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ABSTRACT 

 
 

Innovative materials with novel properties are in great demand for use in the critical 
components of emerging technologies, which promise to be more cost-effective and energy-
efficient. A controversial issue with regard to manufacturing complex industrial products is 
to develop advanced materials with optimised manufacturability in addition to the required 
mechanical and physical properties. The objective of this research study was to develop and 
offer new solutions in material-processing-related issues in the field of mechanical and 
electrical engineering. This was achieved by investigating the new opportunities afforded 
by a recently developed rheocasting method, RheoMetalTM process, with the goal of coming 
to an understanding of the critical factors for effective manufacturing process. 

A study of the evolution of microstructure at different stages of the rheocasting process, 
demonstrated the influence of multistage solidification on the microstructural characteristics 
of the rheocast components. The microstructural investigation onquench slurry showed it 
consists of the solute-lean coarse globular α-Al particles with uniform distribution of 
alloying elements, suspended in the solute-rich liquid matrix. Such inhomogeneous slurry 
in the sleeve seems to play a critical role in the inhomogeneity of final microstructure. In 
the rheocast component, the separation of the liquid and solid parts of slurry during filling 
influenced on the microstructural inhomogeneity. 

The relationship between the microstructural characteristics and properties of the rheocast 
components was investigated. The study on the fracture surfaces of the tensile-tested 
specimens showed that the mechanical properties strongly affected by microstructural 
inhomogeneity, in particular macrosegregation in the form of near surface liquid segregation 
bands and subsurface porosity. The thermal conductivity measurement showed variation of 
this property throughout the rheocast component due to variations in the ratio of solute-lean 
globular α-Al particles and fine solute α-Al particles. The result showed silicon in solid 
solution have a strong influence (negative) on thermal conductivity and precipitation of 
silicon by heat treatment process increase the thermal conductivity. 

Keywords: SSM Casting, aluminium alloy, RheoMetalTM process, microstructure, 
physical and mechanical properties
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CHAPTER 1   

 
INTRODUCTION 

 
CHAPTER INTRODUCTION 
The background of the current work is introduced by focusing on the aluminium alloys and 
general microstructural features and properties of the cast components. Special focus will 
be given to semisolid metal casting with focus on alloy development and the rheological 
advantage offered by this process route. 

1.1 BACKGROUND 
In the automotive and electronics industries, increasing demand for high-performance 
equipment force scientists to improve the capabilities of many applications by innovating 
new creative solutions. The major driving forces for investigating is to find the possibilities 
for weight minimization and even higher reliability of the components in service. Therefore, 
selecting a suitable alloy and the best possible manufacturing method is a critical matter 
from an engineering and scientific perspective. 

Looking at constraints in the industry from both the angle of business image and the need 
for advanced technical material solutions, such as low-density, corrosion resistance, high 
strength, and high thermal/electrical conductivity as well as recyclability, makes aluminium 
alloys as a proper candidate. For advanced technical production solutions of aluminium 
alloys, extrusion, or forging for simple shape components, as well as casting and machining 
for more complex shapes, are very common manufacturing methods. In most cases, 
compromises in specified criteria such as cost, dimensions, design features, and material 
property requirements, limit the range of candidate processes and lead to the use of the most 
effective process. However, when more complex shapes component are needed, casting 
method especially cold chamber high pressure die casting (HPDC) is considered to be a 
highly cost efficient and productive alternative in aluminium die casting [1]. 

Moreover, during the last four decades, semi-solid metal (SSM) casting integrated with 
HPDC as a production method has been developed to produce high integrity components in 
a more cost-efficient way [2]. However, the major benefits of casting such semi-solid metals 
come from its shear rate dependant viscosity and the related flow properties during cavity 
filling, making it possible to produce more complex shape components as compared to 
conventional HPDC. These capacities in SSM-HPDC have created a large industrial interest 
for certain kind of applications [3]. On the other hand, future developments of the SSM 
casting process cannot focus only on improvements of existing products, but must also 
introduce new production concepts to generate future investment vital. Therefore, 
scientifically understanding the involved phenomena will support the prospect planning of 
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a strategic framework through more robust manufacturing processes and maximising the 
final properties for their respective applications. Furthermore, the evaluation of new 
production systems in a scientific manner is essential to ensuring that a new technology is 
able to satisfy the required specifications of a new product concept. 

1.2 ALUMINIUM ALLOYS 
Aluminium alloys are easy to recycle, have a high resistance to corrosion, a high electrical 
and thermal conductivity [4], and can be cast by essentially all existing processes [5]. The 
properties of aluminium alloys can be altered to a great extent by changing the composition, 
casting process, solidification, and post solidification process. These variables mostly 
influence microstructural characteristics, which are the most significant factors in defining 
the final properties of a cast component, such as physical and mechanical properties [6]. For 
that reason and to optimise performance characteristics and deliver the required level of 
quality, understanding the impact of these variables on microstructural characteristics and 
also final properties is critical. 

1.2.1 Influence of alloy composition 
Alloying composition is the main factor that has influence on solidification and fluidity, and 
thereby defines final properties by affecting metallurgical factors such as intermetallic 
formation, the atoms in the solid solution, and morphology of particles [7-9]. Each alloy is 
distinct from its chemical composition. Indeed, the purpose in forming an alloy is to provide 
a material with desired physical, mechanical and chemical properties, but increasing 
alloying elements makes it hard to control final properties due to formation of complex 
phases in final microstructure. A major drawback with casting process is that most casting 
alloys contain high contents of alloying elements. In this context, the effects of additional 
chemical alloying elements may be categorised into:  

• major alloying elements, such as Si, Cu, and Mg, which control fluidity and amount 
of eutectic or complex phases; 

• minor alloying elements, such as Sr, B, Ti, Na, and Mn, which control solidification 
behaviour and the morphology of phases [10];  

• impurities, such as Fe, which are impossible to eliminate but possible to modify so 
as to improve the properties [5].  

The mechanical properties of cast aluminium alloys such as yield strength (YS), ultimate 
tensile strength (UTS), and ductility are highly interested by automotive and aerospace 
industries. This property mostly related to microstructural characteristics by describing 
eutectic phases [11], grain refinement and particle morphology, and defect formation [12]. 
For instance, increasing the Si content in a hypoeutectic Al-Si alloy leads to increased UTS 
but decreased elongation [13]. Morphology and distribution of Si-particles from needle 
shape to spherical shape as a result of modification and refinement of Si by adding the 
element such as Na and Sr or increasing cooling rate as well as a heat treatment process 
increase ductility and UTS [14-16]. The addition of Mg in the range of 0.4-0.6 wt. % can 
increasing the yield stress after T5 heat treatment. Fe-rich intermetallic compounds such as 
α-, β-, and π-Fe phases are common in components made using HPDC due to a decrease in 
die soldering. These phases decrease the ductility of the component by forming more brittle 
phases such as α(AlSiFe) or β(AlSiFe) [17, 18]. Manganese mainly modifies these phases, 
and thus improves the ductility and shrinkage characteristics of the alloy [19, 20]. 

2 



Rheocasting of Aluminium Alloys: 
Slurry Formation, Microstructure, and Properties 

Similarly, thermal conductivity is an important material property for applications where heat is 
generated and needs to be removed, for example in electronic devices and engine components. 
Thermal conductivity is strongly influenced by the mean free path of electrons, i.e. (the 
average distance an electron moves before its trajectory is altered by an impurity) [21]. A 
consequence of adding alloying elements is that the thermal conductivity is reduced 
significantly. The alloy elements, added to casting aluminium alloy, can be predicated as 
impurities or as solid solution.  

The atoms in solid solution, as Guinier Preston (GP) zones, as precipitates or as larger 
particles have a significant influence on the thermal conductivity [22]. A high concentration 
of atoms in a solid solution results in a low thermal conductivity due to the atoms acting as 
small sources of disturbance. The influence of these alloying elements on electrical 
resistivity, synonymous with thermal conductivity, is well studied by Olafsson [23] and is 
summarised in Figure 1. Moreover, the contribution of alloying elements outside of solid 
solution to resistivity is typically one order of magnitude smaller than that of the elements 
in the solid solution. However, Patterson et al. [24] and Mulazimoglu et al. [25, 26] studied 
the influence of Sr modification on the electrical conductivity of Al-Si alloys with Si 
concentrations of between 0 and 12.6wt%, and concluded that electrical conductivity 
increases in modified alloys as the Si particles become finer. 

 
Figure 1. The contribution of alloying elements to resistivity (nΩm/wt%) [27]. 

