respect to each activity several research questions had to be answered: 



• What is the influence of variations in alloy composition on process stability using 
the RheoMetalTM process?  

• What is the influence of variations in alloy composition on castability using the 
RheoMetalTM process?  

• What is the influence of variations in alloy composition on the properties and 
performance of a rheocast component?  

 

• How does melting/solidification during the slurry preparation process influence the 
slurry microstructure? 



• How does the multistage solidification process during rheocasting influence the 
component microstructure? 

• How does the mould filling with the slurry influence the segregation pattern in the 
final microstructure?  



• How do the microstructural characteristics of a rheocast component influence 
thermal conductivity and mechanical properties?  

• How do the postprocessing conditions influence the properties of a rheocast 
component? 

• What is the influence of material inhomogeneity on the performance of a rheocast 
aluminium component?  
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2.2.3 Research methodology 
A mainly experimental research methodology was used to gain an understanding of the 
cause and effect relationship between the defined variables [53]. In this study, the main 
challenge was to outline an effective experimental design and define the most significant 
variables, as well as to ensure the reliability of experimental tools and measuring 
instruments. By concentrating on a better understanding of significant variables, 
confounding variables, and key interactions in the processes, the design of experiments 
(DOE) method was used as a scientific approach for exploring the effect of single or 
multifactor spaces to maximise the efficiency of the experiments. Factorial design [54] and 
Doptimal methods [55] were considered to be the most suitable DOE methods. The 
commercial software Design ExpertTM was used to assist in the DOE and the statistical 
evaluation of collected data. Simulation modelling using MATLABTM and FlothermTM [56] 
was used to analyse the physical models related to experimental results and to predict the 
performance of the processes and components. ThermaoCalcTM and JMatProTM [57, 58] 
together with Al database was used for thermodynamic calculations [59]. 

2.3 MATERIAL AND EXPERIMENTAL PROCEDURE 

2.3.1 Material 
Table 1 shows the compositions of three commercial aluminium alloys (6082, Stenal Rheo1 
and 46000) and five aluminium alloys designed for this project (Alloys 1 to 4 and Alloy X). 
The main criterion to design new alloys for rheocasting was to extend the boundary for 
alloying systems that have a significant influence on thermal properties of the alloys [27, 
60], without significantly compromising castability. 

Table 1. Composition (wt. %) of the commercial and designed alloys in the project. 
Alloy Si Fe Cu Mn Mg Ti Al 

6082 0.95 0.17 0.011 0.5 0.61 0.05 Bal. 
Alloy X 1.42.2 1 1 0.28 0.3  Bal. 
Alloy 1 1.5 0.6 0.025 0.01 0.5 0.02 Bal. 
Alloy 2 2.5 0.6 0.025 0.01 0.5 0.02 Bal. 
Alloy 3 3.5 0.7 0.025 0.01 0.5 0.02 Bal. 
Alloy 4 4.5 0.8 0.025 0.01 0.5 0.02 Bal. 

Stenal Rheo1 5.8 0.6 2.2 0.28 0.03 0.1 Bal. 
46000 8.3 0.55 2.5 0.35 0.3 0.64 Bal 

2.3.2 Experiment 
 The melting sequence and melting rate of 
the EEM were studied experimentally in the RheoMetalTM process. At a certain percent of 
the shot weight, the EEMs were cast in a cold cylindrical mould, preheated, and attached to 
a rotational holder. As illustrated in Figure 8, the EEM was cast and the melting process 
started by immersing the EEM into the melt. Before the EEM was completely melted it was 
extracted after predetermined melt/EEM contact duration and a small portion of slurry was 
quenched using a rapid quenching mould technique. The effect of  and 
 on the evolution of the  during stirring 
were investigated. The microstructures of the extracted EEM and the quenched slurry were 
studied to reach a deeper understanding of melting process. 
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Figure 8. Experimental setup of the melting study. 

       Rheocasting experiments on a 
laboratory scale were conducted using Alloys 1 to 4. A manual RheoMetalTM process was 
used to fabricate the slurry, Figure 8, in full process duration. After the preparation of the 
slurry, a sample was quenched using a rapid quenching mould technique to study the slurry 
microstructure. The prepared slurry was later poured into the shot sleeve of a Vertical 
Pressure Die Casting (VPDC) machine and, as the shot sleeve docked with the mould by 
means of rotation and an upward movement, the slurry was injected into the cavity, (see 
Figure 9 (a)). During the injection stage, in order to avoid turbulent flow, the piston was set 
to the lowest possible velocity until mould filling was complete. In the last step, the biscuit 
was cut using a puncher, and the component was ejected from the mould using pins. The 
final component Figure 9 (b) was used to study the microstructure and thermal diffusivity 
of the rheocast material. 

 

(a) (b) 
Figure 9. (a) Four steps of VPDC casting; (1) charge the chamber (2) docking (3) injection (4) 

punching biscuit and part ejection (b) Halfsection view of the rheocast component 
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 Industrial scale experiments 
were conducted using a 400 tons High Pressure Die Cast (HPDC) machine integrated with 
an automatic RheoMetalTM process. Two industrialised SSMHPDC components were 
rheocast, a radio filter, Figure 10(a) and an electronic chassis, Figure 10(b). Sampling based 
on the previous studies was performed to investigate the relationship between the alloy 
microstructure and the component properties. Samples were extracted from the rheocast 
component from locations near to the gate or near to the vent region. The samples were 
tested in ascast, T5 heattreated, and T6 heattreated conditions. The rheocast alloy was 
remelted and cast in a copper mould to simulate conventional liquid diecasting. The mould 
was discshaped with a diameter of 65 mm and a thickness of 10 mm, with a feeder. 

Figure 10. (a) The locations of rheocast samples in the radio filter, (b) Chassis used in the electronic 
industry. 

 

. 
The effect of microstructure on conductive heat transfer is not commonly considered in 
heatsink design. In this study, the effect of a microstructuredependent thermal conductivity 
on the thermal performance of a large rheocast heatsink in a real operational environment 
was evaluated by simulation. A steadystate CFD model of an industrial heatsink was 
developed, Figure 11 including two geometrically identical heatsinks, HS1 and HS2. The 
variation of density and specific heat (cp) in this temperature range was negligible. The 
variation of thermal conductivity in the heatsink model resembled the measured thermal 
conductivity of the cavity filter, Figure 10(a). The possible local variation of thermal 
conductivity was described by dividing the component into five Material Partitions (MP), 
MP1 to MP5 and attaching a heatemitting component in three different Material Partition 
Arrangements (MPA): 

• Arrangement 1 (MPA1): the material with higher thermal conductivity (MP5) is 
located on the top of the heatsink and thermal conductivity reduces along the Yaxis 
in the direction of gravity. 

