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ABSTRACT 
 
The use of lightweight parts by the vehicle industry produces immediate benefits on the 
reduction of emissions because less energy is consumed during the production, service, 
and recycle stages of a product life cycle. Therefore, the development of processes that 
allow high design freedom for topology optimisation and materials with high specific 
strength is a great need. Semi-solid Al-7Si-Mg castings provide great potential for weight 
reduction, particularly in critical applications where materials such as steel and cast iron 
are typically used. However, critical applications have higher requirements in mechanical 
and fatigue properties compared to conventional aluminium castings applications. 
Therefore, the control of microstructure and defect formation in all steps of the semi-solid 
casting process is essential to produce lightweight, reliable castings for future demands. 
In semi-solid aluminium casting, a slurry consisting of primary α-Al crystals dispersed in 
the liquid is injected into the die-cavity. In this study, the slurry preparation involved the 
immersion of a cylinder (so-called EEM) while rotating into a superheated alloy. This 
investigation showed that the α-Al crystals in the slurry are a combination of equiaxed α-
Al crystals that nucleate in the thermal undercooled liquid surrounding the EEM, crystal 
fragments from the columnar dendrites solidified on the EEM surface and undissolved 
crystals from the original EEM. The addition of grain refiners has no significant effect on 
the size and shape of the α-Al crystals in the slurry. The dissolution of the EEM during 
slurry preparation was studied using a new tag-and-trace method of α-Al crystals. When 
the EEM disintegrates into large α-Al crystal agglomerates during slurry preparation can 
result in detrimental effects on the fatigue properties of SSM castings.  
Alloy composition, cooling rate, strontium modification, and heat treatment affect the 
type, size, and shape of the intermetallic phases formed in the Al-7Si-Mg castings. This 
study showed that high cooling rates and strontium modification are beneficial for the 
formation of smaller and less detrimental iron-rich intermetallic phases to mechanical 
and fatigue properties.  
The precipitation hardening response of the SSM Al-7Si-Mg castings strongly affects 
mechanical and fatigue properties. The results in this study showed that the 0.2% offset 
yield strength increases linearly with the increase of the magnesium concentration in the 
interior of the α-Al crystals formed during slurry preparation of SSM Al-7Si-Mg castings 
in the T5 and T6 conditions. Macrosegregation regions surrounded by an oxide layer were 
preferential sites for fatigue crack initiation in the SSM Al-7Si-Mg castings tested in this 
study. 
Keywords: Rheometal™ process; semi-solid casting; aluminium alloys; dissolution; grain 
refinement; segregation; intermetallic phases; heat treatment; mechanical properties; 
fatigue properties.  
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SAMMANFATTNING 
 
Viktminskningen av detaljer som ska användas inom fordonsindustrin ger omedelbara 
fördelar för reduktion av utsläpp. Detta beror på att det går åt mindre energi att producera, 
flytta och återvinna dessa lätta komponenter. Utvecklingen av processer som möjliggör 
hög designfrihet för topologioptimering och material med hög specifik styrka har stor 
efterfrågan och är därför viktig. Gjutgods framtagning genom semisolidgjutning av Al-7Si-
Mg ger stora möjligheter till viktminskning, och då särskilt i kritiska applikationer. Här 
har traditionella material, som stål och gjutjärn samt processer som smide använts, med 
större designbegränsningar. Emellertid har kritiska applikationer strängare krav på 
mekaniska egenskaper och utmattningsegenskaper jämfört med konventionellt gjutgods 
av aluminium. Därför är styrningen av mikrostruktur och defekter i alla steg i 
semisolidgjutningsprocessen avgörande för att producera lätt, pålitligt gjutgods för 
framtida behov.  
I semisolidgjutning av aluminium pressas en slurry bestående av primära α-Al-kristaller 
dispergerade i smältan in i formhåligheten. Slurryberedningen i den studerade processen 
innebär att cylinder, vid låg temperatur (så kallad EEM), förs ner i en överhettad smälta 
under rotation. Den fasta fasen i slurryn är en kombination av de likaxliga α-Al-
kristallerna som kärnbildas i den underkylda smältan närmast EEMet, och 
kristallfragment från de dendriterna som bildar på EEM cylinderns yta och från EEMet. 
Tillsats av ympmedel har ingen signifikant effekt på storlek eller formen på α-Al-
kristallerna i slurryn. När EEMet faller sönder i mer eller mindre stora α-Al-kristaller kan 
kluster i slurryn resultera i defekter som kan skada utmattningsegenskaperna hos 
semisolidgjutgods.  
Legeringssammansättning, kylhastighet, strontiummodifiering och värmebehandling 
påverkar typ, storlek och form på de intermetalliska faserna som bildas i Al-7Si-Mg-
gjutgods. Höga kylhastigheter och strontiummodifiering är fördelaktiga för bildandet av 
mindre stors järnrika intermetaller som dessutom är mindre skadliga för mekaniska 
egenskaper och utmattningsprestandan hos gjutgodet. 
Härdningsresponsen för semisolidgjutet Al-7Si-Mg-gods påverkar mekaniska egenskaper 
och utmattningsegenskaper kraftigt. Resultaten i denna studie visade att den 
sträckgränsen ökar linjärt med öknande magnesiumhalt i det inre av α-Al-fasen bildad 
under slurrytillverkningen av semisolitt Al-7Si-Mg-gjutgods i T5- och T6-tillstånd. 
Makrosegregeringregioner omgivna av ett oxidskikt var primärorsaker för för initiering 
av utmattningssprickor av semisolitt Al-7Si-Mg gjutigods. 
Nyckelord: Rheometal™ processen; semi-solid gjutgarna; aluminiumlegeringar; 
upplösning; kornförfining; segregering; intermetalliska faser; värmebehandling; 
mekaniska egenskaper; utmattningsegenskaper.  
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INTRODUCTION 
  

1.1 BACKGROUND  

Global warming is one of the factors associated with the increase in the frequency of 
natural disasters, which results in people's live losses and both economic and 
infrastructure destruction [1]. Carbon dioxide (CO2) represented about 81% of the total 
greenhouse emission in 2018 [2]. Therefore, different organizations, either by their 
initiative or imposed by legislation, started an effort for decarburization of energy sources 
to reduce CO2 emissions. Additionally, other factors such as air pollution and energy usage 
inefficiency have a negative impact on society. In 2015, a total of 196 parties signed the 
Paris Agreement that establishes a worldwide effort to reduce the global average 
temperature to less than 2C above the pre-industrial levels [3]. The European Union (EU) 
under Paris agreement is determined to reduce greenhouse gas emissions by a minimum 
of 40% by 2030 compared to 1990 levels [3].  
Road transportation represents about 21% of the EU total CO2 emissions [4]. Heavy-duty 
vehicles alone contribute about 6% of the EU total CO2 emissions [5], and it is expected 
that without any action, the CO2 emissions from heavy-duty vehicles will be 9% higher by 
the year 2030 [6]. Therefore, the EU set CO2 emissions standards for heavy-duty vehicles 
by the Regulation (EU) 2019/1242. Additionally, incentives are set for heavy-duty 
vehicles with no tailpipe CO2 emissions and lorries with CO2 emissions that represent half 
of the average C02 emissions of all vehicles of the same category. However, road 
transportation legislation is mainly focused on emissions generated during the vehicle 
driving period. It neglects other sources of CO2 emissions from the different stages of the 
life cycle of the vehicle. For example, in 2019, 15% of the total CO2 emissions of the Toyota 
Motor Corporation were generated during the production of materials and parts [7]. For 
this reason, the use of lightweight components, improved energy efficiency technologies, 
and eco-friendly vehicles are necessary actions to reduce CO2 emissions [7]. 
The CO2 emission potential savings from the transition to electric drivetrain vehicles 
depend significantly on the decarburization of electrical power production [8]. However, 
vehicle weight reduction can generate an immediate and significant impact on the 
reduction of CO2 cumulative emissions [8]. The vehicle weight reduction causes CO2 
emission savings in all life cycle of the vehicle from materials manufacturing towards 
vehicle usage and end-of-life treatment. However, vehicle weight reduction has to be 
economically feasible, or most likely, will not be performed. 
In a life cycle assessment perspective, there are environmental benefits of using 
lightweight aluminium castings in heavy-duty vehicles [9]. Semi-Solid Metal (SSM) casting 
is one of the possible solutions to produce lightweight parts with cost savings compared 
to other processes such as low pressure die-casting [10]. Al-7Si-Mg SSM castings have 
recently been used in heavy-duty vehicles, replacing cast iron parts with weight reduction 
[11].  
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In the aluminium SSM casting process, a slurry consisting of near-globular α-Al crystals 
dispersed in the liquid is injected into the die-cavity to produce castings [12]. This process 
has some advantages compared to the High Pressure Die-casting (HPDC) process, such as 
lower casting temperature, less gas and lubricant entrapment, and shrinkage porosities 
[13]. However, these advantages may result in a cost premium due to the additional 
investment in equipment for SSM casting compared to HPDC [14]. Therefore, SSM castings 
are used in applications where there are a competitive advantage in price and/or 
properties compared to other processes. One of these applications is lightweight 
structural components for heavy-duty vehicles [10]. The increasing demands for weight 
reduction will result in a need to replace parts in critical applications with tighter 
requirements in mechanical and fatigue properties in the future. Additionally, structural 
applications may require T6 heat treatment of SSM castings. Therefore, the understanding 
of microstructure and defect formation during solidification and response to heat 
treatments of SSM castings is essential for future demands.  
1.2 ALUMINUM  CAST ALLOYS  

Hypoeutectic Al-Si alloys are the most common cast alloys used in varied applications [15]. 
The Al-7Si-Mg cast alloys are generally used for automotive and aerospace applications 
due to their excellent castability, corrosion resistance, and high specific strength [16]. 
Magnesium addition up to 0.5wt.% increases the precipitation hardening of Al-7Si-Mg 
alloys during ageing [17].  
11..22..11 AAll--77SSii--MMgg  ccaasstt  aallllooyyss  

The most commonly used Al-7Si-Mg alloys, i.e., A356 and 357, contain up to 0.20wt.% of 
iron [18] that during solidification reacts with other elements to form iron-rich phases 
[19]. Typically, the iron-rich intermetallic phases formed during solidification of these 
alloys are β-Al5FeSi and π-Al8FeMg3Si6 phase [20,21].  
The quaternary Al-Fe-Mg-Si phase diagram can be used to analyse the phases that can 
form during solidification in Al-7Si-Mg alloys [22]. The polythermal vertical section of the 
Al-7Si-Mg-0.2Fe phase diagram calculated using Thermocalc™ is shown in Figure 1. The 
silicon variation within the composition range of A356 and 357 alloys, i.e., 6.5 to 7.5wt.% 
[18], does not change the phases formed during solidification [22]. Therefore, a constant 
silicon content can be used to evaluate the phases formed during solidification in these 
alloys, as shown in Figure 1.   
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  Figure 1: Polythermal vertical section of the Al-7Si-Mg-0.2Fe equilibrium phase diagram predicted by 
Thermocalc™ version 2020a using TCAL6: AL-alloys v6.0 database. β – Al5FeSi and π – Al8FeMg3Si6 [22]. 
 