1.2.2 Influence of process  
The casting process by determining the solidification rate and also formation of defects in 
the final component has important influence on the final properties of the cast component 
[28]. For instance, HPDC process as the rapid filling process with high solidification rate 
enable to manufactures components in a very wide size range. The high solidification rate 
in this process refine the final microstructure and thereby improve mechanical properties. 
In addition, components manufactured using HPDC are characterised by a smaller shrinkage 
porosity and reduction in the size of entrapped gas pores as a result of applying intensified 
pressure after filling as part of a feeding process. On the other hand, the high velocity of the 
melt during the filling process results in higher amount of entrapped air in the final 
component compare to other processes such as sand casting. Applying a high pressure 
during the intensification stage increase inner pressure in the entrapped gas pores 
dramatically. Later, during solution treatment process at high temperature, blistering may 
occur in the location that these porosities are placed near to surface of components [29]. 
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Moreover microstructural investigation in HPDC component revealed the formation of 
different microstructural features and segregation pattern compare to other casting process, 
makes HPDC very interesting subject for scientific study [30]. In this process, after pouring 
the melt into the cold chamber, the formation of a primary aluminium phase depends on the 
degree of superheating and the temperature of the chamber, both of which may cause a very 
thin slurry with a solid fraction of up to 20% [31]. The formation of these solid particles 
later cause segregation pattern normally observed in the form of longitudinal or the 
transverse sections (cross sectional) segregation. The surface liquid segregation with a very 
fine microstructure [32], the migration of solid particles in the centre of casting component 
[31, 33], and the appearance of a formation defect band as either pore bands or eutectic band 
[34] have been reported for transverse segregation. In addition, different behaviours of the 
solid and liquid phases under the stress force during filling cause the separation of the solid 
particles and the liquid portion of the slurry as well [35]. This type of macrosegregation, 
termed 'longitudinal segregation', is mostly present in the form of concentration of the liquid 
phase in the region far from the gate [36]. The amount of solidified particles, their 
morphology and sizes, and the profile of the gating system are important factors in the 
degree of macrosegregation [37]. 

1.2.3 Influence of post solidification  
Heat treatment involving all thermal practices in the solid state in a controllable way make 
it possible to achieve specific characteristics so as to fulfil engineering criteria [38]. The 
most common thermal treatments used for Al alloys containing Si, Cu or Mg as major 
alloying elements involve either artificial ageing, T5 or solution heat treatment, T6 process 
[39]. In general, T6 treatment is not recommended for HPDC components, due to the 
formation of blistering when the solution treatment exceeds a certain temperature and time. 

The heat treatment of cast components generally improves their mechanical properties by 
increasing the strength of the material. This can be related to phase and morphology changes 
associated with soluble elements and compounds, as well as minimising or eliminating 
microsegregation [40]. The heat treatment process has a very small effect on 
macrosegregation [41]. However, understanding the effect of alloying element as well as 
other melt treatment parameters such as modification and grain refinement on the heat 
treatment behaviour of the alloy is very complicated and need to study further.  

The microstructure formed after casting or a heat treatment process has a large influence on 
the thermal conductivity as it influences the mean free path of electrons. The relation 
between thermal conductivity, diffusivity or electrical conductivity during ageing with the 
ageing time have been discussed in literatures [42-45]. The influence of atoms in solid 
solution, GP zones and precipitates on the conductivity can however not be easily 
distinguishable. The study show that when the precipitates grow larger, they will have a 
smaller influence on resistivity. As well, the morphology of the Si particles has been shown 
to influence the electrical conductivity [46]. Modification leads to a higher conductivity for 
the as-cast condition, while the influence is smaller for the T6 heat treated condition as the 
Si particles fragment and spheroidise during solution treatment [47, 48].  
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1.3 SSM CASTING 

1.3.1 General concepts 
By introducing an external force during solidification to study hot tearing on Sn-15Pb, 
Spencer observed the formation of non-dendritic solid particles suspended in a liquid matrix 
[49]. This phenomenon occurs due to the influence of mechanical stirring on the interaction 
between solidification front and melt flow, which changes the morphological of particles 
from dendritic to spherical [50]. Figure 2 illustrates the evolution of particle morphology 
according to solidification rate as well as share rate, both of which alter the morphology 
from dendritic to spherical shape, via rosette shape. In this case, laminar flow alters the 
growth pattern, from a dendritic morphology to rosette; the move to a turbulent regime 
changes it from a rosette to a spheroidal morphology [51]. The microstructure in semisolid 
slurries is mostly characterized by fraction solid, particle size, shape factor of particle and 
contiguity and continuity [52]. 

 
Figure 2. Increasing shear rate and intensity of turbulence cause a change in the morphology of 

particles; from dendritic to spherical, via rosette [3]. 

1.3.2 Technologies in slurry preparation 
Figure 3 schematically shows different branches of the method in SSM casting methods 
developed during last four decades. In the early stages of the commercialisation of the SSM 
casting process, thixocasting evolved into a process capable of preparing slurries with 
excellent thixotropic characterisation. Despite of good process controllability in 
thixocasting, a high degree of industrialisation has not been achieved. This arises from the 
production restriction, mainly due to the cost of the preformed thixoformed billet and the 
inability to recycle scrap in-house [3, 52]. In contrast to the initial stages of developing 
process of the SSM casting, direct slurry formation from molten metal or rheocasting 
process as a means of decreasing primary investment was developed during the last decade. 
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In this type of SSM casting, the key point to be more effective is to cool down the melt to a 
semi-solid temperature for the production of slurry by extraction of heat from the melt in 
very time-efficient ways. However, most of the rheocasting processes have been designed 
based on temperature-control mechanisms that generally utilise by thixocasting processes. 
In this method, the cooler surroundings extracts heat, generate solid particle, and by 
applying the shear force at the same time prepare the slurry. Such methods are often time-
consuming, complex and slow the processes. 

In contrast, newly developed approaches such as semi-solid rheocasting (SSR) [53], the gas-
induced semi-solid (GISS) [54] and RheoMetalTM process [55] apply shear force when 
copious nucleation starts to form by means of an internal heat absorber. This novelty 
decreases the time for slurry formation and reach to almost the same production time 
compare to the conventional HPDC. For instance, RheoMetalTM process is characterized by 
a low need for process control, short slurry forming times, and favourable microstructure 
characteristics, which altogether means that it is possible to produce high integrity rheocast 
components in an effective way. 

 
Figure 3. The present technologies for the semi-solid processing of metallic alloys [56]. 

1.3.1 Alloying in SSM casting 
As a rule of thumb, to prepare stable slurry, the composition of the alloy must be such that 
it results in a wide solidification interval. Figure 4 shows the typical solidification range of 
an alloy in the phase diagram for the SSM casting purpose. Based on this figure, the alloying 
composition for pure aluminium or eutectic aluminium makes it difficult to produce slurry. 
Therefore, in contrast to HPDC process where eutectic alloy is the main alloy due to reach 
highest fluidity, the preparation of slurry from eutectic alloys is a very challenging issue due 
to the very narrow solidification range.  
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In addition, the process temperature (slurry temperature) must be the temperature at which 
the liquid portion of the slurry has a mostly eutectic composition [57]. The reason for this 
is that to obtain the stability of the slurry at working temperature, the solid fraction 
sensitivity (dfs/dT) should be as small as possible. Figure 5 illustrates the amount of heat 
that is produced at the temperature at which (dfs/dT) is the smallest, i.e. the 'knee point' of 
the solidification curve. This helps to stabilise the solid fraction, as the amount of heat 
needed to form the eutectic phase is large and, for this reason, the slurry becomes more 
stable during casting process. 

 
Figure 4. A typical solidification range in semi-solid processing and processing temperature [56]. 

 
Figure 5. The results of the dilatometry measurement, showing the heat flow in eutectic temperature 

has the highest value [56]. 
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1.3.2 Rheology in SSM casting 
Over the last four decades, the rheology of the semi-solid state of a material with globular 
particles, suspended in a liquid matrix as a non-Newtonian porous medium, has been the 
subject of scientific researches [58]. The effect of several process and metallurgical 
parameters, such as shear rate, shear time, holding time, pouring temperature, fraction solid 
of the primary phase as well as morphology, size and distribution of solid particle particles 
on the apparent viscosity of the slurry make the rheology of the semi-solid material as a 
complex subject to study [58]. The main motivation to understand the rheological behaviour 
of slurry originated from the fact that the major benefits of SSM casting come from its shear 
rate dependant viscosity and the related flow properties during cavity filling. 