• Arrangement 2 (MPA2): the material with lower thermal conductivity (MP1) is 
located on the top of the heatsink and thermal conductivity increases along the Y
axis in the direction of gravity. 

• Arrangement 3 (MPA3): the material with the highest homogeneous thermal 
conductivity (MP5). 

 

  

(a) (b) 
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The maximum temperature of the heatsinks was monitored and the objective function to 
maximize was the difference between the maximum temperatures of the heatsinks at similar 
hot spot distributions. The aim was to find the strongest effect of considering local thermal 
conductivity and the consequence of this variation on the prediction of thermal performance. 

 

Figure 11. CFD model including two geometrically identical heatsinks (HS1 and HS2) with different 
thermal properties represented by one of three MPAs; dimensions and material partitions 

(rectangular borders) are illustrated for one of the heatsinks. 

2.4 TESTING AND CHARACTERISATIONS 
The measuring methods to obtain quantitative values for different purposes in the project, 
along with the relevant standards and their desired functionality, are presented in Table 2. 

Table 2. Measuring methods used in the project and relevant standards [6163]. 
Method Standard No. Description 

Tensile testing ASTM B557 Tension testing of wrought and cast aluminium 
Hardness testing ASTM E384 Correlated to strength of cast metals to find the best heat 

treating conditions 
LFA1  ASTM E1461 Thermal diffusivity measurement of primarily homogeneous 

isotropic solid materials 
DSC2 ASTM E1269 Determination of specific heat capacity & phase transformation 
DIL3 ASTM E228 Linear thermal expansion of solid materials  
OES4  Determination of chemical composition of metallic samples 
SEM5 
EDS6 
WDS 7 

 
E 1508 

Morphological imaging and fractography 
Quantifying the elemental composition of phases  
Quantitative compositional mapping in Al phase 

OM8  ASTM E3 
ASTM E407  
ASTM E1180 

Preparation of metallographic specimens 
Microetching metals and alloys 

Microscopic measurement of a specimen 


1 Laser flash analysis 
2 Differential scanning calorimetry 
3 Dilatometer 
4 Optical emission spectrometry 

5 Scanning electron microscopy 
6 Energydispersive Xray spectroscopy 
7 Wavelengthdispersive Xray spectroscopy 
8 Optical microscopy 
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 The tensile tests were performed at room temperature in a Zwick/Roell 
Z100 testing machine. A constant crosshead speed of 0.35 mm/min was used. Hardness 
measurements were performed to plot ageing curves. These samples were held at room 
temperature for some weeks after heat treatment before the hardness measurements. The 
samples were ground using 600 SiC paper. Hardness was measured using Vickers and 
hardness values presented are average values of at least five indentations. 

 A Netzsch LFA 427 laser flash apparatus based on the 
transient method was used to measured thermal diffusivity a(T) in a wide range of 
temperatures. In this method, a short laser pulse heated one side of a cylindrical sample, and 
the temperature response on the other side of the sample was recorded [64]. The specific 
heat, cp(T), was measured with a Netzsch DSC 404C differential scanning calorimeter. A 
sample weight of 42 mg and a sapphire standard was used. The heating rate was set to 10 
K/min. The thermal expansion coefficient, α, was measured using a Netzsch DIL 402C 
dilatometer. The density, ρ, at room temperature was determined using the Archimedes 
principle. Subsequently, the densities at elevated temperatures were calculated using Eq. 1.  

    (1) 

Thermal conductivity and diffusivity are related according to λ(T)=a(T) ×cp(T) ×ρ(T). 
Transformation phases were studied using calorimetry. A sample weight of about 1520 mg 
was used and heated up to 500 °C (10 K/min) and then slowly cooled (2 K/min) to room 
temperature to reach equilibrium, after which a second heating was conducted (10 K/min). 

To establish relationships between microstructural features and 
the properties of the material a series of microscopic studies were performed. Samples from 
identical test positions were used to study microstructural characteristics. The samples were 
cut, polished, and etched using 10% NaOH etchant. The microstructural observations and 
quantitative measurements, such as particle size, were made using an Olympus StreamTM 
image analysis system, using contrastbased recognition and particle size discrimination. 
Particle size measurements were made for at least six representative images. The 
concentration of the main alloying elements in αAl matrix were studied using a scanning 
electron microscope equipped with a wavelengthdispersive spectrometer (WDS). The 
acceleration voltage was set to 20 kV for Cu and 10 kV for Si measurements, using the pure 
elements as standards. The composition of the remaining melt in the quenched slurry 
samples and the intermetallic phases were identified using an energy dispersive 
spectrometer (EDS). 

  

( ) ( )
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CHAPTER 3 

 
RESULTS AND DISCUSSION 

 


In this chapter, the main results of the appended papers are summarised. The papers address 
the stated research questions to various degrees. This chapter is divided into three main 
parts; slurry preparation, microstructural evaluation, and final component properties. 

3.1 EEM MELTING AND SLURRY FORMATION (I, II & III) 
In the RheoMetalTM process, heat exchange between a low and a high enthalpy material is 
a key phenomenon during slurry formation. The evolution of EEM size versus time was 
studied by interrupting the slurry preparation process, Figure 8, for two different types of 
aluminium alloy, Stenal Rheo1 and Alloy 6082 (Table 1). The results are illustrated in 
Figure 12 as a plot of volume ratio of the EEM versus stirring time for two superheat levels. 

An increase in volume of the EEM was observed at the beginning of the process for both 
alloys and superheat levels, which indicates the formation of a frozen layer of aluminium 
on the surface of the EEM (termed a 'freezeon layer'). In Alloy 6082, as a low silicon Al 
alloy, the freezeon layer was larger and occurred earlier, as is shown in Figure 12. Gradual 
melting of the EEM in a stationary phase was observed later. From the process duration 
perspective, the time for the melting of the EEM for the Stenal Rheo1 alloy ranged from 15 
to 20 s, depending on the degree of superheat. The time to complete the process for Alloy 
6082 was shorter; roughly 10 to 12 s, depending on the degree of superheat. 

However, the large confidence interval in the results point to the conclusion that a reliable 
stability of process during melting of the freezeon layer/EEM was not achieved at low 
superheat. The delay in the melting process at low superheat for both alloys is governed by 
the formation and dissolution of the freezeon layer. Hence, formation of the freezeon layer 
had a strong effect on the process stability. By increasing the superheat, the deleterious 
effect of the freezeon layer on stability can be reduced. Consequently, with regard to 
industrial operations, a high superheat is preferable to achieve the best possible process 
robustness. 
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Figure 12. Showing plots for the effect of superheat and stirring time on the volume ratio of EEM; 

Stenal Rheo1 (left), Alloy 6082 (right) [65]. 