The composition of the alloy and solidification conditions influence the size, type, and 
volume fraction of the intermetallic phases formed during the solidification of these alloys 
[23,24]. Typically, π-Al8FeMg3Si6 and Mg2Si phases form in Al-7Si-Mg castings with a 
magnesium content lower than 0.6wt.% due to the non-equilibrium solidification 
conditions of casting processes [22]. Additionally, in strontium modified Al-7Si-Mg alloys, 
Al2Si2Sr intermetallics can also form during solidification of these alloys [25].  
The solidification sequence of the Al-7Si-Mg alloys was studied by Bäckerud et al. [26] and 
Wang and Davidson [21]. Both studies showed that the typical solidification sequence of 
Al-7Si-Mg alloys starts with the formation of primary α-Al followed by the binary L ↔ α-
Al + Si and ternary L ↔ α-Al + Si + β-Al5FeSi eutectic reactions. Subsequently, the 
solidification continues with the peritectic reaction L + β-Al5FeSi ↔ α-Al + Si + π-
Al8FeMg3Si6 followed by the ternary L ↔ α-Al + Si + Mg2Si and end with the quaternary L 
↔ α-Al + Si + π-Al8FeMg3Si6 + Mg2Si eutectic reaction. Figure 2 shows the typical plate-
like β-Al5FeSi phase and Chinese script-like π-Al8FeMg3Si6 and Mg2Si phases formed in Al-
7Si-Mg alloys.   
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 a)  b) 
Figure 2: Micrographs showing a) script-like π-Al8FeMg3Si6 phase [27] and b) plate-like β-Al5FeSi phase and 
script-like Mg2Si phase. 
 
Strontium is usually added to Al-Si alloys to modify the eutectic silicon and improve the 
mechanical properties [28]. Additionally, strontium addition to Al-Si cast alloys can 
suppress the formation of β-Al5FeSi phase by poisoning nucleant particles dispersed in 
the liquid, particularly AlP [29,30]. Nogita et al. [31] showed evidence of eutectic silicon 
nucleation on AlP. There are some indications that AlP particles can also act as nucleant 
of the β-Al5FeSi phase [25,32]. Other studies suggested that iron-rich intermetallics can 
also nucleate and grow on the wetted surfaces of bifilms [33]. However, the nucleation of 
iron-intermetallics on oxides is mostly based on observations of physical associations 
between oxides and iron-intermetallics and not in nucleation frequencies or 
crystallographic orientation relationships [34].  
Cooling rate and strontium modification can influence the type, size, and morphology of 
the intermetallic phases formed during solidification [35,36]. Intermetallic phases may be 
misidentified if the identification is focused just on their morphology [37]. For example, 
the plate-like δ-Al3FeSi2 can be misidentified as β-Al5FeSi phase, particularly in strontium 
modified alloys [38]. Yu et al. [39] studied the intermetallic phases formation in 
unmodified and modified Al-10Si-0.3Fe alloys. It was found that the intermetallic phases 
formed in the unmodified alloy have a Chinese script-like morphology. In contrast, in the 
modified alloy the intermetallic phases formed were mostly plate-like shape.  
11..22..22 GGrraaiinn  rreeffiinneemmeenntt  

Small and uniform grain size is desirable for mechanical and fatigue properties, heat 
treatment response, and anodizing of net-shaped castings and wrought alloys [40]. 
Additionally, improved castability, weldability, and mechanical formability is obtained for 
castings with smaller grain size [41].  
Typically, the inoculation of aluminium alloys with Al-5Ti-1B grain refiner is used to 
control the grain size [42]. The efficiency of a grain refiner depends not only on the 
nucleant potency but also on the alloy composition and cooling conditions [43]. Al-Si 
foundry alloys containing high silicon content are difficult to grain refine using 
conventional Al-5Ti-1B additions [44]. A poisoning mechanism by the formation of 
titanium silicides on the nucleant particles is proposed to occur, reducing the effect of the 
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Al-5Ti-1B grain refiner in Al-Si foundry alloys [45,46]. Therefore, inoculation of Al-Si 
foundry alloys using new master alloys such as Al-B have been studied [47]. However, 
boron reacts with strontium forming SrB6 [48] that tend to settle in the bottom of the 
crucible and reduce the dissolved strontium available for the Al-Si eutectic modification 
[49]. 
Other methods to grain refine aluminium alloys have been studied, such as low-
temperature pouring [50], mechanical stirring combined with rapid cooling [51], 
electromagnetic stirring [52], and mechanical and ultrasonic vibration [53,54]. Some 
grain refinement mechanisms studied involve rapid cooling and copious nucleation 
events on or near the cold surface of a solid immersed into superheated liquid alloy [55]. 
The cold solid immersed into the superheated liquid alloy can either be of the same alloy 
as the liquid alloy [56,57] or a different material [55]. When the solid immersed dissolves 
in the liquid alloy, new nucleation substracts can be introduced either as crystals 
fragments or non-metallic inclusions in the solidifying alloy [58]. Typically, to promote 
thermal and composition homogenisation in the liquid, rapid removal of superheat, and 
dissolution of the immersed solid into the liquid alloy, different methods are used, such 
as mechanical stirring [56,59], mechanical and ultrasonic vibrations [54,60] and gas-
bubbles injection [55]. Some of these methods are applied to obtain feedstock or slurries 
with small and uniform non-dendritic primary α-Al grains suitable for SSM processing.  
1.3 SEMI-SOLID CASTING 

SSM castings have been recently used in structural parts of heavy-duty vehicles that 
experience fatigue in service, and consequently, the control of microstructure and defect 
formation is critical [10]. Therefore, small, uniform and globular α-Al crystals are 
desirable for low resistance to flow during die-cavity filling, improved feeding, and 
reduced segregation during solidification [61].  
Rheocasting and thixocasting are the two main routes of SSM casting [62]. In the 
rheocasting process, a slurry consisting of a certain fraction of non-dendritic α-Al crystals 
dispersed in the liquid is produced from a superheated aluminium alloy and injected into 
the die-cavity [62]. In thixocasting, a solid billet with a microstructure consisting of non-
dendritic α-Al grains and eutectic is heated to a temperature in the semi-solid range and 
subsequently injected into the die-cavity [62]. Rheocasting has some advantages 
compared to thixocasting, such as standard die-casting alloys can be used, no special 
treatment of the feedstock is needed, and the scrap material produced in-house can be 
used in the process [63].  
The shape, size and fraction of α-Al crystals in the slurry dictate the flow behaviour during 
die-cavity filling and at a great extent, the defects formed in the SSM casting [64]. At a 
certain fraction range of α-Al crystals, so-called dendrite coherency solid-fraction, 
typically between 0.3-0.7, the crystals start to impinge on one another and begin to 
transmit shear and compressive strains [64]. When the maximum packing solid-fraction 
is reached, typically at solid-fractions >0.7, the α-Al crystals start to interlock on one 
another, and the slurry starts to behave like a solid [64]. The range of dendrite coherency 
and maximum packing solid-fractions are strongly dependent on the size and shape of the 
α-Al crystals in the slurry [64,65]. Therefore, the solid-fraction, size and shape of the α-Al 
crystals strongly determine the response of the slurry to shear during die-cavity filling 
and the feeding mechanisms active during solidification [64]. 
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There are several rheocasting processes developed over the years focused on obtaining 
slurries with a non-dendritic solid-phase suitable for semi-solid processing. Some of these 
processes are Semi-Solid Rheocasting (SSR™) [66], RheoMetal™ [57], Gas-Induced Semi-
Solid (GISS) [67], New RheoCasting (NRC) [68], Swirled Enthalpy Equilibration Device 
(SEED) [69] and cooling slope method [70]. Rheometal™ process is a very cost-effective 
process capable of producing slurries with high solid-fraction in short times [57]. This 
process is currently used to produce pressure-tight and weldable thin-wall castings and 
thick-wall castings with a thickness up to 88mm [71].  
11..33..11 RRhheeooMMeettaall™™  pprroocceessss  

The Rheometal™ process consists of immersion of a cylinder while rotating into a 
superheated liquid alloy. The cylinder is at a lower temperature compared to the liquid 
alloy before immersion. Therefore, after immersion, an enthalpy exchange occurs 
between the rotating cylinder, so-called Enthalpy Exchange Material (EEM), and the 
surrounding liquid alloy [56]. After the dissolution of the EEM, a slurry with a certain 
fraction of α-Al crystals dispersed in the liquid is obtained [59]. Subsequently, the 
prepared slurry is poured into the shot-sleeve and injected into the die-cavity of an HPDC 
machine [72]. The different steps of the Rheometal™ process are shown in Figure 3. 
 