By investigation about the rheological behaviour of slurry, the most common definition of 
the non-Newtonian behaviour of slurry has been described in the form of time dependency 
(thixotropic behaviour), shear rate dependency (pseudoplastic behaviour) (see Figure 6(a)), 
and cooling rate (solidification rate) [59]. Thixotropic behaviour, as the most complex 
behaviour in the slurry has been frequently discussed. The models describes thixotropic 
behaviour generally by dependency of viscosity on a balance between rate of structure build-
up by collision and coalescence of favourably oriented particles in which the particles are 
oriented to form with low energy boundary and the structure breakdown by external forces 
which are introduced by shear rate [60, 61]. 

Figure 6(b) schematically illustrates the transient behaviours of slurry during rheological 
testing with a Couette rheometer, in which the rise in shear rate causes an overshoot in shear 
stress. The build-up or breakdown processes continue until the particles reach equilibrium 
size for both the agglomeration and deagglomeration processes. This high shear stress is 
reduced by continuing the shearing so as to reach the steady state condition; thus, if the 
agglomeration state has sufficient time to develop to its steady state condition, the material 
behaves in a pseudoplastic (shear-thinning) manner. Moreover, the shear rate is dropping to 
lower value in the higher shear rate with high de-agglomeration state decreases to lower 
shear rate. Therefore, the shear stress drop but finally it reaches to higher shear stress due 
to reduction in state of agglomeration. 

  
(a) (b) 

Figure 6. Schematic graph (a) influence of shear rate and solid fraction on viscosity [59] (b) changes in 
semi-solid material structures, related to agglomeration and deagglomeration [62] . 
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1.3.3 Microstructure in SSM cast components  
As discussed above, the formation of solid particles and the resulting thixotropic behaviour 
increases the viscosity of the slurry. Consequently, a higher viscosity improves the filling 
process by altering the flow regime from turbulence flow to laminar flow. The laminar flow 
means less air is entrapped in the component which enhance the possibilities for post process 
heat treatment at elevated temperature such as solution heat treatment, which is not possible 
in HPDC component [63]. Also higher fraction of solid particles in the slurry consequent 
on less shrinkage porosity during solidification as a result of there being less liquid to 
solidify.  

Additionally, with regard to the final component, the more globular structure in SSM-HPDC 
component, as compared to the dendritic structure of standard HPDC casting, decreases 
micro-porosity due to a reduction in interdendritic shrinkage (see Figure 7). This is possible 
as a result of the later occurrence of coherency, due to the solid particles' rounder 
morphology and significant improvements in after feeding during intensification process, 
result in a sounder microstructure [64]. These characteristic of SSM casting will be resulting 
in better component properties.  

 
Figure 7. Schematics emphasising the microstructure of SSM material and compare to liquid casting 

[56] 

1.4 A NEW APPROACH IN SSM CASTING 
Product development, based on market opportunity and the customer's requirements, in 
addition to production system development as sequences of activities to make a real, 
physical product, are two key concepts within the industrial product realisation process 
[65]. Moreover, in this area, a concept-generation approach is dealing with the 
circumstances in which the development of a production system results in the generation of 
a new product. Thus, as regards manufacturing using casting technology, SSM casting 
technologies make it possible to produce complex shape components which were not 
achievable using traditional casting methods.  
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In particular, the RheoMetalTM process, as a new technology in rheocasting, affords 
opportunities to manufacture more cost-effective near-net component using new types of 
aluminium alloys. This is possible through using an internal heat absorber technique and 
better controllability during slurry formation process. In this process, and as shown and 
described in Figure 8, the enthalpy exchange phenomenon occurs between a superheated 
melt and a rotational solid metal alloy piece (hence the EEM or Enthalpy Exchange 
Material).  

As the EEM is heated and melted, slurry is generated by both separated particles, as well as 
by new nucleation in the melt. Evaluations of slurry quality prepared using RheoMetalTM 
processes [66, 67], as well as the final microstructure and properties of rheocast components 
by focusing on alloy modification [68] and casting process parameters [69, 70] have shown 
very good results in both castability and the final properties. Figure 9 shows the cavity filter 
used in the telecommunications industry with a thin wall thickness (~0.35mm), which has 
been commercially mass-produced using an AlSi6Cu2 alloy and the automated 
RheoMetalTM process integrated with HPDC [71]. 

 
Figure 8. RheoMetalTM slurry preparation process: step 1) pouring to the melt into ladle 2) insertion 

of the rotational EEM into the melt and 3) fabricated slurry [72]. 

 

 

Figure 9. Filter cavity design for telecommunications applications [71]. 
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CHAPTER 2   

 
RESEARCH APPROACH 

 
CHAPTER INTRODUCTION 
This chapter describes the research methodology used in this study. The purpose and aim of 
the thesis are first described, followed by a description of the research activities and research 
method. 

2.1 PURPOSE AND AIM 
This study was a multidisciplinary project that involved the complete chain from material 
selection, casting process, microstructural characterization to the mechanical and physical 
properties of components. The research focused on understanding the fundamental aspect 
of the RheoMetalTM process that govern the final microstructural features and thereby 
properties of rheocast component. Finally, by means of knowledge transfer, it was targeted 
that industrial designers, as well as manufacturers will be able to expand their range of 
preliminary product concepts on the basis of more capable manufacturing technology. 

2.2 RESEARCH DESIGN 

2.2.1 Research perspective 
A series of investigations to obtain scientific knowledge regarding to the main factors 
involved in slurry production, the casting process and their influence on final properties of 
rheocast component was designed. Figure 10 illustrates different stages of the research 
process. The process contains four main research topics:  

• Alloy design was concerned with the effect of the alloying compositions on the slurry 
formation and castability, as well as the final properties of components. The focus 
was to extend the boundary to be able to cast near to pure aluminium alloy, which is 
not possible to cast by conventional HPDC. 

• Slurry formation investigated how the selection of alloys and process parameters 
could influence the stability of the process. The focus was to present the optimum 
working conditions in the RheoMetalTM process. 

• Castability was the critical step with regard to the robustness of the casting process 
and microstructural characteristics of the final product. The focus was to understand 
the effects of slurry characteristics on factors such as inhomogeneity and porosity 
formation.  
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• Component characterisation using mechanical testing, thermal analysis, aimed to 
characterise the properties of the final product and relate these properties to 
microstructural evaluation. 

 

 
Figure 10. The research activities of the project. 

2.2.2 Research questions 
With respect to each activity, and to be able to understand and predict the effect of each step 
on the final properties, several research questions had to be answered: 

Alloy design 

• What is the influence of variations in alloy composition on castability and process 
stability using RheoMetalTM process? (Supplement I & II) 

Slurry formation 

• What is the influence of alloy composition on the robustness of the RheoMetalTM 
process? (Supplement I) 

• How does the solidification during slurry preparation process influence the 
microstructure of slurry? (Supplement IV & V) 

Castability 

• How does the solidification process during rheocasting influence the microstructure 
of rheocast component? (Supplement IV) 

• How does the filling process during rheocasting influence the segregation pattern? 
(Supplements II & V) 

Component characteristics  

• How do the microstructure characteristics of rheocast component influence thermal 
conductivity and mechanical properties? (Supplements III & V) 

• How does the post-process influence the properties of rheocast component? 
(Supplements III & V) 
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2.2.3 Research methodology 
Experimental research methodology was used to gain an understanding of the cause and 
effect relationship between defined variables [73]. In this type of study, the main challenge 
is 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) was used in place of a 
scientific approach for exploring the effect of single or multifactor spaces to maximise the 
efficiency of the experiments. Factorial design and D-optimal methods  were considered to 
be the most suitable DOE methods [74]. The commercial software Design ExpertTM was 
used to assist in the DOE and the statistical evaluation of collected data. 

2.3 MATERIAL AND EXPERIMENTAL PROCEDURE 

2.3.1 Material 
Table 1 shows the compositions of two commercial alloys (6082 and Stenal Rheo1) and five 
designed alloys for this research project (Alloys 1 to 4 and Alloy X). The main criterion to 
design of new alloys was to reduce the alloying elements that have a significant influence 
on the final properties of the components, 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 1.4-2.2 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. 