Similar experiments were performed for Alloy 46000 to understand the microstructural 
evolution in the EEM during melting. The microstructure of the EEM extracted after 8 s, 
Figure 13, clearly shows the formation of three different types of microstructure in the initial 
stage of the process. The  was formed on the surface of the EEM due to high 
exchange of enthalpy between the superheated melt and the cold EEM material, Figure 
14(a). This is layer characterised by columnar dendritic growth tilted towards the fresh melt 
feeding and a lower content of alloying elements such as Si and Cu was observed as 
compared to the EEM composition. A layer of entrapped air between the freezeon layer 
and the EEM was observed. The formation of an oxide layer may be related to the initial 
immersion of the EEM into the melt, when the oxide layer wraps around the EEM.  

A further investigation was performed inside the EEM to identify the melting mechanism 
and process of solid particle formation. The microstructural investigation in zone B, Figure 
14(b), revealed partial melting of the microstructure and thereby the formation of globular 
αAl particles in this zone. Further investigation showed that formation of liquid phase 
(melting eutectic phase in this zone) led to multiplication of secondary dendritic arms. The 
detachment of dendrite arms is suggested to be the origin of the spherical particles in the 
microstructure of the final slurry. Further investigation in the neighbouring zone, zone C 
Figure 14(c) shows that incipient melting of Al5Mg8Si6Cu2 and Al2Cu intermetallic had 
occurred in the extracted sample. It is generally accepted that grain boundaries are 
favourable sites for the nucleation of liquid as the eutectic phase formed in this region. This 
observation is in good agreement with the incipient melting point of Al5Mg8Si6Cu2 and 
Al2Cu phases which were calculated to be around 440  ͦC and 490 ͦC using JMatProTM 
respectively.  

Microstructural investigation of the EEM after 16 and 24 seconds showed the expansion of 
a mushy zone towards the centre of the EEM. The disintegration of the freezeon layer after 
16 seconds due to incoherency at the interface of the EEM and the freezeon layer occurred 
and was followed by accelerated melting of the EEM. Moreover, the microscopic study of 
quenched slurry samples after 8 and 16 seconds were conducted and results revealed the 
presence of solid particles in the slurry. For both samples the size of EEM showed that 
neither freezeon layer nor EEM started to melt which indicates that these particles could 
originate from new nucleation during stirring of the melt. Consequently, in this process, the 
formation of solid particles in the slurry includes a melting process of EEM as well as a 
nucleation process during heating of the EEM. This makes the RheoMetalTM process 
different from other rheocasting processes.
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(a) 

 

 
(b) 

 
(c) 

Figure 13. Longitudinal section showing the 
micrograph of EEM after 8 seconds stirring 

contains four different layer. 

Figure 14.  Different layer of EEM(a) freezeon layer 
(zone A) (b) mushy zone in EEM (zone B) (c) incipient 

melting zone (zone C) 
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Slurry fabrication and its characteristics was investigated furthermore using quenched slurry 
samples, taken for the different alloys after slurry preparation. The results from 
microstructural investigation of the asquenched slurry are seen in Figure 15(a). The 
formation of primary αAl globular particles (hereafter referred to as α1Al particles) 
occurred during slurry fabrication when the temperature of the melt reduced to the slurry 
temperature. A similar microstructure was observed for all the alloys. The diameter of the 
α1Al particles ranged from 50 m to 80 m for different alloys. These particles are 
distributed through the liquid matrix (here present in the form of a finescaled dendritic 
morphology). The concentration and distribution of the Si in aluminium phases was 
measured using WDS in the quenchedslurry samples from Alloy 1 to 4, Figure 15(b). 

 

 
(a) (b) 

Figure 15. Optical microscopy showing the typical microstructure of quenched slurry sample, (a) 
Alloy 1 after 25 seconds, and (b) The positions of the measurement points for Si concentration 

measurements, using WDS. 

The profile of Si concentration in the α1Al particles is shown in Figure 16(a) for Alloy 1 to 
4. The uniform distribution of Si inside the α1Al particles suggested that homogenisation 
of the α1Al particles occurred during slurry production. Using the phase diagram calculated 
by ThermoCalcTM, the solubility of Si in the aluminium phase corresponding to the slurry 
temperature has been calculated at around 0.23, 0.34, 0.48, and 0.57 wt. % for Alloys 1 to 
4, respectively. The measured Si concentration values showed generally good agreement 
with the calculated solubility limit of Si in the αAl at the measured slurry temperatures. 

A simple back diffusion model solution for a spherical, fixed boundary was used to calculate 
the concentration in the centre of the particle [66]. The model consisted of an initial 
concentration with values corresponding to Si solubility at the liquidus temperature of each 
alloy and a constant value of Si concentration for the outer boundary as Si solubility at slurry 
temperature. The value of diffusion of Si in the aluminium, , at slurry temperature was 
estimated based on the equation developed by Fujikawa  [67]. Figure 16(b) shows the 
changes in Si concentration at the centre of the α1Al particles as a function of time. The 
necessary time for complete homogenisation of the globular α1Al particles was less than 
30 s for all alloys. The times required for slurry production and transfer to the shot chamber 
for the current process setup are of the same order of magnitude, with about 20 s to make 
the slurry and 10 s for the manual transfer of the melt to the shot chamber. 
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Figure 16. (a) Si distribution in the globular α1Al particles; (b) Si concentration in the centre of α1Al 
particle vs. slurry preparation time. 

In the quenched sample of slurry prepared using Alloy 1 to Alloy 4, the composition of the 
liquid portion of the slurry was measured using EDS. The result showed that the remaining 
liquid phase was enriched by the main alloying elements (Si, Mg and Fe) when almost 50% 
solid fraction had formed (see Table 3). This arises from the fact that the solubility of the 
alloying elements in the α1Al particles is low and therefore causes rejection of alloy 
elements into the remaining melt. The formation of α1Al particles and enriched liquid phase 
during the slurry preparation process later increases inhomogeneity in the final 
microstructure. This inhomogeneity in the form of macrosegregation has been observed in 
both longitudinal segregation and transverse segregation for the rheocast components made 
using SSMHPDC. 

Table 3. The chemical composition of original melt measured using OES and the liquid 
portion of slurry in the quenched sample (wt. %), measured using EDS. 