 Figure 3: Illustration of the Rheometal™ process; 1) superheated alloy is collected from the crucible; 2) 
Casting of the EEM; 3) EEM is immersed while rotating into the superheated alloy; 4) slurry is poured into 
the shot-sleeve, and 5) injected into the die-cavity [72].  
 
The most critical parameters in the Rheometal™ process are alloy composition, liquid 
superheat, EEM stirring rate, wt.% EEM addition, and EEM temperature and 
microstructure [56,73]. Payandeh et al. [59] suggested that the non-dendritic α-Al grains 
formed during the Rheometal™ slurry preparation process result from α-Al crystal 
fragments from the EEM and α-Al crystals nucleated on the immediate thermal 
undercooled liquid surrounding the EEM. Additionally, a layer of columnar α-Al dendrites 
growing on the EEM surface after immersion in the liquid is commonly observed in the 
Rheometal™ process [59]. This layer, so-called freeze-on layer, after disintegration, can 
contribute with additional α-Al crystal fragments to the slurry [59].  
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11..33..22 MMiiccrroossttrruuccttuurree  

During SSM casting, solidification occurs during slurry preparation, pouring, and holding 
in the shot-sleeve and during filling and cooling in the die cavity. In each of these steps, 
the solidifying alloy experiences different cooling rates, and shear conditions which result 
in the formation of primary α-Al grains with different sizes and shapes. Hitchcock et al. 
[74] identified three different primary α-Al populations commonly formed in SSM 
castings, as shown in Figure 4. During slurry preparation, large α-Al globules, denoted as 
α1 in Figure 4 are formed typically under intense shear forces. During the period that the 
slurry is held in the shot-sleeve smaller and more dendritic α-Al crystals are formed 
compared to the α1-Al crystals, denoted as α2 in Figure 4. The solidification in the die-
cavity continues with the growth of α1 and α2-Al crystals, and nucleation and growth of 
the in-cavity solidified crystals, denoted as α3 in Figure 4. The solidification ends with the 
eutectic formation [72].  
 

 Figure 4: Micrograph obtained from an A357 rheocasting in which three different α-Al populations are 
observed and identified as α1, α2, and α3 [74].  
 
Payandeh et al. [72] measured the silicon concentration in the interior of α1, α2 and α3-Al 
grains in four Al-Si alloys with different silicon content. For all alloys the silicon 
concentration in the interior of the α1-Al globules formed during slurry preparation was 
lower than in the interior of the α2-Al dendrites formed in the shot-sleeve at lower 
temperatures. The in-cavity solidified grains, α3-Al, had the highest silicon concentration 
in the centre as they were formed later at lower temperatures compared to both α1-Al and 
α2-Al.  
The silicon concentration along the diameter of the α1-Al globules of quenched slurries is 
nearly uniform, as shown in Figure 5 [72]. However, an increase of silicon concentration 
is observed near the α1-Al globules edges. Similarly, a similar silicon concentration profile 
is obtained for the α1-Al globules after SSM casting [72].  
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The Rheometal™ process consists of immersion of a cylinder while rotating into a 
superheated liquid alloy. The cylinder is at a lower temperature compared to the liquid 
alloy before immersion. Therefore, after immersion, an enthalpy exchange occurs 
between the rotating cylinder, so-called Enthalpy Exchange Material (EEM), and the 
surrounding liquid alloy [56]. After the dissolution of the EEM, a slurry with a certain 
fraction of α-Al crystals dispersed in the liquid is obtained [59]. Subsequently, the 
prepared slurry is poured into the shot-sleeve and injected into the die-cavity of an HPDC 
machine [72]. The different steps of the Rheometal™ process are shown in Figure 3. 
 

 Figure 3: Illustration of the Rheometal™ process; 1) superheated alloy is collected from the crucible; 2) 
Casting of the EEM; 3) EEM is immersed while rotating into the superheated alloy; 4) slurry is poured into 
the shot-sleeve, and 5) injected into the die-cavity [72].  
 
The most critical parameters in the Rheometal™ process are alloy composition, liquid 
superheat, EEM stirring rate, wt.% EEM addition, and EEM temperature and 
microstructure [56,73]. Payandeh et al. [59] suggested that the non-dendritic α-Al grains 
formed during the Rheometal™ slurry preparation process result from α-Al crystal 
fragments from the EEM and α-Al crystals nucleated on the immediate thermal 
undercooled liquid surrounding the EEM. Additionally, a layer of columnar α-Al dendrites 
growing on the EEM surface after immersion in the liquid is commonly observed in the 
Rheometal™ process [59]. This layer, so-called freeze-on layer, after disintegration, can 
contribute with additional α-Al crystal fragments to the slurry [59].  
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11..33..22 MMiiccrroossttrruuccttuurree  

During SSM casting, solidification occurs during slurry preparation, pouring, and holding 
in the shot-sleeve and during filling and cooling in the die cavity. In each of these steps, 
the solidifying alloy experiences different cooling rates, and shear conditions which result 
in the formation of primary α-Al grains with different sizes and shapes. Hitchcock et al. 
[74] identified three different primary α-Al populations commonly formed in SSM 
castings, as shown in Figure 4. During slurry preparation, large α-Al globules, denoted as 
α1 in Figure 4 are formed typically under intense shear forces. During the period that the 
slurry is held in the shot-sleeve smaller and more dendritic α-Al crystals are formed 
compared to the α1-Al crystals, denoted as α2 in Figure 4. The solidification in the die-
cavity continues with the growth of α1 and α2-Al crystals, and nucleation and growth of 
the in-cavity solidified crystals, denoted as α3 in Figure 4. The solidification ends with the 
eutectic formation [72].  
 

 Figure 4: Micrograph obtained from an A357 rheocasting in which three different α-Al populations are 
observed and identified as α1, α2, and α3 [74].  
 
Payandeh et al. [72] measured the silicon concentration in the interior of α1, α2 and α3-Al 
grains in four Al-Si alloys with different silicon content. For all alloys the silicon 
concentration in the interior of the α1-Al globules formed during slurry preparation was 
lower than in the interior of the α2-Al dendrites formed in the shot-sleeve at lower 
temperatures. The in-cavity solidified grains, α3-Al, had the highest silicon concentration 
in the centre as they were formed later at lower temperatures compared to both α1-Al and 
α2-Al.  
The silicon concentration along the diameter of the α1-Al globules of quenched slurries is 
nearly uniform, as shown in Figure 5 [72]. However, an increase of silicon concentration 
is observed near the α1-Al globules edges. Similarly, a similar silicon concentration profile 
is obtained for the α1-Al globules after SSM casting [72].  
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 Figure 5: Silicon concentration measured along the diameter of the α1-Al globules from Rheometal™ 
quenched slurries of aluminium alloys with increased silicon contents from alloy 1 to 4 [72]. 
 
11..33..33 DDeeffeeccttss  

Segregation in castings or ingots is an inhomogeneous distribution of solute elements that 
can occur on the scale of the dendritic arm spacing, or at a much larger scale, referred as 
microsegregation and macrosegregation, respectively [75]. Microsegregation results 
from the partition of the solute elements between the liquid and solid phases during 
solidification and the non-equilibrium solidification conditions of casting processes [75]. 
Macrosegregation occurs due to the movement of liquid or solid phase (which have 
different solute concentrations) within the mushy zone [75]. Typically, two 
macrosegregation mechanisms, i.e. inverse segregation and exudation, that result from 
interdendritic liquid flow can occur in aluminium castings [75]. 
Surface segregation consists of a solute-enriched region near the casting surface with a 
different microstructure and composition compared to the casting centre and is 
commonly observed in SSM castings [76,77]. Gourlay et al. [78] suggested that surface 
segregation formation results from a combination of inverse segregation and exudation 
mechanisms.  
In the inverse segregation mechanism, solute-enriched liquid flow through the mushy 
zone towards the casting surface to compensate for solidification shrinkage and thermal 
contraction [79]. The intensification pressure applied in the final stage of HPDC promotes 
inverse segregation [80]. During the application of the intensification pressure stage, 
more slurry is pushed forward into the overflow, and most likely, the compaction of the 
α-Al crystals in the casting centre increases [78]. Therefore, a fraction of the solute-
enriched liquid that previously occupied the α-Al interdendritic spaces in the casting 
centre is squeezed towards the casting surface and increase the inverse surface 
segregation [79]. Figure 6 a) shows the microstructure near an SSM Al-7Si-0.38Mg casting 
surface consisting of in-cavity solidified α-Al dendrites and eutectic most likely resulted 
from inverse segregation [81].  
The cooling rate near the die-wall is higher compared to the casting centre. Therefore, at 
a particular stage of the casting process, the partially solidified layer next to the die-wall 
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pulls away from the die-wall due to solidification shrinkage and thermal contraction, and 
a gap is formed between the solidifying alloy and die-wall. Consequently, when the 
existing pressure difference between the gap and the interior of the solidifying alloy is 
high enough, solute-enriched liquid flows through primary α-Al inter-crystal spacing or 
formed cracks, into the space between the alloy surface and die-wall, i.e., by the exudation 
mechanism [75,80]. This solute-enriched liquid solidifies into an almost eutectic 
microstructure [81], as shown in Figure 6 b). 
 

 a)  b) 
Figure 6: Micrographs obtained near casting surface showing a) SSM Al-7Si-0.38Mg casting and b) HPDC Al-
7Si-0.38Mg casting [82]. 1 – in-cavity solidified grains + eutectic, 2 – primary α1-Al globules, and 3 – fully 
eutectic region. The dashed line on top of the figure indicates the die-wall position during casting. 
 