2.3.2 Experiment 
Slurry preparation. Each alloy was melted in a resistance furnace and cleaned using a 
degasing tablet, as well as Foseco Coveral GR granular flux before casting. The EEM 
amount and superheat were set to obtain desired solid fraction [67]. A previously 
manufactured EEM, attached to a steel rod, was then inserted into the superheat melt. The 
EEM was stirred for some second at the highest rotational speed without formation of vortex 
to melt off all of the EEM and producing slurry, Figure 11. The temperature of the melt was 
measured using a K-type thermocouple during slurry preparation. After the preparation of 
the slurry, a quenched sample was prepared using a rapid quenching mould technique (see 
Figure 11) to study the slurry microstructure. 
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Figure 11. Manual RheoMetalTM process: 1) Picking up of the melt; 2) pouring the melt into the mould 
to make the EEM; 3) preparation of the slurry using agitating rotational force and melting process; 4) 

pouring of the slurry into the chamber and quenching mould. 

Slurry preparation study (supplement I). The melting sequence and melting rate of the 
EEM were studied experimentally in the RheoMetalTM process. The effect of EEM 
composition, as well as degree of superheat, on the evolution of the shape and dimensions 
of the EEM during stirring were investigated. Two commercial aluminium alloys, Stenal 
Rheo1 and Alloy 6082, as high- and low-Si alloys, respectively, were selected (see Table 
1). At a certain percent of the shot weight, the EEMs were cast in a cold cylindrical mould, 
preheated around 180ºC in advance and attached to a rotational. As illustrated in Figure 12, 
the melt was picked up using a steel ladle, and the melting process was started by immersing 
the EEM into the melt at a rotation rate of 900 rpm. Before the melting was complete, the 
EEM was extracted at predetermined melt/EEM contact durations. 

  

Figure 12. Experimental set-up of the melting study. 

The experiment was designed based on a D-Optimal experimental plan, which was 
generated using DesignExpertTM, as illustrated in Figure 13 [74]. The numbers in this figure 
correspond to the number of replications of each experimental condition. Eq. 1 indicates the 
selected response as a ratio of the initial EEM volume as compared to after incomplete 
melting. The volume of the EEM was obtained by inserting the EEM into water and using 
v = m ρw⁄  (the Archimedes principle). The volume of the central steel rod was also 
compensated for. The density of water (ρw) was corrected for variations in ambient 
temperature [75]. 
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volume ratio =
(vEEM−vrod)

after melting

(vEEM−vrod)before melting                                                                          (1) 

 
Figure 13. Running points based on the D-optimal algorithm; Stenal Rheo1 (right), Alloy 6082 (left). 

Solidification and microstructure (supplement IV). Rheocast components and quenched 
slurry samples were prepared on a laboratory scale using Alloy 1 to 4. After the preparation 
of the slurry, a quenched sample to study the microstructure of slurry was prepared using a 
rapid quenching mould technique (see Figure 11). The prepared slurry was later poured into 
the shot sleeve of the Vertical Pressure Die Casting (VPDC) machine and, as the shot sleeve 
docked with the mould by means of rotation and upward movement, the slurry was injected 
into the cavity. During the injection stage, in order to avoid turbulent flow, the piston was 
set to the lowest possible velocity until the filling 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 (see Figure 15) was used to study the microstructure of the rheocast material. 

 
Figure 14. The four steps in the VPDC machine. 
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Figure 15. The final component rheocast using VPDC machine 

 

Inhomogeneity and mechanical properties (supplement II and III). A rheocasting 
experiment on an industrial scale was conducted using Alloy X. A D-Optimal DOE was 
used for experimental planning. The three studied parameters were second phase speed (V2), 
lower half die temperature (T1 and T4), and upper half die temperature (T2 and T3). Table 
2 shows the experimental conditions, which consisted of sixteen runs, including replications 
and lack-of-fit analysis runs. During the process, the second phase speed of the piston was 
controlled using the internal transducers of the injection machine, and the temperature of 
the die cavity (T1-T4) was recorded using a hand-held thermocouple (see Figure 16). For 
each setting, a steady state was first achieved, and subsequently an experimental run of 10 
shots was made, resulting in 10 parts for evaluation at each setting. 

Table 2. Experimental parameters. 

 
Figure 16. Recording of temperature in 
the die wall (upper and lower sections). 

Run 
V2 THot TCold Run 

V2 THot TCold 
(%) (°C)1 (°C)1 (%) (°C)1 (°C)1 

1 55 225 200 9 55 245 220 
2 55 225 200 10 55 245 220 
3 70 225 200 11 81 245 220 
4 95 225 200 12 95 245 220 
5 95 225 200 13 68 255 230 
6 82 235 210 14 68 255 230 
7 62 235 210 15 95 255 230 
8 78 235 210 16 95 255 230 

1-TCold (°C) Settings for T2 and T3; THot (°C) 
Settings for T1 and T4 

 

 

The schematic of the SSM-HPDC cast component is shown in Figure 17. In the runner, the 
maximum thickness was around 20mm. With regard to the gate, the thickness decreased to 
4.5mm, indicating a reduction in area of approximately nine times. The maximum thickness 
of the component was 2mm. The gating system was on the lower part of the die cavity, on 
the fixed half-die. Purposive sampling based on the previous studies was performed to 
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investigate the relationship between microstructure and mechanical properties. For the 
tensile testing study, one component was selected from each process condition, and five 
tensile bars from different locations of the component were produced. A total of 80 tensile 
specimens were tested. Samples for thermal property measurement were collected from the 
gating system. The samples were tested for different processes; as-cast, T5 heat-treated, and 
T6 heat-treated. 

 
Figure 17. Chassis components used in electronic industry 

Inhomogeneity and Thermal Conductivity (supplement V). A rheocasting experiment 
on an industrial scale was conducted using commercial Stenal Rheo1 and radio filter 
component (see Figure 18(a)). Purposive sampling based on the previous studies was 
performed to investigate the relationship between the microstructure and the physical 
properties. Samples were extracted from the rheocast component from three different 
positions; the wall near to the gate (position 1), the base plate near to the gate (position 2), 
and the base plate near to the vent (position 3). The samples were tested in as-cast, T5 heat-
treated, and T6 heat-treated conditions. Moreover, the liquid cast sample in a permanent 
mould, as a physical simulation of conventional die casting was prepared (see Figure 18(b)). 

 

 

(a) (b) 

Figure 18. (a) The locations of rheocast samples in the radio filter component, (b) liquid casting in a 
permanent disc-shape copper mould as a reference material. 
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2.4 CHARACTERISATION AND TESTING 
The measuring methods used to obtain quantitative values for different purposes in the 
project, along with the relevant standards and their desired functionality, are presented in 
Table 3. 

Table 3. Measuring methods used in the project and relevant standards [76-78]. 
Method Standard No. Description 
Tensile 
testing 

ASTM B557 Tension testing of wrought and cast aluminium 

Hardness 
testing 

ASTM E384 Be 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 
Determination of 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 in a 

microstructure and their relative proportions 
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 

2.4.1 Mechanical testing 
Tensile tests were performed on the Alloy X specimens. The specimens were, prior to the 
heat treatment, machined into flat test bars according to ASTM standards. The tensile tests 
were performed at room temperature in a Zwick/Roell Z100 testing machine with 100kN 
load capacity. A constant cross-head speed of 0.35mm/min was used. For the as-cast alloys, 
between six and ten samples were tested and, for each heat-treatment process, three tensile 
bars were tested. 

Hardness measurements were performed to plot ageing curves for T5 treatment at 200, 250, 
300, and 350°C so as to find the best three processes to investigate further for the samples 
form component which rheocast using Alloy X and Stenal Rheo1. These samples were kept 
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, with 
a load of 20kg. The Vickers hardness values presented are average values of at least five 
indentations. 

1 Laser flash analysis 
2 Differential scanning calorimetry 
3 Dilatometer 
4 Optical emission spectrometry 
5 Scanning electron microscopy 
6 Energy-dispersive X-ray spectroscopy 
7 Wavelength-dispersive X-ray spectroscopy 
8 Optical microscopy 
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2.4.2 Thermal properties measurements 
In this project, 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 [79]. Cylindrical samples of 12.5mm in diameter 
and 3.4-3.8mm in height were used, and a thin layer of graphite was applied to the sample. 

The specific heat, cp(T), was measured with a Netzsch DSC 404C differential scanning 
calorimeter. The samples were heated to 500°C and cooled slowly (1.5°C/min) before the 
measurement. A sample weight of 42 mg and a sapphire standard was used. The heating 
rate was set to 10K/min. The density, ρ, at room temperature was determined using the 
Archimedes principle. The thermal expansion coefficient, α, was measured using a Netzsch 
DIL 402C dilatometer. Subsequently, the densities at elevated temperatures were calculated 
using Eq. 2.  