Alloy Si Fe Mg 
Original 

melt 
Liquid portion 

of slurry 
Original 

melt 
Liquid portion of 

slurry 
Original 

melt 
Liquid portion 

of slurry 
1 1.69 2.72±0.42 0.80 1.45±0.28 0.39 0.59±0.04 
2 2.49 4.13±0.32 0.80 1.41±0.19 0.40 0.57±0.06 
3 3.67 5.87±0.28 0.75 1.32±0.29 0.41 0.59±0.02 
4 4.56 8.56±0.39 0.75 1.38±0.33 0.40 0.61±0.07 

  

 
 

(a) (b) 
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3.2 RHEOCAST COMPONENT; MICSROSTRUCTURE 
The multistage solidification of the rheocasting process is likely to have an impact on the 
microstructure of a rheocast material when it comes to e.g. the morphology of different 
phases and the solute distribution in the primary phase. Additionally, the presence of soli 
and liquid phases in the shot sleeve with different rheological behaviours changes the flow 
regime into a more laminar flow. The interaction between liquid phase and solid phase, as 
well as the solid particles themselves influence the final distribution of these phases and 
strongly affect the microstructure. Therefore, understanding the fundamental 
microstructural characteristics in a rheocast component such as microsegregation or 
macrosegration is beneficial for understanding the final properties. 

3.2.1 Microsegregation (Supplement III & VII) 
Figure 17(a) shows a typical asrheocast microstructure of Alloy 1. The particles were 
identified as globular α1Al particles in sizes of the order of 5070 µm, α2Al particles 
(rosette shape) of the order of 25 µm and α3Al particles around 10 µm. Formation of α1Al 
particles was observed during the slurry preparation process. Besides, the absence of fine 
α2Al and α3Al particles in asquenched slurry suggests nucleation of these particles in 
distinct nucleation events. After pouring slurry into the cold chamber and injection into the 
mould cavity, the subsequent high cooling rate was expected to cause nucleation throughout 
the entire volume of the remnant liquid. 

  
(a) (b) 

Figure 17. (a) Optical micrograph of a typical microstructure in Alloy 4 rheocast component (b) The 
positions of the measurement points in the α1Al particles for concentration measurements using 

WDS. 

The segregation pattern of Si in the α1Al particles of the rheocast samples was studied. 
Figure 17(b) illustrates the mapping line in the α1Al particles in the rheocast component. 
Figure 18 illustrates the profiles of the measured Si concentration for Alloy 1 to 4. Two 
different zones for Alloy 1 and three different zones for Alloys 2, 3, and 4 are recognisable 
in the graphs. The presence of a in Alloys 2, 3, and 4 and not in Alloy 
1 demonstrates the importance of the eutectic phase with regard to dendritic growth on the 
surface of the α1Al particles. Because of the growth of the dendritic zone into the eutectic 
region, Si began to diffuse into the centre of the α1Al particle, which had a lower Si 
concentration and formed a . Thus, due to the back diffusion, the Si level on 
the both sides of α1Al particles increased to a higher value than that at the centre.  
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The central of the α1Al particles had levels of Si equivalent to levels seen 
in the α1Al particles of the quenched slurry samples, suggesting that no significant diffusion 
occurred in this region following the homogenisation process. By analytical solution of the 
diffusion equation in spherical coordinates, the Si concentration profile from the centre of 
the α1Al particle [66] was calculated. The results for the four different alloys are shown in 
Figure 18. The calculated results (dashed lines) clearly indicate that the transition zone was 
affected by back diffusion of Si from the region with a higher concentration. The time 
required for the diffusion to achieve a best fit to the measured data was 1.6, 2.2, 2.9, and 3.4 
seconds for Alloys 1, 2, 3, and 4, respectively.  

 

  

(a) 
 

(b) 
 

 
 

 

(c) (d) 

Figure 18. The segregation pattern of Si in the α1Al particles in the rheocast sample for; (a) Alloy 1, 
(b) Alloy 2, (c) Alloy 3, and (d) Alloy 4. 
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The Si concentrations in the α2Al and α3Al particles, are shown in Figure 19. The average 
Si concentration at the centre of α2Al particles (Figure 19(a)) was higher than the equivalent 
value at the centre of the α1Al particles, but lower than that measured at the centre of the 
α3Al particles. It was concluded that α2Al and α3Al particles form after the slurry 
formation, and that α2Al particles nucleated first at a higher temperature and the α3Al 
nucleated later, at a temperature near the eutectic temperature. 

 

  

(a) (b) 

Figure 19. (a) Si concentration at the centre and side for 2030µm α2Al particles and (b) at the centre 
for 510 µm α3Al particles. 

Similarly, for Stenal Rheo1, segregation of the Si in the aluminium phases was measured 
using WDS for the liquidcast samples and the rheocast samples. Three points were 
measured across αAl dendrites; while nine points were used for α1Al globular particles at 
the centre, midradius and full radius. The results, Figure 20(a), showed that the Si 
concentration profile in the liquidcast material followed the expected segregation profile, 
while the Si concentration for the rheocast material was more homogenous, increasing near 
to the particle surface. The precipitation sequence of the ascast liquid and rheocast material 
for the Stenal Rheo1 alloy is presented in Figure 20(b). Both graphs show a clear peak 
around 225325°C, corresponding to the precipitation of Si from the solid solution [68]. 
However, the larger peak area of the liquidcast alloy clearly indicates higher amount of Si 
precipitates, which is in good agreement with the Si concentration measurements in αAl. 

Based on the composition of the original melt, the sequence of solidification (primary phase 
and eutectic reaction) was calculated using JMatProTM. This showed that needleshaped 
β(AlFeSi) was the most favourable eutectic phase in Alloy 1 to Alloy 4 and was formed 
before the eutectic Si phase. The calculation showed a good agreement with microstructural 
evaluation for Alloy 1 and 2, where the presence of β(AlFeSi) was observed together with 
the AlSi eutectic phase. For Stenal Rheo1 alloy, the AlSi eutectic phase and Al2Cubearing 
phase precipitated in the regions between αAl phases below the eutectic temperature of. 
Formation of Ferich intermetallic compounds was observed in this alloy. 
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(a) (b) 

Figure 20. (a) Concentrations of Si in αAl phase for the rheocast and liquidcast material using Stenal 
Rheo1 alloy. (b) The precipitation sequence for the liquidcast and rheocast materials. 