Dilatant shear bands can form in solidifying alloys sheared at solid-fractions where the α-
Al dendrites impinge one on another, at which strength starts to develop [65]. The solid-
fraction at which the dendrites starts to contact between each other is the so-called, 
dendrite coherency solid-fraction [64]. At the dendrite coherency solid-fraction, the 
crystals begin to push away from one another to move [83]. Consequently, the space 
between crystals increases, which is filled with liquid, and if there is not enough liquid, 
porosity forms within dilatant shear bands [78,84]. Dilatant shear bands is a common 
feature of HPDC [65,85] and SSM casting [86]. Figure 7 a) shows a dilatant shear band 
formed during SSM casting in which the α-Al interdendritic space in the shear band region 
is larger compared to the surroundings [78].  
V-shape segregation bands can also form in SSM castings [87]. These segregation bands 
formed during the intensification pressure stage are shown in Figure 7 b). Additionally, 
within these V-shape bands, eutectic and porosity formation can be observed [87]. 
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dendrite coherency solid-fraction [64]. At the dendrite coherency solid-fraction, the 
crystals begin to push away from one another to move [83]. Consequently, the space 
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formed during SSM casting in which the α-Al interdendritic space in the shear band region 
is larger compared to the surroundings [78].  
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 a)  b) 
Figure 7: Micrographs obtained from SSM castings showing a) dilatant shear band [86] and b) V-shaped 
segregation band [87]. The dashed lines indicate the die-wall position during filling. 
 
Shrinkage and gas porosities and oxides are commonly found in permanent moulding 
aluminium castings [88]. In SSM castings, fatigue cracks initiate mostly in oxides [89,90], 
while in permanent moulding, fatigue crack initiation typically occurs in shrinkage 
cavities [89]. Shrinkage pores also occur in SSM castings and can initiate fatigue failure 
[91], but they are typically fewer and smaller compared to castings obtained by other 
processes [92]. Shrinkage porosity is commonly considered more detrimental to fatigue 
life of castings compared to oxides [88,93]. However, the size [88,94], the position relative 
to the casting surface [95], and morphology of the defect [96] strongly determine the 
fatigue life of castings.  
1.4 HEAT TREATMENT 

Al-7Si-Mg castings are commonly heat-treated to the T5 [97] or T6 [10,98] conditions to 
obtain the required mechanical properties. The level of α-Al supersaturation in 
magnesium and silicon at the ageing temperature dictates the hardening response of the 
Al-7Si-Mg castings during ageing [17]. The T5 heat treatment consists of quenching the 
casting immediately after extraction from the die-cavity to minimize premature 
precipitation followed by artificial ageing [97]. The T5 heat treatment is less expensive, 
and both distortion and blistering are prevented in comparison to the T6 heat treatment 
[10,14]. However, for structural applications with high strength requirements, T6 heat 
treatment is needed [14]. During solution treatment, the first step of the T6 heat 
treatment, dissolution of Mg2Si phase and transformation of π-Al8FeMg3Si6 into β-Al5FeSi 
occurs, releasing magnesium into the α-Al phase [27]. Additionally, spheroidisation of 
eutectic silicon and homogenisation of the primary α-Al phase is obtained during solution 
treatment [27].  
For cast Al-7Si-Mg alloys with magnesium contents up to 0.4wt.%, π-Al8FeMg3Si6 phase 
can be completely transformed into very fine β-Al5FeSi platelets during solution 
treatment [99,100]. However, for Al-7Si-Mg castings with magnesium contents above 
0.4wt.%, the π-Al8FeMg3Si6 is just partly transformed into β-Al5FeSi [101]. The 
microstructures of sand cast Al-7Si-0.4Mg and Al-7Si-0.7Mg in the T6 condition after 
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tensile testing are shown in Figure 8. In the Al-7Si-0.4Mg casting, most of the iron-rich 
intermetallics observed were small and fine β-Al5FeSi platelets while in the Al-7Si-0.7Mg 
casting large π-Al8FeMg3Si6 platelets remained in the microstructure, as shown in Figure 
8 a) and b), respectively. Both composition and solidification conditions of the alloy 
dictate the size, type, and volume fraction of intermetallic phases formed during 
solidification [24]. Additionally, the type and size of the intermetallics present in the 
microstructure influence where cracks occur preferentially during tensile testing of Al-
7Si-Mg castings, as shown in Figure 8. 
 

 a)  b) 
Figure 8: Microstructure of sand Al-7Si-Mg castings in the T6 condition after tensile testing.  a) Al-7Si-0.4Mg 
casting with cracks preferentially observed in the eutectic silicon and b) Al-7Si-0.7Mg castings with cracks 
observed in the π – Al8FeMg3Si6 phase. Figures adapted from [101]. β – Al5FeSi and π – Al8FeMg3Si6. 
 
1.5 MECHANICAL PROPERTIES 

Caceres et al. [101] suggested that the 0.2% offset yield strength of Al-7Si-Mg castings in 
the T6 condition increases linearly with the square root of the magnesium content of the 
alloy. Figure 9 shows the 0.2% yield strength variation as a function of the square root of 
the magnesium content of Al-7Si-Mg castings. The 0.2% yield strength is linearly 
proportional to the square root of the magnesium content of the alloys, except for the 
alloys with magnesium contents higher than 0.4wt.% that start to deviate slightly, as 
shown in Figure 9. The deviation from linear proportionality for the higher magnesium 
content alloys likely results from the incomplete dissolution of the π-Al8FeMg3Si6 that 
retain magnesium [101]. Therefore, less magnesium is available for precipitation-
hardening during ageing [21].  
The ductility of Al-7Si-Mg castings decreases with the increase of the magnesium content 
of the castings partly due to the formation of larger π-Al8FeMg3Si6 intermetallic phase 
[23,101]. For a certain alloy composition, tensile strength and ductility are strongly 
influenced by casting defects [23,86], refinement of the microstructure, size and 
morphology of the eutectic phases and heat treatments [102].   
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 Figure 9: The 0.2% offset yield strength as a function of the magnesium content of the Al-7Si-Mg castings 
[101]. Data in the figure: this work [101], Sinfield and Harris [103], Harris et al. [104] and Cáceres et al. 
[105]. 
 
1.6 FATIGUE PROPERTIES 

Surface defects are highly detrimental to the fatigue life of Al-7Si-Mg castings [94,106]. 
Defects size [95], shape [96], and distance relative to the casting surface [95] have a 
significant influence on the fatigue life of castings. Wang et al. [88] observed that porosity 
is more detrimental for the fatigue life of Al-7Si-Mg castings compared to oxide films, as 
shown in Figure 10. In other studies, pores were also found more harmful to fatigue life 
compared to oxides with the same size [93].  
 

 Figure 10: Two-parameter Weibull plots with fatigue life data of strontium modified Al-7Si-Mg castings in 
the T6 condition in which crack initiated in pores, oxides, and slip bands [88].   
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Most of the fatigue failures reported in castings result either from oxides or porosity 
[89,91]. However, other defects, such resulted from inverse segregation [107] and 
exudation [108], were found to reduce fatigue properties of castings.  
The literature presents many inconsistencies about the effect of the composition of the 
alloy, eutectic modification, and heat treatment on the fatigue life of castings [109]. These 
inconsistencies can be explained by the presence of defects of a different type, size, and 
amount in the castings that can hinder the effect of other features such as magnesium 
content and/or heat treatment on fatigue life of castings, as discussed in [93,110].  
In refined microstructures resulted from high cooling rates with small pores and oxides, 
fatigue cracks can initiate on a eutectic phase [111]. The reduction of the grain size can 
result in an increase in fatigue life due to the higher density of grain boundaries that act 
as barriers for short crack propagation [92]. Wang et al. [109] found that the refinement 
of eutectic silicon by strontium modification increases the fatigue life of Al-7Si-Mg 
castings. However, Brochu et al. [89] did not obtain any improvement in fatigue life in 
strontium modified semi-solid Al-7Si-Mg castings. Wang et al. [93] showed that 
magnesium content does not significantly affect the fatigue life of Al-7Si-Mg castings. 
However, in a different study, the increase of magnesium content from 0.4 to 0.7wt.% of 
defect-free Al-7Si-Mg castings decreases fatigue life due to the formation of larger π-
Al8FeMg3Si6 intermetallic phase that increases the sites for crack initiation [109]. When 
the iron content of the casting increases, more and larger iron-rich phases form during 
solidification, particularly for low cooling rates, which decreases fatigue life [109]. 
However, it seems that the effect of iron depends on the fatigue regime (low or high cycle 
fatigue) in which the castings are tested [112]. In Couper et al. [110] study, the heat 
treatment condition of Al-7Si-Mg castings tested did not affect fatigue life, and it was 
explained by the fact that crack initiation occurred in defects. Can and Overfelt [113] 
showed that semi-solid A357 castings in the T6 condition have higher fatigue life 
compared to the T5 condition.  
Semi-solid Al-7Si-Mg castings typically have longer fatigue life compared to castings 
obtained from conventional casting processes using the same alloys [89,92]. Generally, in 
semi-solid castings, smaller and fewer defects and smaller grain sizes are obtained 
compared to traditional casting processes, which may explain the higher fatigue life of the 
semi-solid castings [89,92]. 
1.7 KNOWLEDGE GAP 

The increase in demand for lightweight parts in the automotive and truck industry will 
require the usage of aluminium castings in critical structural applications. Therefore, the 
requirements for control of the microstructure, defect formation, and heat treatments 
response of aluminium castings are expected to increase significantly.  
Control of grain size is of great importance in all solidification processes [42]. Small, 
uniform non-dendritic α-Al crystals are preferred to reduce macrosegregation, and 
improved castability [15]. Inoculation is the most widely used and studied method to 
control the grain size for both cast and wrought aluminium alloys [40]. However, control 
the grain size of Al-Si foundry alloys by inoculation is less effective compared to wrought 
alloys [46,49]. Therefore, other methods to produce small and uniform grain sizes need 
to be studied. In the RheometalTM slurry preparation process, solidification occurs while 
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semi-solid castings, smaller and fewer defects and smaller grain sizes are obtained 
compared to traditional casting processes, which may explain the higher fatigue life of the 
semi-solid castings [89,92]. 
1.7 KNOWLEDGE GAP 