    (2) 

Thermal conductivity and diffusivity are related according to λ(T)=a(T) ×cp(T) ×ρ(T). 

For the as-cast and T5-treated samples cast using Stenal Rheo1 alloy, the transformation 
phases were studied using calorimetry for both rheocast and liquid-cast material. A sample 
weight of about 20mg was used. Samples were heated to 500°C (10K/min) and then slowly 
cooled (2K/min) to room temperature to reach equilibrium, after which a second heating 
was conducted (10K/min). The calorimetry signal from the second heating was then 
subtracted from the first one. The resulting curve shows precipitation and dissolution peaks. 

2.4.3 Microstructure evaluation 
In considering the relationships between microstructural features and the properties of the 
material, the samples from the 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 contrast-based recognition 
and particle size discrimination. Particle size measurements were made for at least six 
representative images. 

2.4.4 Concentration measurements 
The concentration of the main alloying elements in α-Al matrix were studied using a 
scanning electron microscope equipped with a wavelength-dispersive spectrometer (WDS). 
The acceleration voltage was set to 20kV for Cu and 10kV for Si measurements, with the 
pure elements as standards. For the Stenal Rheo1 alloys, the concentrations of Cu and Si in 
the as-cast and solution heat-treated conditions were measured. The same measuring process 
was used for four alloys to measure the concentration of Si in the α-Al matrix. The 
composition of the remaining melt in the quenched slurry samples and the intermetallic 
phases were identified using an energy dispersive spectrometer (EDS).  

( ) ( )
( )( )31 RT
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=
α
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CHAPTER 3   

 
RESULTS AND DISCUSSION 

 
CHAPTER INTRODUCTION 
In this chapter, the main results of the appended papers are summarised and discussed. 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 SLURRY FORMATION (Supplement I) 
The slurry preparation process for two different types of aluminium alloy, Stenal Rheo1 and 
Alloy 6082 (Table 1) was investigated. The experimental procedure and experimental 
design was described in section 2.3.2. The results are illustrated in Figure 19 as a contour 
plot of volume ratio of the EEM versus superheat and stirring time for both alloys. 

The increase in volume of the EEM was observed at the beginning of the process for both 
alloys, which indicates the formation of freezing layer of aluminium on the surface of EEM 
(termed a 'freeze-on layer'). In Alloy 6082, the freeze-on layer was larger and happened at 
an earlier time, as is shown in Figure 19. Moreover, a stationary phase, with subsequent 
gradual melting of the EEM, occurred afterwards. From the process duration perspective, 
the time for the melting of the EEM for the Stenal Rheo1 alloy ranged from 15 to 20s, 
depending on the degree of superheat. The time to complete the process for Alloy 6082 was 
shorter; roughly 10 to 12s, depending on the degree of superheat.  

 
Figure 19. The contour plot of the EEM volume ratio; Stenal Rheo1 (left), Alloy 6082 (right) [80]. 
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As a preliminary study of the freeze-on layer, the chemical composition of one distinctive 
part from each alloy was determined using optical emission spectrometry (see Table 4). The 
results clearly showed roughly half of the amount of alloying elements as compared to the 
original melt. Therefore, the freeze-on layer has a much higher liquidus temperature than 
the EEM. Consequently, a longer melting procedure for Stenal Rheo1 is the result of the 
significant difference between the composition of the EEM and the freeze-on layer, which 
leads to a higher liquidus temperature for the freeze-on layer. 
Table 4. Composition (wt. %) and liquidus temperature (ºC) of the freeze-on layer measured 

using OES. 

The interaction plot for the two related factors (Figure 20) shows the dissolution of the EEM 
over the course of the stirring time for low and high superheat. The plot reveals that 
superheat has a deleterious effect on the formation of the freeze-on layer, and as a result 
improves the melting process of the EEM. Therefore, the evolution of the EEM shape during 
the initial melting stage has a strong effect on the slurry formation procedure, as it increases 
process duration. Furthermore, two dashed lines indicate the confidence interval (CI band) 
of each model. These non-parallel curves in the interaction plot demonstrate that the effect 
of time depends on the degree of superheat. By examining these lines, it becomes clear that 
the delay in the melting process at low superheat for both alloys is governed by the formation 
and dissolution of the freeze-on layer. It is also worth mentioning that, by increasing the 
superheat, the deleterious effect of the freeze-on layer on stability can be reduced. 
Consequently, with regard to industrial operations, a high superheat is preferable to achieve 
the best possible robustness. 

 
Figure 20. The interaction plot for the effect of superheat and stirring time on the volume ratio; Stenal 

Rheo1 (left), Alloy 6082 (right) [80]. 

3.2 MICROSTRUCTURAL EVALUATION 
The multistage solidification in a rheocast process is the most striking feature in a 
comparison with a conventional liquid casting. This characteristic of solidification is likely 
to have an impact on the microstructure of a rheocast material. However, there are also 
differences when it comes to e.g. the eutectic morphology and the solute distribution in the 
primary phase. All these characteristics are likely to have an impact on the final properties. 

 Si Fe Cu Mn Mg Zn Ni Cr TL 

6082 0.61 0.03 0.011 0.4 0.45 .0038 0.0002 0.01 653  
Stenal Rheo1 3.6 0.3 1.3 0.28 0.05 0.5 0.01 0.02 638  
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3.2.1 General features (Supplement IV) 
The quenched slurry samples were taken at temperatures of 641±1, 632±1, 625±1 and 619±2 
°C for alloys 1 through 4 respectively. The results of the microstructural investigation of the 
as-quenched slurry is seen in Figure 21(a). The primary α-Al globular ((hereafter referred 
to as α1-Al particle) were clearly visible through the liquid matrix (here present in the form 
of a fine-scaled dendritic morphology). After the pouring of slurry into the cold chamber 
and subsequently injection into the cavity, at the high cooling rate, nucleation is expected 
to take place throughout the entire volume of the remaining liquid, resulting in smaller α-Al 
particles throughout the microstructure, (see Figure 21 (b)). These solidified particles can 
be categorised, based on the size of the particles, into two main groups. The particles 
identified as α2-Al particles (rosette shape) had sizes of the order of 25µm, while the α3-Al 
particles (rounded) were of the order of 10µm. 

  
(a) (b) 

Figure 21. Optical microscopy showing the typical microstructure of (a) quenched sample, Alloy 4, 
and (b) rheocast component in the core region, Alloy 4. 

Figure 22 shows a typical microstructure of the Stenal Rheo1 alloy in the as-rheocast and 
the liquid cast condition. Similarly, the microstructure in rheocast material, Figure 22(a) 
consisted of relatively large α1-Al particles, which formed during the slurry preparation 
process, and fine α2-Al particles formed by the solidification of the remaining melt in the 
die cavity. Formation of α2-Al particles in a finer size can be as a result of a higher cooling 
rate in absence of shear force during solidification of remnant melt after injection. The 
microstructural feature of liquid casting, Figure 22(b), revealed a microstructure with a 
dendritic network of α-Al phase. 

  
(a) (b) 

Figure 22. Optical microscopy showing the typical microstructure of Stenal Rheo1 (a) rheocast 
component, and (b) liquid cast sample. 
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3.2.2 Microsegregation (Supplement IV and V) 
The concentration and distribution of the Si in aluminium phases was measured using WDS 
in the quenched-slurry samples as well as the rheocast component during rheocasting of the 
four alloys. Figure 23(a) and Figure 23(b) illustrate the mapping line in the α1-Al particles 
in the as-quenched slurry and rheocast samples respectively. Also, the additional particles 
which formed during the casting process were selected in each rheocast sample. The Si level 
of two points in the centre and side of α2-Al particles and a point in the centre of α3-Al 
particles were measured. 

  

(a) (b) 

Figure 23. The positions of the measurement points for concentration measurements, using WDS for; 
a) as-quenched cast and b) as-rheocast samples 

The profile of Si concentration in the α1-Al particles is shown in Figure 24(a) for quenched-
slurry sample. The result shows that the Si concentration values were mostly constant across 
the α1-Al particles, and rise alongside an increase in Si content in the original melt. 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, 2, 3, and 4, respectively. The measured Si concentration values 
showed generally good agreement with the calculated solubility limit of Si in the α-Al at the 
measured slurry temperatures. 