 

3.2.2 Macrosegregation (Supplements IV, V, VII & VIII) 
Longitudinal Segregation. Figure 21 shows the microstructures at two different positions 
of the rheocast radio filter made of Stenal Rheo1: (a) the plate near to the gate (b) the plate 
near to the vent. As a reference material, Figure 21(c) shows the microstructure of the liquid
cast alloy. As shown in Figure 21(a) the microstructure of the neartogate alloy consisted 
of a large quantity of fine α1Al particles. In contrast, a higher amount of α2Al particles was 
observed for a neartovent sample (see Figure 21(b)) as a result of solidification of the 
enriched liquid phase at a very high cooling rate inside the cavity. Similar behaviour was 
observed in the rheocast radio filter made of Alloy 2. Conversely, the microstructure of the 
liquid casting, Figure 21(d), revealed a uniform microstructure of a dendritic network of α
Al. As the primary Al phase in the microstructure of the rheocast alloys consisted of α1Al 
and α2Al particles, the microstructural inhomogeneity was quantified as the fraction of α1
Al particles in the primary Al phase, see Table 4. This quantitative measurement showed 
that some macrosegregation occurred through the components for both alloys. However, the 
same difference in fractions of α1Al particles was observed between the two positions for 
two alloys.  

 
Table 4. Fraction of α1Al particles in the microstructure of sample in different positions. 

 fs, % (Alloy 2) fs, % (Stenal Rheo1) 

Neartogate  66±4 72±6 

Neartovent  22±6 27±4 
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(a) (b) (c) 

Figure 21. The microstructure of the rheocast radio filter component in (a) position 1, (b) position 2 
and (c) the liquidcast alloy.  

Similar study about the segregation pattern of Al particles was perforemed in the chassis 
component which rheocast using Alloy X as well. Figure 22 shows the microstructure of 
the cross section of the cast this component for two different casting conditions in the area 
near the gate (Figure 22(a) and Figure 22(c) and the area near the vent (Figure 22(b) and 
(d)). In the area near the gate for the condition with the lowest die temperature (Ttool) and 
lowest plunger speed in the second phase (V2) (see Figure 22(a)), the material consisted of 
82±3% of the total α1Al particles. For the process condition with the highest die 
temperature (Ttool) and second phase speed (V2) (see Figure 22(c)), the amount of α1Al 
particles in the same region decreased to 71±3% of the total α1Al particles. 

Transverse Segregation. Macrosegregation in the form of transverse segregation was 
investigated for the chassis component, rheocast using Alloy X. Fine equiaxed and coarse 
microstructure morphologies were formed at the surface of the die (skin effect) and the 
centre of the rheocast samples respectively (see Figure 22(b) and Figure 22(d)). In addition, 
Figure 23 shows transverse macrosegregation in the form of eutectic band and porosity 
bands in the cast components, which are similar to the shear bands found in HPDC castings. 
These bands in the form of porosity or positive macrosegregation (eutecticrich) band have 
been attributed to localized shear bands depending on alloy composition [22]. 
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  Figure 22. The sample with the lowest V2 and coldest Ttool; (a) near the gate and (b) 
near the vent. The sample with the highest V2 and hottest Ttool; (c) near the gate 

and (d) near the vent [69]. 

Further investigation of the rheocast samples showed that the eutectic bands formed in the 
samples with larger quantities of alloying elements (2.3% Si, 0.9% Cu), whilst the sample 
with porosity bands had lower additions (1.5% Si, 0.6% Cu). Additional calculations using 
JMatProTM program showed that the eutectic point of the alloy with the highest alloying 
content occurred when 83% of the solid phase had formed; for the sample with the lowest 
alloying content, 93% of the solid fraction had been formed at the eutectic point. So based 
on the JMatProTM results, in the samples with higher amounts of alloying elements, the 
existence of sufficient eutectic phase (liquid phase) to compensate for volume expansion 
leads to a positive macrosegregation. In contrast, the formation of the porosity band in the 
samples with lower amounts of alloying elements is related to the insufficient remaining 
liquid. Consequently, the formation of either porosity bands or eutecticrich bands is related 
to the feeding ability of the expanded volume in the shear bands. 

 
Figure 23. Two typical shear bands; (a,) eutectic rich band, (b) higher magnification of eutectic rich 

band and (c) porosity band [69].  
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3.3 RHEOCAST COMPONENT; CHARACTERISTICS 
The existence of globular αAl particle in a rheocast material is the most conspicuous feature 
in comparison with a conventionally solidified material, where dendrites typically form. 
However, the formation of primary αAl during slurry preparation cause exaggerated micro 
and macrosegregation in the final component. All these microstructural features are likely 
to have an impact on the component properties. 

3.3.1 Mechanical properties (Supplement V) 
The influence of microstructural inhomogeneity on fracture behaviour in the chassis 
component, rheocast using Alloy X was investigated for samples from different positions, 
Figure 10. The tensile test results, together with the 95% confidence interval, are shown in 
Table 5. An increase in the yield stress value in the sample from near to the vent was 
observed. The microstructure of this sample was also characterised by a finer microstructure 
due to higher liquid segregation (Figure 22 (b) and (d)). This highlights the effect of 
microstructure morphology on the final mechanical properties. Moreover, a lower average 
elongation value and earlier fracturing in the samples from the same region was observed. 

Table 5. The YS, UTS, and elongation values of the three samples. 
Location YS (MPa) UTS (MPa) Elongation (%) 
1 (neartogate) 64.3±2.57 178.9±8.94 10.7±1.31 
3 (neartogate) 66.1±3.20 181.4±14.01 13.6±1.74 
5 (neartovent) 69.9±2.74 155.9±8.66 5.8±1.72 

A closer SEM examination of the fracture surface of the tensiletested samples showed a 
mixedmode fracture surface with dimples and brittle cleavage features, similar to river 
marks (Figure 24 (a)) in the near to the gate samples. For the tensiletested samples with the 
highest value of elongation, there was clear evidence that microvoids around the matrix 
were the primary cause of failure. On the other hand, the presence of a pore on the fracture 
surface (Figure 24 (b)), suggests that this inhomogeneity may be involved in the early 
formation of cracks. This was verified by demonstrating that the medium elongation values 
belong to the samples with pores on the fracture surface. 

 
(a) (b) 

Figure 24. (a) Mixedmode fracture with cleavage features in the area near the gate; (b) a pore, and a 
severely sheared surface, parallel to the tensile direction [69]. 
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In observing the fracture surface of the tensiletested samples from near to the vent region, 
significantly different mechanisms of fracture were found (see Figure 25(a) and (b)). The 
presence of dimples suggests that the ductile fracture mode seen in some regions was the 
main fracture mode (see Figure 25(b)). This is more obvious for the skin layer, in which 
early solidification decreased the chance of shrinkage porosity formation. On the other hand, 
the lack of any visible or significant deformation of the microstructure at the centre of 
samples suggested the presence of a large area of shrinkage porosity. 