The increase in demand for lightweight parts in the automotive and truck industry will 
require the usage of aluminium castings in critical structural applications. Therefore, the 
requirements for control of the microstructure, defect formation, and heat treatments 
response of aluminium castings are expected to increase significantly.  
Control of grain size is of great importance in all solidification processes [42]. Small, 
uniform non-dendritic α-Al crystals are preferred to reduce macrosegregation, and 
improved castability [15]. Inoculation is the most widely used and studied method to 
control the grain size for both cast and wrought aluminium alloys [40]. However, control 
the grain size of Al-Si foundry alloys by inoculation is less effective compared to wrought 
alloys [46,49]. Therefore, other methods to produce small and uniform grain sizes need 
to be studied. In the RheometalTM slurry preparation process, solidification occurs while 
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a superheated alloy is stirred by a lower enthalpy solid that is expected to dissolve during 
the process. The understanding of the mechanisms of grain formation in the Rheometal 
process™ is necessary to develop ways to control the grain size not just in semi-solid 
castings but also for other processes.  
The type, size, morphology and distribution of the intermetallic phases formed during 
solidification of Al-7Si-Mg alloys influence mechanical properties [101] and heat 
treatment response [27]. Most of the knowledge about the solidification sequence of Al-
7Si-Mg alloys obtained in previous studies involved much lower cooling rates compared 
to that achieved in SSM casting [21,26]. Additionally, the effect of strontium modification 
on the formation of intermetallic phases is commonly evaluated using low cooling rates 
[114,115], and it is mostly focused on the ternary Al-Si-Fe base alloys [35,39].  
The most common defects associated with SSM castings failure are oxides [89] and 
porosity [91]. Very few studies are found about the formation mechanism and effects of 
surface segregation in SSM castings, even though it is a common feature of these processes 
[76]. Lee et al. [80] found that in magnesium HPDC casting low gate flow speed, 
application of intensification pressure, and low melt temperatures promote exudation 
mechanism. Therefore, it is expected that exudation can also occur at a great extent in SSM 
casting. However, very little information can be found about the formation mechanism of 
surface segregation in SSM castings neither their effects on fatigue properties.   
The precipitation hardening response during the ageing of Al-7Si-Mg alloys has been 
mostly evaluated for the T6 heat treatment [23,101]. However, T5 heat treatment has 
some advantages compared to the T6 heat treatment, such as lower cost and both 
distortion, and blistering are prevented [14]. Therefore, the study of ways to improve and 
control the T5 heat treatment response of Al-7Si-Mg alloys is of great importance.  
The introduction of SSM castings in critical structural parts in the automotive and truck 
industry places increasing demands on fatigue properties in these castings [10]. There are 
several inconsistencies in the literature about the effect of magnesium and heat treatment 
on fatigue properties of Al-7Si-Mg castings that need to be evaluated. Additionally, the 
knowledge of the most critical defects that result in crack initiation in SSM castings and 
their formation mechanism is essential to produce high integrity structural castings.  
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RESEARCH APPROACH  
 

2.1 PURPOSE AND AIM 

The application of lightweight components in the automotive and truck industry result in 
immediate CO2 emissions reduction not just during vehicle usage period but also during 
material manufacturing and end-of-life vehicle treatment. The environmental regulations 
and incentives to reduce CO2 emissions applied to the automotive and truck industries 
increase the demands for the production of lighter, more reliable, and cost-effective Al-
7Si-Mg castings.  
This study aims to increase the existing knowledge of microstructure and defect 
formation, heat treatment response, and mechanical and fatigue properties of SSM Al-7Si-
Mg castings.  
The purpose of this work is to contribute with knowledge in the production of reliable 
SSM Al-7Si-Mg castings that can be applied in critical structural applications with 
significant weight savings and at a feasible cost.  
2.2 RESEARCH DESIGN 

22..22..11 RReesseeaarrcchh  ppeerrssppeeccttiivvee  

The experimental method was used in this study in which different conditions were 
applied to study the respective effects.  
Industrial needs generated the research topic. Through the literature review, the current 
knowledge was analysed, and gaps within the subject were identified. From the 
knowledge gaps identified, research questions were formulated, and experiments were 
designed and executed to test hypotheses addressing the research questions. The analysis 
of experimental data supported by literature was used to draw conclusions. 
22..22..22 RReesseeaarrcchh  qquueessttiioonnss  

This study aims to increase the knowledge of the microstructure and defect formation, 
heat treatment response, and mechanical and fatigue properties of SSM Al-7Si-Mg 
castings. Therefore, research questions were formulated to address the knowledge gaps 
identified.  

1. What are the grain formation mechanisms active during Rheometal™ slurry 
preparation process?  

The understanding of the grain formation mechanisms during Rheometal™ slurry 
preparation is of great importance to develop ways to control the grain size and 
morphology. Additionally, there is a need to investigate new methods to detect and 
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distinguish the undissolved α-Al crystals from the EEM after slurry preparation to study 
the grain formation mechanisms. 

2. What are the effects of cooling rate and strontium modification in the formation of 
the intermetallic phases in the Al-7Si-Mg alloys?  

The SSM casting process is used to produce either small and thin or large and thick 
castings which solidify at different cooling rates in the die-cavity. Both the cooling rate 
and strontium modification affect the eutectic silicon and the intermetallic phases formed. 
The type, size, fraction and morphology of the intermetallic phases formed can affect the 
heat treatment responses, mechanical and fatigue properties. Therefore, proper control 
of the eutectic silicon and intermetallic phases formation is required to produce reliable 
castings. 

3. How does the surface segregation layer form in SSM Al-7Si-Mg castings?  
Surface segregation is a common feature observed in SSM castings, which affects 
corrosion susceptibility and fatigue. However, there is a lack of studies on formation 
mechanisms of surface segregation in SSM castings.  

4. What are the effects of the heat treatment and magnesium content on the 
mechanical and fatigue properties of SSM Al-7Si-Mg castings? 

The study of the effect of magnesium content on the T5 heat treatment response of SSM 
castings is of great importance to produce castings at a lower cost without the associated 
complications to the T6 heat treatment such as distortion and blistering. Defects have a 
significant influence on the fatigue properties of castings and can hinder the effect of the 
magnesium content of the alloy and heat treatments. 
22..22..33 OOvveerrvviieeww  ooff  tthhee  ssttuuddyy  

The α-Al crystals size, shape and fraction of a slurry influence the microstructure, 
segregation, and defect formation in the SSM castings. The EEM dissolution during slurry 
preparation can have a significant effect on the grain formation and, consequently, α-Al 
crystals size, shape and fraction. Therefore, a new method of tag-and-trace of α-Al crystals 
was used to study the dissolution of the EEM into a superheated liquid alloy. Additionally, 
the effect of the addition of grain refiners on the slurry α-Al grains size, shape and fraction 
was studied. 
The intermetallic phases formed at the end of the solidification of Al-7Si-Mg alloys play an 
important role in the mechanical and fatigue properties, in addition to the primary α-Al 
phase, Al-Si eutectic, and defects. Therefore, intermetallic phases formation during 
solidification of the Al-7Si-Mg alloys was studied for different Al-7Si-Mg alloy 
compositions (variation of magnesium content), cooling rate and strontium additions. 
Additionally, the effect of T6 heat treatment on the intermetallic phase dissolution was 
evaluated. 
Surface segregation can be detrimental for fatigue and corrosion properties and, thereby, 
need to be controlled. The formation of surface segregation on SSM Al-7Si-Mg castings 
was studied, and the effect of the slurry solid-fraction on the surface segregation layer 
composition of SSM casting was evaluated. 
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The magnesium plays a vital role in the precipitation hardening response of Al-7Si-Mg 
alloys. Both T6 and T5 heat treatment responses of SSM Al-7Si-Mg castings with varying 
magnesium contents were studied and correlated with the magnesium concentration in 
the interior of the α-Al formed during slurry preparation. 
The effect of the magnesium content and heat treatment on fatigue properties of the SSM 
Al-7Si-Mg castings were studied. The fatigue properties were correlated with the 
microstructure and α-Al matrix strength of the castings. Additionally, the defects that 
initiated fatigue cracks were identified, and their formation mechanisms discussed. 
Figure 11 shows the research activities, and relationships between the research question 
and supplements included in this thesis.  
 

 Figure 11: Illustration of the research activities and the relationship between research questions and 
supplements included in this thesis. 
 
2.3 MATERIALS AND EXPERIMENTAL PROCEDURE 

22..33..11 AAllllooyyss  

Commercial purity aluminium and Al-3Si-0.15Ti alloys were used to study the EEM 
dissolution during the Rheometal™ slurry preparation process. The Al-3Si-0.15Ti alloy 
was prepared by the addition of commercial purity aluminium and silicon into a graphite-
bonded silicon carbide crucible. An Al-10Ti master alloy was added to obtain the intended 
titanium content, as shown in Table 1.  
Unmodified and strontium modified Al-7Si-0.3Mg alloys were obtained by the addition of 
aluminium, silicon, and magnesium in a graphite-bonded silicon carbide crucible. An Al-
10Fe master alloy was added to increase the iron content of the alloys up to 0.2wt.% with 
the intent to enable easier detection of the iron-rich intermetallic phases in the 
microstructure.  
Commercial Al-7Si-0.3Mg and Al-7Si-0.45Mg ingots were used in this work to produce the 
SSM castings. The Al-7Si-0.6Mg alloy was obtained by the addition of pure magnesium to 
the commercial Al-7Si-0.45Mg alloy. The compositions range of the Al-7Si-Mg alloys used 
in this study to produce the SSM castings is shown in Table 1.  
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Three different alloys batches were used to study the effect of grain refiner additions on 
SSM Al-7Si-0.3Mg castings. In one of the batches, the Al-7Si-0.3Mg commercial alloy (base 
alloy) was used to produce the unrefined SSM castings. In the other batches, 0.15wt.% Al-
8B tablet and 0.20wt.% of Al-5Ti-1B master alloy, were added to the Al-7Si-0.3Mg base 
alloy to produce the grain refined SSM Al-7Si-0.3Mg castings. The master alloy rod and 
tablet were wrapped in aluminium foil, preheated to 200°C, and immersed into the liquid 
alloy held at 700±10°C. 15min after addition, the liquid was stirred for homogenisation. 
 