The uniform distribution of Si inside the α1-Al particles suggested that homogenisation of 
the α1-Al particles occurred during slurry production. In this context, it is important to assess 
whether homogenisation was physically possible, as the RheoMetalTM method is a rapid 
slurry-making process. A simple back diffusion model solution for a spherical, fixed 
boundary was used to calculate the concentration in the centre of the particle [81], and 
evaluated using MATLABTM. The model consisted of an initial concentration at t=0, with 
values corresponding to Si solubility at the liquidus temperature of each alloy. In addition, 
a constant value of Si concentration was assumed for the outer boundary as Si solubility at 
slurry temperature. The value of diffusion of Si in the aluminium, 𝐷𝐷, was estimated based 
on the equation developed by Fujikawa et al. [82] for slurry temperature. Figure 24(b) shows 
the changes in Si concentration at the centre of the α1-Al particles as a function of time. The 
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necessary time for complete homogenisation of the globular α1-Al particles was less than 
30s for all alloys. The time required for slurry production and transfer to the shot chamber 
for the current process set-up is in the same order of magnitude, with about 20s to make the 
slurry and 10s for the manual transfer of the melt to the shot chamber. 

Figure 24. (a) Si distribution in the globular α1-Al particles; (b) Si concentration in the centre of α1-Al 
particle vs. preparation time. 

 

In the next step, the segregation pattern of Si in the α1-Al particles of the rheocast samples 
was studied. Figure 25 illustrates the profiles of the measured Si concentration. 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 dendritic growth zone 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 α1-Al particles. Because of the growth of the dendritic zone into the eutectic 
region, the element began to diffuse into the centre of the α1-Al particle, which had a lower 
Si concentration and formed a transition zone. Due to the back diffusion process, the Si 
level in the both side of α1-Al particles increased to a higher value than that at the centre. 
The central unaffected zone of the α1-Al particles, which had an equivalent values to the Si 
level of the α1-Al particles of the quenched sample, suggests that no significant diffusion 
occurred following the homogenisation process in this region.  

Using the exact solution of diffusion equation in spherical coordinates, the Si concentration 
was calculated from the centre of the α1-Al particle [81]. The results for the four different 
alloys are shown in Figure 25. The calculated results (dashed lines) clearly indicate that the 
transition zone was affected by the 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 1.6s, 2.2s, 2.9s, and 3.4s for Alloys 1, 2, 3, and 4, respectively. 

  

  
(a) (b) 
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(a) 
 

(b) 
 

 
 

 

(c) (d) 

Figure 25. The segregation pattern of Si in the α1-Al particles in the rheocast sample for; (a) Alloy 1, 
(b) Alloy 2, (c) Alloy 3, and (d) Alloy 4.  

The Si concentrations in the additional particles, α2-Al and α3-Al particles, are shown in 
Figure 26. The average Si concentration at the centre of α2-Al particles (Figure 26(a)) was 
higher than the equivalent value at the centre of the α1-Al particles, but lower than that 
measured at the centre of the α3-Al particles. It was furthermore concluded that α2-Al- and 
α3-Al particles form after slurry preparation process, with the larger α2-Al particles 
nucleated first at a higher temperature. 
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(a) (b) 

Figure 26. (a) Si concentration at the centre and side for 20-30µm α2-Al particles and (b) at the centre 
for 5-10µm α3-Al particles. 

Similarly, for Stenal Rheo1, the segregation of the Si and Cu in aluminium phases were 
measured using WDS for the liquid-cast samples and the rheocast samples. Three points 
were measured over dendrites, while nine points were used for α1-Al particles for the as-
cast samples (see Figure 27). Six dendrites and four α1-Al particles were measured. Five 
points in the centre of the dendritic arms or α1-Al particles were used for the solution-treated 
samples. The particles were identified using an EDS.  

 

 

(a) (b) 

Figure 27. The positions of the points for the concentration measurements using WDS for the as-cast 
samples; a) liquid cast and b) rheocast samples. 

The results of segregation inside the α1-Al particles, seen in Figure 28, showed that the Cu 
concentration was similar for rheocast and liquid cast samples. The Si concentration in the 
liquid cast material showed the expected segregation profile, while the Si concentration for 
the rheocast material was more homogenous, with increasing in the point near to surface of 
the α1-Al particles. The homogenous concentration was a result of the homogenisation 
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process of the Si atoms within the particles during the slurry preparation. This value shows 
a good agreement with the Si concentration which corresponds to the solubility of Si in Al 
at the slurry temperature: 0.89 wt. % Si, according to the calculation using JMatProTM 
software [83, 84]. The α2-Al phases in the rheocast component showed higher 
concentrations of alloying elements, 1.2 ± 0.1wt% Si and 0.9 ± 0.3wt% Cu. This was 
expected, as Si and Cu are enriched in the remaining liquid phase of the slurry which was 
solidified during secondary solidification and formed at lower temperature [85]. 

  

(a) (b) 

Figure 28. Concentrations of a) Cu and b) Si in solid solution for the as-cast condition in α1-Al 
particles for the rheocast samples, and in α-Al dendrites for the liquid-cast samples. 

The precipitation sequence of the as-cast liquid and rheocast material for the Stenal Rheo1 
alloy is presented in Figure 29. Both graphs show a clear peak around 225-325°C, 
corresponding to the precipitation of Si from the solid solution [86]. However, the larger 
peak area of the liquid-cast clearly indicates that a higher concentration of Si precipitates 
forming in the liquid-cast sample. This result explicitly shows a good agreement with the 
result from WDS measurement, which revealed a higher concentration of Si in the matrix 
for the liquid cast material (see Figure 28(b)).  

 
Figure 29. The precipitation sequence for the liquid-cast and rheocast material in the as-cast 

condition. 
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3.2.3 Macrosegregation (Supplement III, VI and V) 
In the quenched sample of slurry prepared using Alloy 1 to 4, the composition of the liquid 
portion of the slurry was measured using EDS. The result exposed that the remaining liquid 
phase enriched by main alloying elements (Si, Mg and Fe) when almost 50% solid fraction 
formed (see Table 5). This arises from the fact that the solubility of alloying elements in the 
α1-Al particles are low and causes rejection of alloy elements into the remaining melt. The 
formation of α1-Al 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 SSM-HPDC. 

Table 5. 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 

Longitudinal Segregation. Figure 30 shows the microstructures for the three different 
positions of the rheocast radio filter component using Stenal Rheo1: (a) the wall near to the 
gate (position 1); (b) the plate near to the gate (position 2) (c) the plate near to the vent 
(position 3). As a reference material, Figure 30(d) shows the microstructure of a liquid-cast 
material. As it is seen in Figure 30(a) and Figure 30(c), the microstructures of the rheocast 
component in positions 1 and 3 were similar. These microstructures consisted of a larger 
quantity of fine α2-Al particles as a result of the solidification of the enriched liquid phase 
at a very high cooling rate inside the cavity. In contrast, a higher amount of α1-Al particles 
were observed for position 2 (see Figure 30(b)). The quantification results showed that the 
amount of α1-Al particles for positions 1, 2 and 3 were 27%, 72%, and 22% respectively. 
The microstructural feature of liquid casting, Figure 30(d), revealed a uniform 
microstructure of a dendritic network of α-Al phase. 
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(a) (b) (c) (d) 

Figure 30. The microstructure of the rheocast component in (a) position 1, (b) position 2, and (c) 
position 3, as well as (d) the liquid-cast sample.  

The segregation was studied in the chassis component which rheocast using Alloy X as well. 
Figure 31 shows the microstructure of the cross section of the cast this component for two 
different casting conditions in the area near the gate (Figure 31(a) and Figure 31(c) and the 
area near the vent (Figure 31(b) and (d)). The different shape and size of the particle in the 
microstructure showed clearly the presence of different particle sizes of α-Al phase. These 
particles can be categorized according to their size as α1-Al particles, for those in the range 
of 60 to 85µm, and α2-Al particles, in the range of 5 to 15µm. The size discrimination 
measurement pointed to the fact that α1-Al particles formed during slurry preparation 
process and later α2-Al particles formed when remnant liquid rapidly solidified in the die 
cavity. 

Furthermore, the different amount of α1-Al particles in different regions indicated 
macrosegregation in the microstructure. 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 
31(a)), the material consisted of 82±3% of the total α1-Al particles. For the process condition 
with the highest die temperature (Ttool) and second phase speed (V2) (see Figure 31(c)), the 
amount of α1-Al particles in the same region decreased to 71±3% of the total α1-Al particles.  