 
(a) (b) 

Figure 25. Sample from the area near the vent; (a) shrinkage porosity and dimples in the centre; (b) 
presence of dimples, showing a better coherency of material in skin layer [69].  

Fractographic analysis on specimens from near to vent regions, Figure 26(a), also showed 
continuous interdendritic shrinkage in this area. These shrinkage porosities decreased the 
elongation value to less than 1.5%. Figure 26(b) similarly illustrates that porosity bands 
were present in the form of a continuous line located around 550 µm to 650 µm from the 
surface of the component. These bands were formed in the same level that secondary cracks 
on the fracture surface were observed. A study of the sample from the area near the vent 
showed the presence of a porosity band in the area near to the surface of the cast component, 
as well as shrinkage porosity in the core of the samples, which caused a decrease in the 
elongation to less than 1%. 

 
Figure 26. (a) SEM image of defect band in the form of shrinkage porosity, (b) the pore bands were 
observed at the same distance from the surface as the secondary crack profile (white arrow) [69]. 
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3.3.2 Physical properties; ascast condition  
Effect of Macrosegregation. (Supplement IV & VII) The thermal conductivity of Stenal 
Rheo1 and Alloy 2 was measured in two different locations of the rheocast radio filter; near
togate and neartovent. The thermal conductivity of liquidcast Stenal Rheo1 was also 
measured as a reference. Figure 27(a), showed that the rheocast material had a higher 
thermal conductivity as compared to the liquidcast material. Furthermore, different thermal 
conductivity values were measured within the rheocast component, with a higher value for 
in samples with the higher fraction of α1Al from the nearto gate region. The difference 
decreases with increasing the temperature. Comparing Stenal Rheo1 to Alloy 2 showed an 
increased thermal conductivity for Alloy 2, Figure 27(b). A similar trend was observed for 
the difference between thermal conductivity from neartogate and neartovent regions for 
both alloys. Considering the concentration of Si in the α1Al particles as compared to α2Al 
particles, Figure 18 and Figure 19, indicates a lower Si concentration in the α1Al particles 
for Alloy 2 increase the mean free path of electrons inside the highest conductive phase 
(primary aluminium). Also the higher concentration of the α1Al particles in the nearto
gate region helps to improve the thermal conductivity. Figure 20, indicates the same trend 
where rheocast material showed a lower amount of Si in solid solution when comparing the 
compositions of globular and dendrite αAl corresponding to rheocast and liquidcast alloy. 
Therefore, it can conclude that the amount of Si in solid solution has a great influence on 
thermal conductivity. 

  

(a) (b) 

Figure 27. (a) Thermal conductivity of rheocast and liquid cast Stenal Rheo1 and b) thermal 
conductivity of Stenal Rheo1 and Alloy 2 in the ascast condition. 

The relationship between microstructure and thermal diffusivity of a rheocast VPDC 
component, Figure 9(b), was investigated for Alloy 1 and Alloy 4. The microstructure, 
quantified by the amount of α1Al particles clearly revealed both longitudinal and transverse 
macrosegregation of solutelean α1Al particles. A higher amount of α1Al particles was 
seen in the core, and greater segregation of liquid phase was seen towards the surface of the 
component. Studies of the microstructure, and measurements of hardness Figure 28(a) and 
thermal diffusivity, Figure 28(b), revealed that regions of the component with a high fraction 
of α1Al particles had a higher thermal diffusivity but a lower hardness. Comparison of the 
effects of longitudinal and transverse segregation on thermal diffusivity showed that 
transverse segregation had a stronger impact. 
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(a) (b) 

Figure 28. (a) . Segregation pattern (b) thermal diffusivity in transvers direction in VPDC component 

 
Effect of Alloying Elements. (Supplement VI) The influence of different alloying 
elements on thermal properties in the ascast condition was investigated in Alloy X and AA 
6082. The thermal diffusivity and thermal conductivity for the ascast 6082 and Alloy X are 
presented in Figure 29. The thermal conductivity of 6082 was lower than Alloy X, despite 
its low Si concentration. Concentrations of Si were 0.5±0.09 wt% and 0.45±0.08 wt% in the 
matrix for 6082 and Alloy X, respectively. However the concentration of Mn in the matrix 
was 0.41±0.06 wt% for 6082 and 0.17±0.03 wt% for Alloy X [70]. Therefore, the high Mn 
concentration of 6082, as well as the presence of MgSi clusters or precipitates, contributed 
to the low thermal conductivity [71]. A smaller difference in thermal conductivity between 
Alloy X and 6082 with increasing temperature can indeed be observed in Figure 29. The 
growth of Mg2Si clusters and the formation of a higher fraction of Mncontaining 
dispersoids in 6082 both contributed to the decrease in the thermal conductivity difference 
between 6082 and Alloy X with increasing temperature. 

  

(a) (b) 

Figure 29. (a) Thermal diffusivity and b) conductivity of rheocast Alloy X and 6082 samples in the as
cast condition. 
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3.3.3 Physical properties; heattreated condition (Supplement VI and VII) 
The aging time for T5 treatment for the samples taken from position 1 on the rheocast radio 
filter was obtained by means of hardness measurements. Ageing for 4 h at 200 °C, 
corresponded to peak hardness; 3 h at 250 °C to achieve an overaged condition; 70 min at 
300 °C, to achieve a heavily overaged condition with low hardness was conducted. For 
Alloy X, an ageing time of 1 h and 6 h at 205 °C were chosen for LFA samples. For obtaining 
the T6 treatment for Stenal Rheo1 alloy, solution treatment times were chosen based on the 
measured distance between Al2Cu phases. 

The measured distance of 80±20 µm for the rheocast component, and 50±10 µm for the 
liquidcast samples, gave treatment times of 9 h and 3.5 h for the rheocast and liquidcast 
samples at 495 °C, respectively. For Alloy X, solution heat treatment was set as 6 h at 500 
°C. Optical micrographs of the rheocast component after solution treatment are illustrated 
in Figure 30. It is clear from the microstructure that fragmentation of Si eutectic particles 
occurred during solution treatment, resulting in smaller and more rounded Si particles. 

 

  
(a) (b) 

Figure 30. Optical micrographs of the rheocast component after solution treatment using (a) Stenal 
Rheo1 and (b) Alloy X. 