Table 1: Chemical composition measured of the aluminium alloys used in this study. Compositions in wt.%.  

Alloys		 Si	 Fe	 Mg	 Ti	 Sr	 Al	

Alloys used to study the EEM dissolution during slurry preparation 

Commercial purity Al <0.80 0.13 <0.01 <0.01 <0.001 Bal. 

Al-3Si-0.15Ti 3.13 0.10 <0.01 0.14 <0.001 Bal. 

Alloys used to study the formation of the intermetallic phases 

Unmodified  
Al-7Si-0.3Mg-0.2Fe 

6.58 0.20 0.31 <0.01 <0.001 Bal. 

Strontium modified Al-7Si-
0.3Mg-0.2Fe 

6.77 0.19 0.31 <0.01 0.025 Bal. 

Alloys used to produce the SSM Al-7Si-Mg castings 

Al-7Si-0.3Mg 6.50-
7.10 

0.11-
0.16 

0.26-
0.35 

0.07-
0.15 

0.012-
0.027 

Bal. 

Al-7Si-0.45Mg 7.24-
7.39 

0.11 0.47-
0.50 

0.10-
0.11 

0.024-
0.025 

Bal. 

Al-7Si-0.6Mg 6.94-
7.28 

0.11-
0.12 

0.59-
0.60 

0.11-
0.12 

0.023-
0.025 

Bal. 

 
22..33..22 RRhheeoommeettaall™™  sslluurrrryy  pprreeppaarraattiioonn  pprroocceessss  

In the Rheometal™ slurry preparation process, a cylinder, so-called EEM, is immersed 
while rotating into a superheated liquid alloy. In this study, the dissolution of an Al-3Si-
0.15Ti EEM into a superheated commercial purity aluminium alloy was studied. For the 
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SSM Al-7Si-Mg castings, the EEM was immersed into the same alloy that was used to cast 
the EEM. 
Dissolution	of	the	EEM.	Figure 12 shows the experimental setup used to study the EEM 
dissolution during the Rheometal™ slurry preparation process. First, Al-3Si-0.15Ti EEMs’ 
(with all the α-Al crystals tagged with titanium microsegregation) were machined and cut 
after casting to the dimensions shown in Figure 12 b). A Ø5mm and 200mm long steel rod 
was inserted through the central axis of the EEM by a Ø5.5mm hole drilled previously and 
fixed to the position, as shown in Figure 12 b).  
 

 a) b) 
Figure 12: Illustration of the a) experimental setup used to study the EEM dissolution after immersion into 
a superheated commercial purity aluminium. b) Graphite-bounded silicon carbide crucible and EEM 
(cylinder with all the α-Al crystals tagged with titanium microsegregation in the figure) dimensions.  
 
Commercial purity aluminium held at 800C was poured into pre-heated graphite-
bounded silicon carbide crucibles, as shown in Figure 12 b). After pouring, the crucibles 
were held at 800C for 15min for temperature equilibration in a Nabertherm L40/11 
muffle furnace. After temperature equilibration, the crucible was transferred to the 
experimental setup (Figure 12 a)) with an insulation board on the top to minimize the 
heat loss by radiation. When the crucible was in position, the insulation board on the top 
was removed, and the temperature was monitored using a type-K thermocouple. The 
thermocouple was calibrated using commercial purity aluminium, and the calibration 
temperature was set to 660C.  
When the temperature of the commercial purity aluminium reached the pre-defined 
superheat, the EEM at room temperature was immersed while rotating at 900rpm. 10s 
after EEM immersion, a container with a water bath at room temperature was lift to 
quench the samples. After experimentation, all the samples were cut longitudinally for 
microscopy.  
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temperature was set to 660C.  
When the temperature of the commercial purity aluminium reached the pre-defined 
superheat, the EEM at room temperature was immersed while rotating at 900rpm. 10s 
after EEM immersion, a container with a water bath at room temperature was lift to 
quench the samples. After experimentation, all the samples were cut longitudinally for 
microscopy.  
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SSM	Al‐7Si‐Mg	castings. Ø40mm EEMs’ were cast in a copper die with internal water 
cooling channels. A 12mm diameter stainless steel rod was cast 1cm deep into the EEM 
base. The EEMs’ generated an addition of 7wt.% of the total shot weight. Around 1.3kg of 
the superheated alloy was ladled from the furnace, and as the temperature reached 650°C 
(~35°C superheat), the EEM pre-heated to 200C was immersed into the liquid alloy while 
rotating at 850rpm. The slurry preparation process took approximately 18s.  
The prepared slurry consisting of primary α-Al crystals surrounded by liquid was poured 
into the shot-sleeve of a 50-tonne Vertical High-Pressure Die-Casting (VHPDC) machine 
to produce the castings, as shown in Figure 13 a). The machine parameters were kept 
constant in all experiments with the plunger advance speed of ~0.3m/s and an 
intensification pressure of 160bar. The die temperature was controlled by internal oil 
circulation set at 175°C, using a PolyTemp HTF 300 heater. A first set of castings were 
produced before experiments started to warm up the assembly. The relevant dimensions 
of the cast tensile bar are shown in Figure 13 b). 
 

 a)  b) 
Figure 13: a) Casting shape and b) cast tensile bar dimensions in mm. 
 
SSM	Al‐7Si‐0.3Mg	cast	component.	SSM Al-7Si-0.3Mg cast parts	were produced at the 
industrial scale and used to study the variation of hardness along the cross-section of SSM 
castings. The SSM Al-7Si-0.3Mg cast component weighed about 5kg and was 300mm long. 
The slurry was produced using a 7.7wt.% (of the total shot weight) EEM. The EEM was 
immersed rotating at 900rpm into the liquid alloy at 690C to produce the slurry. 
22..33..33 TThheerrmmaall  aannaallyyssiiss  aanndd  qquueenncchhiinngg  eexxppeerriimmeennttss  

The cooling curves for the strontium modified and unmodified Al-7Si-0.3Mg alloys were 
recorded using a type-N thermocouple calibrated against commercial purity aluminium. 
Unquenched samples, samples quenched just before the start of the Al-Si eutectic reaction, 
and along the Al-Si eutectic reaction were generated using the unmodified and strontium 
modified Al-7Si-0.3Mg alloys. Additionally, one sample of each alloy was quenched just 
after the end of solidification to avoid any dissolution of phases that may occur during 
cooling to room temperature in the unquenched samples. All the quenching temperatures 
were defined after analysis of the cooling curves of the unquenched samples. After casting, 
all the samples were sectioned close to the thermocouple tip position.   
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22..33..44 HHeeaatt  ttrreeaattmmeenntt  

After casting, some cast tensile bars (Figure 13 a)) were heat treated to the T5 condition 
and others to the T6 condition. Table 2 shows the temperatures and holding times used 
for both T5 and T6 heat treatments. The T6 heat treatment consisted of a solution 
treatment using a Nabertherm L40/11 muffle furnace followed by quenching in a water 
bath at room temperature. The tensile bars were artificially aged within 24h after 
quenching using a Nabertherm TR-120 oven with air circulation and subsequently 
allowed to cool in still air. 
For the T5 condition, the samples were artificially aged within a period of 24h after 
casting. The holding times used in this work are the times that the tensile bars were held 
at the solution and artificial ageing temperatures. The temperatures and times used in 
this study are based on a preliminary study to optimize the heat treatment procedure.  
 
Table 2: Temperatures and holding times used for the T5 and T6 heat treatments of the SSM Al-7Si-Mg 
castings. 

Casting Condition Temperature and holding 
time 

SSM Al-7Si-0.3Mg T5 175°C for 4.5h 
 T6 510°C for 4h + 190°C for 2h 
SSM Al-7Si-0.45Mg T5 175°C for 4.5h 
 T6 510°C for 4h + 190°C for 2h 
SSM Al-7Si-0.6Mg T5 180°C for 4.5h 

 
2.4 CHARACTERISATION  

22..44..11 OOppttiiccaall  MMiiccrroossccooppyy  

The samples for optical microscopy were ground, and the last step of polishing was 
completed with 1µm diamond suspension. For better contrast, some samples were etched 
using a 10% NaOH solution. For colour etching and Scanning Electron Microscopy (SEM) 
analysis, the final step of polishing was completed with OPU suspension. An Olympus 
GX71F was used for microscopy. The cast tensile test bars were sectioned longitudinally 
along its midplane for microscopy, as shown in Figure 14.  
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Figure 14: Section view of the cast tensile bar with the longitudinal cross-section area investigated 
highlighted. Both casting surfaces, the top surface highlighted by the dashed lines and the bottom surface, 
were also analysed. 
 