Consequently, observing different amount of α1-Al particles in the different regions of 
rheocast chassis or radio filter components specified that the separation of the liquid and 
solid phases occurred during the early stages of the filling process. In the presence of both 
liquid and solid phase in the chamber, Kaufman et al.[87, 88] found that the liquid phase 
and the solid phase separate in the gating system for HPDC during filling. This was 
explained as a so-called sponge effect, where the liquid portion of the slurry is squeezed 
out, leaving the solid phase of slurry behind. 
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Figure 31. 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 [89]. 

 

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 31(b) and Figure 31(d)). In addition, 
Figure 32 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 (eutectic-rich) band have 
been attributed to localized shear bands depending on alloy composition [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 less (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 expanded volume leads to 
positive macrosegregation. In contrast, the formation of the porosity band in the samples 
with lower amounts of alloying elements is related to insufficient amount of remaining 
liquid. Consequently, the formation of either porosity bands or eutectic-rich bands is related 
to the feeding possibility of the expanded volume in the shear bands. 
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(a) (b) (c) 

Figure 32. Two typical shear bands; (a, b) eutectic rich band, and (c) porosity band [89]. 

3.3 COMPONENT CHARACTERISTICS 
The globular grains in a rheocast material is the most conspicuous feature in a comparison 
with a conventionally solidified material where dendrites typically form. However, the 
formation of primary α-Al phase in slurry preparation process cause exaggerated micro and 
macrosegregation in final component. All these microstructural features are likely to have 
an impact on the component characteristics. 

3.3.1 Mechanical properties (Supplement II) 
The influence of microstructural inhomogeneity on fracture behaviour in the chassis 
component, rheocast using Alloy X was investigated for the samples from different 
positions, Figure 17. The tensile test results, together with the 95% confidence interval, are 
shown in Table 6. An increase in the yield stress value in the sample from near to the vent 
was observed. The microstructure of the sample from near to the vent was also characterized 
by a finer microstructure due to higher liquid segregation (Figure 31 (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 6. The YS, UTS, and elongation values of the three samples. 
Location YS (MPa) UTS (MPa) Elongation (%) 
1 64.3±2.57 178.9±8.94 10.7±1.31 
3 66.1±3.20 181.4±14.01 13.6±1.74 
5 69.9±2.74 155.9±8.66 5.8±1.72 

A closer examination on the fracture surface of the tensile-tested samples using SEM 
indicated that a mixed-mode fracture surface with dimples and more brittle cleavage 
features, similar to river marks (Figure 33 (a)) in the near to the gate samples. For the tensile-
tested samples with the highest value of elongation, there was clear evidence that the 
microvoids around the matrix were the primary cause of material failure. On the other hand, 
the presence of a pore on the fracture surface of these sample (Figure 33 (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. 
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(a) (b) 
Figure 33. (a) Mixed-mode fracture with cleavage features in the area near the gate; (b) a pore, and a 

severely sheared surface, parallel to the tensile direction [89]. 

In observing the fracture surface of the tensile-tested samples of the specimens from the 
near the vent region, significantly different mechanisms of fracture were found (see Figure 
34(a) and (b)). The presence of dimples suggests that the ductile fracture mode in some 
regions of the samples was the main fracture mode (see Figure 34(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, most likely due to a feeding issue.  

 
(a) (b) 

Figure 34. 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 [89].  

The same analysis on the fracture surface of specimens from near to vent regions, Figure 
35(a), also showed the continuous interdendritic shrinkage in this area. These shrinkage 
porosities decreased the elongation value of these samples to less than 1.5%. Figure 35(b) 
similarly illustrates that porosity bands were presented in the form of continuous line located 
around 550µm to 650µm from surface of 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 part of the samples, 
which caused a decrease in the elongation to a value of less than 1%.  
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Figure 35. (a) The 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) [89]. 

3.3.2 Physical properties; as-cast condition (Supplement III and V) 
The thermal diffusivity of Stenal Rheo1 measured during heating from 30°C to 400°C in 
three different positions of the rheocast radio filter component, see Figure 18, and in liquid 
cast sample. The result, which illustrates in Figure 36, showed that the rheocast material had 
a higher thermal diffusivity as compared to the liquid-cast material. Furthermore, differing 
thermal diffusivity values within the rheocast component resulted in a higher value for 
position 2, the plate near the gate, as compared to positions 1 and 3, which correspond to 
samples from the wall near to the gate and the plate near to the vent, respectively. Similarly, 
the fraction of α1-Al particles in positions 1, 2 and 3 indicated three times higher fraction of 
α1-Al particles in the samples from position 2, compare to sample from position 1 and 3.  

In order to delve into the significance of the amount α1-Al particles in increasing of thermal 
diffusivity, a relation between in these measured factors must be found. Considering the 
concentration of Si in the α1-Al particles as compared to α2-Al particles indicated lower Si 
concentration in the α1-Al particles. This means that less scattering of free electrons by Si 
atoms occurred in the material at position 2, resulting in a higher thermal diffusivity. 
Similarly ,the behaviour of the liquid-cast material showed a larger increase in diffusivity 
(3.7mm2/s) as compared to the rheocast material (2.3mm2/s), which can be explained by the 
higher concentration of Si in the solid solution in the as-cast condition. Furthermore, the 
reduction of difference in thermal diffusivity value between the different three positions in 
the rheocast component and liquid cast material by increasing the temperature above 250°C 
supports the assertion that Si in a solid solution has a significant effect on thermal 
conductivity.  
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(a) (b) 

Figure 36. (a) Thermal diffusivity and b) thermal conductivity of rheocast and liquid-cast samples of 
Stenal Rheo1 in the as-cast condition. 

The influence of alloying elements on thermal properties in as-cast condition was 
investigated in the samples prepared using Alloy X and 6082 alloy. The thermal diffusivity 
and thermal conductivity for the as-cast Alloy 6082 and Alloy X are presented in Figure 37. 
The thermal conductivity of Alloy 6082 had a lower value than Alloy X, despite its low Si 
concentration. A comparative EDS measurement showed concentrations of Si of around 
0.5±0.09wt% and 0.45±0.08wt% in the Al matrix for Alloy 6082 and for Alloy X, 
respectively. The EDS measurement for Mn revealed the concentration of 0.41±0.06wt% 
for Alloy 6082 and 0.17±0.03wt% for Alloy X in the Al matrix [90]. Therefore, the high 
Mn concentration of Alloy 6082, as well as the presence of Mg-Si clusters or precipitates, 
contributed to its low thermal conductivity [91]. A decreased difference in thermal 
conductivity between Alloy X and Alloy 6082 with increasing temperature can indeed be 
observed in Figure 37. Both the growth of Mg2Si clusters and the formation of a higher 
fraction of Mn-containing dispersoids in Alloy 6082 contributed to the decrease in the 
difference in thermal conductivity between Alloy 6082 and Alloy X with increasing 
temperature. 

  

(a) (b) 

Figure 37. (a) Thermal diffusivity and b) conductivity of rheocast Alloy X and Alloy 6082 samples in 
the as-cast condition. 
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3.3.3 Physical properties; heat-treated condition (Supplement III and V) 
The aging time for T5 treatment for the samples taken from position 1 on rheocast radio 
filter component was obtained by means of hardness measurement. Ageing for 4h at 200°C, 
corresponding to peak hardness; 3h at 250°C to achieve an overaged condition; 70min at 
300°C, to achieve a heavily overaged condition with low hardness was conducted. For Alloy 
X, an ageing time of 1 h and 6h at 205°C were chosen for LFA samples. In T6 treatment 
process for Stenal Rheo1 alloy, solution treatment times were chosen based on the measured 
distance between Al2Cu phases. 

The measured distance of 80±20µm for the rheocast component, and 50±10µm for the 
liquid-cast samples, resulting in treatment times of 9h and 3.5h for the rheocast and liquid-
cast samples at 495°C, respectively. For Alloy X, solution heat treatment was set for 6h at 
500°C. Optical micrographs of the rheocast component after solution treatment is illustrated 
in Figure 38. It is clear in the microstructure that fragmentation of Si eutectic particles 
during solution treatment resulted in smaller and rounded Si particles. 

  
(a) (b) 

Figure 38. Optical micrographs of the rheocast component after solution treatment using (a) Stenal 
Rheo1 and (b) Alloy X. 

40 µm The thermal diffusivity and conductivity of heat-treated for Stenal Rheo1 alloy in 
rheocast and liquid-cast samples are presented in Figure 39 and Figure 40, respectively. All 
treatments resulted in an increase in thermal diffusivity as compared to the as-cast 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 T5-200 °C 
treated samples increases and reaches a value similar to that of T5-250 °C and T5-300 °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 compared to the rheocast sample. 
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(a) (b) 

Figure 39. Thermal diffusivity of T5 and T6 treatments of (a) rheocast (b) and liquid-cast Stenal 
Rheo1 samples. 