 

The thermal diffusivity and conductivity of heattreated Stenal Rheo1 rheocast and liquid
cast samples is presented in Figure 31 and Figure 32, respectively. All heat treatments 
resulted in an increase in thermal diffusivity as compared to the ascast condition. The 
thermal conductivity after a T5 treatment at 250 °C and 300 °C was about the same, while 
a T5 treatment at 200 °C resulted in a lower thermal conductivity. By raising the temperature 
to 250 °C during the diffusivity measurement, the diffusivity of the T5200 °C treated 
samples increases and reaches a value similar to that of T5250 °C and T5300 °C treated 
samples. For the liquid cast alloy the diffusivity for all T5 treated samples as well as the as
cast samples converge at 250 °C. A higher diffusivity for the solution treated alloy was 
observed and a T6 peak ageing at 200 °C increased the thermal conductivity further to 182 
W/mK at room temperature. The liquid cast alloy showed lower values for thermal 
diffusivity and conductivity for all conditions, as compared to the rheocast sample. 
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(a) (b) 

Figure 31. Thermal diffusivity of T5 and T6 treated (a) rheocast (b) and liquidcast Stenal Rheo1 

 

  

(a) (b) 

Figure 32. Thermal conductivity of T5 and T6 treated (a) rheocast (b) and liquidcast Stenal Rheo1 

Similarly, Figure 33(a) and Figure 33(b) show the average values of thermal diffusivity and 
thermal conductivity for Alloy X in the ascast, T5 and T6 heattreated states from room 
temperature up to 400 °C. The solution treatment and artificial aging increased thermal 
diffusivity and correspondingly the thermal conductivity. The results also showed a T5 250 
°C/3 h treatment give a similar thermal diffusivity and conductivity as obtained by a T6 205 
°C/1 h treatment. Therefore, by considering the T6 treatment combined with aging process, 
the effect of dissolving Al2Cu in solid solution, fragmentation of Si particles during solution 
treatment and also partial precipitation of Si had the same effect as a T5 250 °C/3 h treatment 
had, only by decreasing the concentration of Si in solid solution. It was concluded that the 
precipitation of Si was the main mechanism for the improvement in thermal conductivity. 
Considering the electronics industry requirement for maximum thermal performance, and 
taking blistering into account, a T5 treatment at 250 °C was recommended for Alloy X, in 
spite of the resultant limited mechanical properties and low hardness. 
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(a) (b) 

Figure 33. (a) Thermal diffusivity and (b) conductivity of Alloy X for ascast, T5, and T6 conditions. 

A T6 treatment resulted in a further increase in thermal diffusivity and conductivity as 
compared to the T5 treatments for all samples. Microstructural investigation before and after 
the T6 treatment showed the fragmentation and spheriodisation of Si particles, which 
resulted in small and rounded Si particles. This leads to a reduced contact area between the 
αAl matrix and the Si particles [72]. Therefore, the probability of the scattering of electrons 
by Si particles is reduced, resulting in an increase in thermal conductivity. The same effect 
of Si morphology on electrical conductivity was reported by adding strontium [73] or 
solution treatment [74]. In addition, the concentration of different alloying elements, such 
as Si and Mn, in the solid solution is expected to decrease during solution treatment due to 
precipitation, also contributing to an increase in thermal conductivity [70]. 

3.3.4 Effect of temperature on properties (Supplements VII) 
Figure 34(a) shows the relationship between hardness and conductivity, based on 
measurements of liquidcast and rheocast Stenal Rheo1 alloy. An increase in conductivity, 
without decreasing hardness was obtained for a T5 treatment at 200 °C. A further increase 
in conductivity was obtained for overaged samples with a T5 treatment, although this 
compromised strength. The T6 treatment provided superior properties in terms of both 
strength and thermal conductivity. Correspondingly, the relationship between hardness and 
thermal conductivity showed a complex behaviour, which was far from linear. The reason 
for the nonlinearity is that atoms in a solid solution, GP zones, and precipitates are effective 
to different degrees with regard to obstructing dislocation movement (strength) and 
electrons (conductivity) [75, 76]. 

Considering the thermal diffusivity results from different conditions, there is a clear increase 
between 225 and 250 °C which corresponds to Si precipitation from solid solution [77]. The 
measured precipitation sequence for the liquidcast and rheocast alloy, Figure 20(b), was 
used to plot the increase in diffusivity when the temperature increased from 200 °C to 250 
°C versus the peak area related to Si precipitation. The results in Figure 34 clearly show a 
linear relationship between the peak area and thermal diffusivity. However, the hardness for 
T5/250°C showed a softening response for the rheocast alloy. 
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(a) (b) 

Figure 34. (a) The relationship between strength and conductivity, showing hardness for rheocast and 
liquidcast material; (b) Increase in thermal diffusivity when the temperature was increased from 200 

°C to 250 °C versus peak area for Si precipitation. 

3.4 LOCAL THERMAL CONDUCTIVITY (SUPPLEMENTS VIII) 
The values of thermal conductivity measured at different positions of the component 
showed a dependency on both temperature and microstructure. A relation to describe this 
as a function of gatetovent distance, using a linear interpolation and curve fitting in the 
temperature range of 30 oC to 150 oC was derived for Alloy 2 as compared to Stenal Rheo 
1. The results, Figure 35(a) and Figure 35(b), showed that the microstructural 
inhomogeneity from the gate to the vent had a bigger influence on thermal conductivity for 
Alloy 2 as compared to Stenal Rheo 1, and conversely temperature had a bigger influence 
on Stenal Rheo1. 

The study of thermal conductivity between the gate and vent regions of the rheocast 
component showed up to 10% difference at 100 oC. The influence of local variation in 
properties was further investigated by means of simulation of a rheocast component, Figure 
11. The k(T) functions obtained from the neartogate and neartovent regions, Figure 35, 
were assigned to highest and lowest thermal conductivity MP5 and MP1. The thermal 
conductivity for different material partition, Figure 11, are obtained in component made of 
Stenal Rheo1 by: 

k(T, MPi)= (0.0760.001×MPi)⋅T+2×MPi +145.8,   (2) 
 
and in component made of Alloy 2 by:  
 
k(T, MPi)= (0.040.006×MPi)⋅T+6×MPi +169.85.    (3) 

where  and  vary from 1 to 5 and from 30 oC to 150 oC, respectively. The maximum 
influence of inhomogeneous thermal conductivity on the thermal performance of the multi
fin heatsink was determined by comparing different scenarios.  
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(a) (b) 

Figure 35. Temperature dependent thermal conductivity derived from the measurement data (points) 
by linear fitting (solid line): (a) Alloy 2 (b) Stenal Rheo1. 