22..44..22 CCoolloouurr  eettcchhiinngg  --  WWeecckk´́ss  rreeaaggeenntt  

The Weck´s reagent was prepared with 4g KMnO4, 1g NaOH, and 100ml distilled water. A 
drop counter was used to release drops of reagent at room temperature on the sample 
surface, and a contact time of 12s was allowed before the reagent was removed using 
distilled water. 
Weck’s reagent is a colour etching that forms a manganese oxide film on the surface of 
aluminium alloys [116]. The different colours observed in the interior of the α-Al phase in 
the optical microscope results from both the film thickness and the roughness of the 
interface formed between the film and the aluminium alloy surface [116]. The segregation 
of solute elements in the interior of the α-Al phase affects the thickness and interface 
roughness of the film significantly, particularly titanium microsegregation [117].  
Hu et al. [117] and Gao et al. [118] used the Weck’s reagent to reveal the growth layer of 
the α1-Al globules (formed during slurry preparation) formed during quenching of the 
SSM Al-7Si-0.3Mg castings. In this work, the peripheral brighter regions of the α1-Al 
globules observed on micrographs obtained from polished surfaces etched with Weck´s 
reagent are assumed to have formed during solidification in the die-cavity. Consequently, 
the darker core is representative of the α1-Al crystal size in the slurry before injection into 
the die-cavity. The manual point count method described in ASTM E562-11 [119] was 
used for the measurements of the solid-fraction on micrographs obtained from polished 
surfaces etched with Weck´s reagent. 
22..44..33 EEnneerrggyy--DDiissppeerrssiivvee  XX--rraayy  SSppeeccttrroossccooppyy  ((EEDDSS))  

EDS point analysis was used to measured compositions of intermetallic phases and silicon 
content of the surface segregation layer of the unrefined and grain refined SSM Al-7Si-Mg 
castings. The silicon concentration was measured in ten different regions of the surface 
segregation layer in each sample.  
EDS compositional maps were used to identify the iron intermetallic phases and titanium 
microsegregation pattern. A JEOL 7001F SEM operating at acceleration voltages of 10 and 
15kV was used for all the measurements. 
22..44..44 EElleeccttrroonn  BBaacckkssccaatttteerreedd  DDiiffffrraaccttiioonn  ((EEBBSSDD))  

EBSD mapping was performed in a JEOL JSM-7001F SEM operated at 20kV. The EBSD 
analyses were performed in the centre of the castings cross-section, where the slurry α1-
Al globules concentrate during die-cavity filling [120]. The goal was to analyse the α1-Al 
grains formed during slurry preparation. An image analysis software was used to 
determine grain size and shape factor of the grains identified by EBSD. At least 150 grains 
were analysed in each sample.  
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22..44..55 WWaavveelleennggtthh--DDiissppeerrssiivvee  SSppeeccttrroossccooppyy  ((WWDDSS))  

WDS was used to measure the concentrations of silicon and magnesium in the interior of 
the α1-Al globules. The measurements were performed in an area of 225µm2 in the centre 
of the α1-Al globules. A minimum of 5 globules were analysed for each sample. The 
acceleration voltage was set to 10kV, and pure aluminium, silicon, and magnesium were 
used as standards. 
22..44..66 DDiiffffeerreennttiiaall  ssccaannnniinngg  ccaalloorriimmeettrryy  ((DDSSCC))  

DSC analysis was performed in a Netzsch 404 DSC. The samples were heated to 660°C at 
a rate of 10C/min, held for 5min, and then cooled to 40°C at 10C/min. As the temperature 
reached 40°C, the samples were held for 15min, and then the previous cycle was repeated. 
These are called the first and second melting cycles. During the DSC analysis, argon flowed 
through the system at a rate of 20ml/min to minimize oxidation. Three samples were 
tested for each condition. The characteristic temperatures were determined from the first 
derivative (dT/dt). 
2.5 TENSILE TESTING 

The SSM Al-7Si-Mg castings (Figure 13) were tensile tested using a Zwick/Roell Z100 
equipped with a 100KN load cell. The tensile testings were performed according to SS-EN 
ISO 6892-1:2016 [121]. No surface treatment or machining was conducted in the castings 
before testing. A constant strain rate of 0.00025s-1 was set for Rp0.2 determination at which 
the strain rate was increased to 0.002 s-1. A laser extensometer Zwick/Roell LaserXtens 
was used to record the sample’s elongation during the test. At least three samples were 
tested for each condition.  
2.6 VICKERS HARDNESS TESTS 

Low-force Vickers hardness was measured along the cross-section of the SSM Al-7Si-
0.3Mg cast components produced at the industrial scale in the as-cast and T6 conditions 
according to the SS-EN ISO 6507-1:2018 [122]. A distance of about 1000µm was kept 
between adjacent indentations, and three regions of each casting cross-section were 
analysed. 
2.7 FATIGUE TESTING 

Four-point fatigue tests were performed at room temperature for the SSM Al-7Si-Mg cast 
tensile bars (Figure 13) in the as-cast, T5, and T6 conditions. The fatigue tests were 
conducted at a stress ratio of R=-1, using force-controlled sinusoidal loading at a 
frequency of 10Hz in an MTS LandMark™ servo-hydraulic test machine. 
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SUMMARY OF RESULTS AND 
DISCUSSION  

 
3.1 MICROSTRUCTURE FORMATION 

33..11..11 DDiissssoolluuttiioonn  ooff  tthhee  EEEEMM  

The dissolution of the EEM during the Rheometal™ slurry preparation process was 
studied. The Weck’s reagent can reveal the titanium microsegregation in the α-Al phase, 
and this etchant ability was used to trace the undissolved α-Al crystals from the original 
EEM dispersed in the quenched slurries. An Al-3Si-0.15Ti alloy was used to produce the 
EEMs in which all the primary α-Al crystals, tagged with titanium microsegregation could 
be traced in the quenched slurries. Figure 15 shows the microstructure of the Al-3Si-
0.15Ti EEM after etching with weck’s reagent and the respective EDS titanium map. There 
is a strong correlation between titanium microsegregation in the interior of the α-Al phase 
and the different colour brightnesses revealed by the Weck’s reagent, as shown in Figure 
15. The EEMs with all the α-Al crystals tagged with titanium microsegregation were 
immersed into a titanium free commercial purity aluminium. Therefore, the α-Al crystals 
formed in the thermal undercooled liquid surrounding the EEM and during quenching 
were not tagged with the titanium microsegregation.  
 

 a)  b) 
Figure 15: Optical micrograph of the a) Al-3Si-0.15Ti EEM etched with weck’s reagent and b) respective EDS 
titanium mapping. 
 
The Al-3Si-0.15Ti EEMs at room temperature were immersed in the commercial purity 
aluminium at different superheats. All the samples were quenched 10s after EEM 
immersion. Figure 16 shows the optical micrographs obtained from the Al-3Si-0.15Ti EEM 
and the quenched samples after etching with the Weck’s reagent. The dissolution of the 
EEM during slurry preparation can be analysed as a function of the commercial purity 
aluminium superheat at which the EEM was immersed.  
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be traced in the quenched slurries. Figure 15 shows the microstructure of the Al-3Si-
0.15Ti EEM after etching with weck’s reagent and the respective EDS titanium map. There 
is a strong correlation between titanium microsegregation in the interior of the α-Al phase 
and the different colour brightnesses revealed by the Weck’s reagent, as shown in Figure 
15. The EEMs with all the α-Al crystals tagged with titanium microsegregation were 
immersed into a titanium free commercial purity aluminium. Therefore, the α-Al crystals 
formed in the thermal undercooled liquid surrounding the EEM and during quenching 
were not tagged with the titanium microsegregation.  
 

 a)  b) 
Figure 15: Optical micrograph of the a) Al-3Si-0.15Ti EEM etched with weck’s reagent and b) respective EDS 
titanium mapping. 
 
The Al-3Si-0.15Ti EEMs at room temperature were immersed in the commercial purity 
aluminium at different superheats. All the samples were quenched 10s after EEM 
immersion. Figure 16 shows the optical micrographs obtained from the Al-3Si-0.15Ti EEM 
and the quenched samples after etching with the Weck’s reagent. The dissolution of the 
EEM during slurry preparation can be analysed as a function of the commercial purity 
aluminium superheat at which the EEM was immersed.  
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Before immersion, the microstructure of the EEM consisted of primary α-Al, flake-like 
eutectic silicon, and a minor fraction of iron-rich phases, as shown in Figure 16 a). In the 
interior of the primary α-Al, dendritic structures are revealed by the Weck’s reagent. 
These earlier formed dendrites contain higher titanium concentration compared to the 
adjacent growth regions of the α-Al phase due to the partition coefficient higher than one 
of titanium [117]. All the primary α-Al phase is tagged with titanium microsegregation, as 
shown in Figure 16 a). 
At 10C superheat, the dissolution of the EEM after 10s of immersion is minor, as seen in 
Figure 16 b). However, it seems that the eutectic silicon of the EEM starts to change shape 
due to the increase in temperature. Payendeh et al. [59] observed partially melting of the 
eutectic in the EEM just 8s after immersion using an Al-8Si alloy and 25C of superheat 
[59]. A layer of columnar α-Al grains growing from the EEM surface is observed, as shown 
in Figure 16. This layer of columnar α-Al grains is so-called freeze-on layer [123]. 
Figure 16 c) shows an agglomerate of α-Al crystals tagged with titanium microsegregation. 
Therefore, the increase of the superheat from 10 to 40C, result in the disintegration of 
the EEM into large α-Al crystal agglomerates that remained interlocked to each other. No 
eutectic silicon was observed in the interdendritic regions in these crystal agglomerates, 
which suggests that the original eutectic region in the EEM before immersion melted 
completely. Additionally, it seems that liquid penetration in the α-Al crystals starts to 
occur, as observed in the highlighted area in Figure 16 c). The liquid penetration in the α-
Al globules was also observed during slurry preparation in [59]. These α-Al crystal 
agglomerates from the original EEM in the slurry may not disintegrate during slurry 
preparation and die-cavity filling and result in defect formation in SSM castings. 
At 60C superheat, the undissolved α-Al crystals from the original EEM are more dispersed 
in the microstructure compared to the sample in which the EEM was immersed at 40C 
superheat, as shown in Figure 16 d). The higher dissolution rate of the α-Al crystals from 
the original EEM due to the increase of temperature and their disintegration by liquid 
penetration may contribute to the higher dispersion of the EEM crystals in this sample.  
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Figure 16: Optical micrographs of a) Al-3Si-0.15Ti EEM before immersion, and b) after immersion in 
commercial purity aluminium at 670C (10 C superheat). Micrographs of the samples after the 
disintegration of the EEM immersed at c) 700 C (40 C superheat), d) 720C (60 C superheat) and e) 730C 
(70 C superheat). White arrows highlight the regions of possible liquid penetration in the α-Al globule. 
 