 

  

(a) (b) 

Figure 40. Thermal conductivity of T5 and T6 treatments of (a) rheocast (b) and liquid-cast Stenal 
Rheo1 samples. 

Similarly, Figure 41(a) and Figure 41(b) show the measured average values of thermal 
diffusivity and thermal conductivity for Alloy X in the as-cast, T5 and T6 heat-treated states 
from room temperature up to 400°C. The solution treatment and artificial aging increased 
thermal diffusivity and correspondingly thermal conductivity. The results also showed a T5 
250°C 3h give a similar thermal diffusivity and conductivity as obtained by a T6 205°C 1h 
treatment. Therefore, by considering 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 3h had, only by 
decreasing in concentration of Si in solid solution. Therefore, the precipitation of Si was 
identified as the main mechanisms for the improvement in thermal conductivity. 
Considering electronics industry requirement and taking blistering into account, a T5 
treatment at 250°C was recommended for Alloy X in despite of a limited mechanical 
properties and low hardness. 
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(a) (b) 

Figure 41. (a) Thermal diffusivity and (b) conductivity of Alloy X for as-cast, 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. The effects of relevant microstructural 
differences are therefore is important in relation to their effect on thermal conductivity The 
microstructural investigation before and after the T6 treatment, showed the fragmentation 
and spheriodisation of Si particles, which resulted in small and rounded Si particles; these 
lead to a reduced contact area between the α-Al matrix and the Si particles [26]. 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 [92] or solution treatment [93]. 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, resulting in an increase 
in thermal conductivity [90]. 

3.3.4 Silicon precipitation –thermal diffusivity relationship (Supplement V) 
Considering the thermal diffusivity results from different conditions, a clear increasing 
between 225 and 250 °C which corresponds to Si precipitation from solid solution were 
observed [94]. The except in the case of T5 and T6 treated samples, which had longer aging 
time or higher ageing temperature, pointed to influence of heat treating condition on the 
increasing in diffusivity during measurement. Further investigation regarding to the relation 
between silicon precipitation and the increasing in diffusivity on the samples produced from 
the Stenal Rheo1 alloy were conducted. The measured precipitation sequence for the liquid-
cast and rheocast material 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 42 clearly revealed a linear relationship between peak area and thermal 
diffusivity. The results indicated that no increasing of thermal diffusivity for the T5 treated 
samples at 250°C and 300°C was related to the no Si precipitation in this temperature region. 
It was proved by the fact that precipitation peak in the calorimetry measurements was not 
detected in these samples. Similarly, observing an increase in thermal diffusivity in the 
temperature range of 200-250°C during the measurement for the heat treated samples with 
a precipitation peak suggests that the precipitation process was incomplete after heat treating 
process due to insufficient time to let all of the Si precipitate prior to the measurement. 
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Figure 42. Increase in diffusivity when the temperature was increased from 200°C to 250°C versus 
peak area for Si precipitation, measured using calorimetry for rheocast and liquid-cast material in the 

as-cast and T5 200°C conditions. 

3.3.5 Strength – conductivity relationship (Supplement V) 
Figure 43 shows the relationship between hardness and conductivity, based on 
measurements of the rheocast component using 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 non-linearity is that atoms in a solid solution, GP zones, and precipitates 
are effective to different degrees with regard to being obstacles to dislocations (strength) 
and electrons (conductivity) [95, 96].  

 

Figure 43. The relationship between strength and conductivity, showing hardness for rheocast and 
liquid-cast samples. 

0 4 8 12 16
Peak area [J/g]

0

1

2

3

4

In
cr

ea
se

 in
 d

iff
us

iv
ity

 [m
m

2 /s
] rheocast F

liquid cast F
rheocast T5 200°C

liquid cast T5 200°C

140 150 160 170 180 190
Thermal conductivity [W/mK]

50

60

70

80

90

100

H
ar

dn
es

s 
[H

V]

liquid cast F
liquid cast T5
liquid cast T6

rheocast F
rheocast T5
rheocast T6

39 



 

 

40 



Rheocasting of Aluminium Alloys: 
Slurry Formation, Microstructure, and Properties 

CHAPTER 4    

 
CONCLUDING REMARKS 

 
CHAPTER INTRODUCTION 
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 the development of a production system, tries to facilitate 
new possibilities to generate a new product concept or to optimise the final properties of 
ongoing production. Reaching this point was conceivable by extending the boundaries of 
production of complex shapes components with optimising the rheocasting process and 
developing new Al-Si alloy system. In this development process, new scientific and 
technical knowledge related to both rheocasting process and final product properties has 
been attained: 

Alloy Design 

• The comparisons of slurry preparation process using RheoMetalTM process for two 
commercial alloys with high and low Si content pointed to the possibility of making 
slurry of a near-to-pure aluminium alloy. 

• The compositional measurement showed a relationship between the amount of liquid 
portion of slurry and the formation of the pore band. Therefore, “eutectic knee” at 
around 15% liquid must be considered as a practical design point. 

• Also, enriching the liquid portion of slurry with alloying elements 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 

• EEM evolution during the melting procedure in the RheoMetalTM process showed 
initial material freezing onto the EEM, followed by gradual melting of the EEM. 
The characteristics of freeze-on layer were strongly correlated to melt superheat and 
composition, hence also had significant influence on the melting sequence, and 
thereby process stability.  

• The microstructural and compositional study at the slurry preparation stages of 
rheocasting process revealed the formation of solute-lean coarse globular α1-Al 
particles. In addition, Si among the α1-Al particles homogenised at the slurry 
temperature before casting. The results of EDS measurement specified the formation 
of α1-Al particles enriched the liquid portion of slurry by alloying elements. 
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Castability 

• Microstructural investigation in the rheocast samples exposed an exaggerated 
inhomogeneity in the rheocast components compare to liquid cast material due to 
the presence of secondary particles besides α1-Al particles. The size discrimination 
and compositional study clearly indicated the formation of fine solute rich α2-Al 
particles in a higher cooling rate by solidification of the liquid portion of slurry 
inside the cavity.  

• The microscopic study on different positions in the rheocast components pointed to 
the fact that the inhomogeneity in the slurry, formed macrosegregation in both 
transverse (cross-sectional) and longitudinal directions in the rheocast components. 

Component characteristics 

• The investigation of the nature of the fracture surface and thermal conductivity in 
the rheocast components showed the significant influence of macrosegregation on 
final properties. In this case, the liquid segregation, the ratio of α1-Al particles to α2-
Al particles and porosity formation strongly affected on the mechanical and physical 
properties. 

• In addition, heat treatment process had significant and also complex influence on 
the final properties by altering morphological and chemical characteristics of 
microstructure. This was proved by observing the linear relationship between the 
increase in thermal diffusivity and Si precipitation as well as the complex 
relationship between hardness and conductivity in different heat treated conditions. 
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CHAPTER 5   

 
FUTURE WORK 

 
CHAPTER INTRODUCTION 
In this chapter, ideas are presented regarding how to design and improve different parts of 
the experimental strategy in future work.  

Slurry Formation 

• The study of the slurry preparation process could be continued with further 
investigations into the effect of EEM characteristics such as grain size on 
microstructural features of final slurry.  

• Investigation about effect of EEM composition and new possibility for slurry 
preparation using near-to-pure aluminium is critical. Such a study is possible by 
using aluminium alloy with a lower liquidus temperature for the EEM as compared 
to the melt. The expected result is a smoother melting process of the EEM and also 
shorter preparation time. 

Castability 

• Macrosegregation, porosity formation, and the feeding mechanism are still not well-
understood topics. The literature study and experimental work showed that shear 
and expansion result in the formation of pores or eutectic bands. In addition, more 
measurements to provide a greater understanding of macrosegregation during 
rheocasting and the critical fractions for different events, along with their 
implementation in a model, are an as-yet unaddressed research topic.  

Component characteristics  

• Thermal conductivity, wear resistance, and corrosion properties and their 
dependency on transverse inhomogeneity in the rheocast component are of great 
importance.  

• An understanding of inhomogeneity in different solid fractions, and its effect on 
final properties, with particular regard to mechanical properties, would be of great 
assistance to the industry. More work is needed to identify the effect of the heat 
treatment process (ageing and solution treatment) on the final mechanical properties 
as well. 
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