 

An example of temperature distribution on the base of HS1 and HS2 is shown in Figure 36. 
The result of this simulation indicated that neglecting the effect of inhomogeneous thermal 
conductivity in large heatsinks may lead to over 3.5% error in estimation of the maximum 
thermal resistance of the component. This is especially the case for the rheocast components 
made of low alloyed Al alloys, such as alloy 2. Moreover, an improvement in heatsink 
thermal resistance can be achieved when the neartogate region (which has higher thermal 
conductivity) is located on the top of the heatsink, and the fins are aligned with gravity. 
Thus, orientation of an inhomogeneous heatsink along the gravity direction must correlate 
with the location of the gating system in the rheocasting process. These conclusions 
illustrate clearly the importance of communication between the heatsink process / material 
engineers and electronics designers in the product design phase. Good communication will 
help to improve the accuracy of heatsink performance estimates. 

 

Figure 36. Temperature distribution on the base of HS1 and HS2. 

Th
er

m
al

 c
on

du
ct

iv
ity

, W
/m

.K

0 40 80 120 160
Temperature, ºC

148

152

156

160

164

168 Stenal Rheo1
NeartoGate
NeartoVent

kMP5 = 0.069 T + 157.20

kMP1 = 0.075T + 148.16



                                                                                           Rheocasting of Aluminium Alloys: 
Process and Components Characteristics 

37

CHAPTER 4   

 
CONCLUDING REMARKS 

 


This chapter summarises the work carried out in this thesis and some of the conclusions that 
have been drawn. 

 

This PhD study, by focusing on product realisation using the RheoMetalTM process as a 
newly developed rheocasting method, aimed to facilitate new possibilities to generate a 
novel product design concept as well as design guidelines. Reaching this target was 
achieved by extending the production boundaries for complex shape components and by 
developing a new AlSi alloy composition.  

Based on this new knowledge, design guidelines were developed for components used for 
thermal management, taking into account inhomogeneous thermal conductivity. In this 
development process, new scientific and technical knowledge related to both the rheocasting 
process and final product properties have been attained: 

 

Alloy Design 

• The possibility of making slurry of a neartopure aluminium alloy with a eutectic 
knee point in the liquid phase vs. temperature curve, at around 15% liquid must be 
considered as a practical design guideline for high process stability while avoiding 
pore band formation. 

• Enriching the liquid portion of slurry with alloying elements such as Fe and the 
formation of liquid surface layer in the rheocast component points to the possibility 
of reduction of Fe level in the original melt which mostly added to improve die 
sticking. 

Slurry Formation 

• The RheoMetalTM process is a hybrid SSM process which produces nondendritic α
Al particles partly by rheoprocessing and partly by thixoprocessing. Fragmentation 
and spherodisation of secondary dendrites in a mushy zone inside the EEM was 
responsible for globular solid particles from the EEM. 

• Formation of excessive amounts of nonequilibrium solutelean α1Al particles 
enriched the liquid portion of the slurry. This offers a new opportunity to a create 
slurry from aluminium alloys with narrow freezing ranges. However, the formation 
of a freezeon layer must be considered as this is detrimental to process stability. 
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Castability 

• Solidification of the liquid portion of slurry inside the cavity results in formation of 
fine solute rich α2Al /α3Al particles after slurry fabrications. Macrosegregation as 
the ratio of α1Al particles to α2Al /α3Al particles were found highly important for 
the final microstructure.  

• A strong microstructural inhomogeneity in the rheocast as compared to liquidcast 
alloy was found as a result of extensive inhomogeneity in the slurry. This arises from 
enrichment of the liquid phase of the slurry after formation of α1Al particles. 

Component characteristics 

• Formation of liquid segregation and migration of solid particles into the centre of a 
rheocast component and altering the ratio of α1Al to fine solute rich α2Al /α3Al 
particles strongly influence properties such as fracture behaviour and thermal 
conductivity. 

• The inhomogeneous microstructure affects in dissimilar ways thermal conductivity 
and mechanical properties. Likewise, a complex relationship between mechanical 
strength and thermal conductivity due to heat treatment was related to different 
contributions of parameters such as solid solution and eutectic phases. 

• Despite the reduction of alloying elements, such as Si, improve thermal 
conductivity, but microstructural inhomogeneity must be considered as a practical 
design guideline as this may have a dominant influence on thermal performance of 
rheocast components. 

• Neglecting the influence of local thermal conductivity in a large rheocast heatsink 
may lead to over 3.5% error in estimation of the maximum thermal resistance of the 
heatsink. 
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CHAPTER 5 

 
FUTURE WORK 

 


In this chapter several ideas are presented regarding how to continue and improve different 
parts of the experimental strategy in future work.  

This research study aimed to illustrate new opportunities in SSM casting by highlighting 
applications for the electronics industry, as well as developing simple design guidelines. 
Nevertheless, there are several other benefits and there is additional potential to create a 
greater industrial interest for certain type of applications. However, SSM processing and 
particularly RheoMetalTM technology has to overcome some restrictions at different levels 
in the product realisation process, especially in design costs and in generating new concepts 
in order to achieve a significant role in future manufacturing.  

During slurry fabrication using RheoMetalTM process, the effect of process parameters as 
well as solidification process on the formation of excessive amount of primary aluminium 
phase, as compared with the value obtained by heat balance or Scheil model is still an 
unsolved problem. Investigation to evaluate the effect of the boundary heat lost and the 
amount of primary Al phase in the EEM would be valuable to find a better description for 
this problem. 

In SSM casting, a  of the component and the  
of the component, are not similar matters. Therefore, better knowledge about segregation 
and porosity formation as well as feeding mechanisms are still emerging topics. The better 
understanding enhances our estimation about formation of the microstructure and thereby 
to predict the local and global properties of the component more effectively. These 
unaddressed research topics could be very beneficial for designers to apply these 
characteristics to a more optimised product instead of a random product. 

SSM casting can play a key role in the automotive industry by understanding the effect of 
inhomogeneous properties on mechanical performance such as dynamic applications for 
load bearing components, e.g. fatigue properties. Additionally, it would be of great 
assistance to the industry to identify the effect of the heat treatment processes (e.g. ageing 
and solution treatment) on the final properties of a rheocast component. The low 
concentration of alloying elements in primary aluminium phase, (α1Al particles), formed 
during RheoMetalTM process presents a challenge to obtain a good response from the T5 
heat treatment, and solving this issue would be very beneficial for economical production 
in the automotive industry. 
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