When the EEM was immersed at superheats higher than 60C, it seems that titanium starts 
to diffuse at a higher rate in the α-Al and titanium microsegregation in the interior of the 
α-Al crystals from the original EEM starts to fade, as shown in Figure 16 e). However, 
traces of the initial titanium microsegregation tag are still visible in the interior of some 
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Before immersion, the microstructure of the EEM consisted of primary α-Al, flake-like 
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α-Al. Therefore, the undissolved α-Al crystals from the original EEM are still detected. At 
this stage, it seems that coalescence starts to occur, as shown in Figure 16 e) in the region 
highlighted by a circle.  
33..11..22 PPrriimmaarryy  α11--AAll  ggrraaiinn  ssiizzee  

The effect of grain refiner additions on the α1-Al grains (formed during slurry preparation) 
size and shape were studied. Two different grain refiners, Al-8B, and Al-5Ti-1B, were used 
in this study. The average α1-Al equivalent circular diameter and shape factor were 
determined for the unrefined and grain refined SSM Al-7Si-0.3Mg castings, and the results 
are shown in Table 3. Both the in-cavity solidified grains (<25µm) and the large dendrites 
(≥190µm) were not included in the measurements because grain refiner additions most 
likely do not have a significant effect on these grain populations.  
Both α1-Al grain size and shape factor were not significantly affected by the addition of 
the grain refiners to the SSM Al-7Si-0.3Mg castings, as seen in Table 3. Other studies 
showed that the addition of grain refiners decreases the α-Al grain size and shape factor 
in SSM castings [124,125].  
At the first stages of the Rheometal™ slurry preparation process, columnar α-Al dendrites 
growing from the EEM surface, so-called freeze-on layer, and equiaxed α1-Al grains are 
observed in the microstructures of quenched slurries [59]. When the EEM is immersed 
into the superheated liquid, a thermal undercooled region is created in the immediate 
liquid surrounding the EEM. In this region, a high nucleation frequency of crystals occurs, 
and the crystals not attached to the EEM surface can move to the bulk liquid by the flow 
generated by the rotation of the EEM. The disintegration of the α-Al columnar dendrites 
in later stages can result in the addition of extra α-Al crystals to the bulk liquid. The rapid 
heat extraction resulted from the EEM stirring promotes a high survival rate of the 
crystals in the bulk liquid [52]. 
Additionally, the disintegration of the EEM can result in extra equiaxed crystals mixed in 
the liquid, as shown in Figure 16 d). The crystals fragments from the freeze-on layer and 
EEM, and the equiaxed crystals nucleated in the thermal undercooled region around EEM 
are unlikely affected by the grain refiner particles in the liquid. Additionally, the high 
strontium and silicon content of the Al-7Si-0.3Mg alloy, and the initial titanium content 
can reduce the effect of the Al-8B [49] and Al-5Ti-1B [46] grain refiners, respectively.  
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Table 3: α1-Al average equivalent circular diameter and shape factor obtained for the unrefined and grain 
refined SSM Al-7Si-0.3Mg castings. 

Castings Average equivalent circular diameter (µm) Shape factor 
Unrefined 72±19 0.44±0.15 
Refined with Al-8B 73±18 0.46±0.16 
Refined with Al-5Ti-1B 71±17 0.43±0.17 

 
33..11..33 MMiissoorriieennttaattiioonn  aanngglleess  ddiissttrriibbuuttiioonn  iinn  tthhee  iinntteerriioorr  ooff  α--AAll  ggrraaiinnss    

The application of external mechanical stresses to a solidifying alloy strongly determines 
the agglomeration and bending of the α-Al crystals [12]. Bending of primary α-Al 
dendrites can occur either when mechanical stresses are applied or due to a change in the 
growth direction [126]. In the Rheometal™ process, external mechanical stresses are 
applied to the α-Al crystals during slurry preparation, die-cavity filling, and intensification 
pressure stage [127]. Higher stresses can be transmitted when α-Al crystals are more 
densely packed, which occurs during the intensification pressure stage in the die-cavity 
[128]. Additionally, α-Al crystal bending is more likely to occur in crystals with an 
irregular morphology due to the increased bending moment applied on the dendritic arms 
[128]. In-grain misorientations can reveal equiaxed α-Al grain bending [127,128]. 
Misorientation angles in the range of 0-15 are defined as Low Angle Grain Boundaries 
(LAGB), while higher than 15 are High Angle Grain Boundaries (HAGB) [128].  
Figure 17 shows the misorientation angles distribution within α-Al grains of the unrefined 
and grain refined SSM Al-7Si-0.3Mg castings. Misorientation angles lower than 5 were 
not considered to focus the analysis in regions with significant misorientation [128]. The 
misorientation angles distribution in the α-Al grains is similar for all castings within the 
interval 5-50, as shown in Figure 17. Interestingly, for misorientation angles between 50 
to 60, both grain refined SSM Al-7Si-0.3Mg castings show a slighter higher number 
fraction of HAGB compared to the unrefined SSM Al-7Si-0.3Mg castings. Additionally, the 
number fraction distribution of the HAGB between  50 to 60 has the same trend for both 
grain refined SSM castings, while the unrefined casting develops a different pattern. The 
higher number fraction of HAGB of the grain refined SSM Al-7Si-0.3Mg castings should 
result in smaller grain size. However, the grain size differences were not significant due 
to the slight differences observed for the number fraction of HAGB and the large scatter 
obtained in the grain size measurements.  
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Figure 17: Misorientation angles distributions within α-Al grains of the base, base + Al-8B, and base + Al-
5Ti-1B castings. The base alloy used to produce the castings was Al-7Si-0.3Mg commercial alloy in Table 1. 
 
Liquid	penetration	 into	primary	 α‐Al.	HAGB can form in bent α-Al crystals at high 
temperatures, and the disintegration of crystals can occur by liquid wetting at the formed 
HAGB [129]. Recently, using in-situ synchrotron X-ray tomographic microscopy, the 
disintegration of α-Al crystals by liquid wetting was observed in an Al-Cu alloy deformed 
in the semi-solid range [130]. This disintegration of α-Al crystals by liquid wetting at the 
HAGB can result in a reduction of the grain size [128,130].  
Gao et al. [118] showed that Weack’s reagent reveals HAGB in the interior of α-Al globules. 
Figure 18 shows the microstructures obtained from a slurry quenched after immersion of 
an Al-3Si-0.15Ti EEM into commercial purity aluminium and from the unrefined SSM Al-
7Si-0.3Mg casting. In both microstructures, black lines are observed in the interior of the 
α1-Al globules revealed by the Weck’s reagent, previously indicated by Gao et al. [118] to 
be HAGB. Liquid penetration at the HAGB seems to occur in both microstructures, as seen 
in the highlighted regions in Figure 18. The Weck’s reagent revealed a much lower density 
of HAGB in α-Al globules from the quenched slurry compared to the unrefined SSM Al-7Si-
0.3Mg casting, as shown in Figure 18 a) and b), respectively. The lower HAGB may be 
related to the more branched morphology of the α1-Al of the unrefined SSM Al-7Si-0.3Mg 
casting compared to the α-Al globules from the quenched slurry. A higher bending 
moment can act on highly branched α-Al crystals compared to more compacted shapes 
[128]. Additionally, the α1-Al globules of the unrefined Al-7Si-0.3Mg casting are exposed 
to higher external mechanical stresses during the die-cavity filling and intensification 
pressure stage compared to the α-Al globules in the quenched slurry [127]. It is important 
to note that the existing differences in the alloys composition, solidification conditions, 
and volume of melt used are expected to have a significant effect. However, it is reasonable 
to assume that the disintegration of primary α1-Al globules by liquid penetration can 
occur either during slurry preparation and in the later stages of the die-cavity filling and 
intensification stage. The disintegration of the α1-Al globules by liquid wetting at the 
HAGB during slurry preparation is beneficial to reduce the grain size [130] and, 
consequently, improved castability [131].   
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 a)  b) 
Figure 18: Micrographs showing liquid wetting (region 1) and possible HAGB revealed by Weck´s reagent 
(region 2). a) Slurry quenched after immersion of the Al-3Si-0.15Ti EEM into commercial purity aluminium 
at 720C for 10s and b) unrefined SSM Al-7Si-0.3Mg casting. 
 
33..11..44 FFoorrmmaattiioonn  aanndd  ddiissssoolluuttiioonn  ooff  iinntteerrmmeettaalllliicc  pphhaasseess  

Thermal	analysis.	Figure 19	shows the cooling curves and first derivative obtained for 
the unmodified and strontium modified Al-7Si-0.3Mg-0.2Fe alloys. Four reaction peaks 
were detected for the unmodified alloy and three in the strontium modified alloy. Table 4 
shows the solidification reactions that likely resulted in the peak reactions detected in the 
cooling curves in Figure 19. The solidification reactions presented in Table 4 were 
identified by the analysis of the start temperatures determined from the cooling curves 
and the works of Bäckerud et al. [26] and Wang and Davidson [21]. 
The addition of strontium to the Al-7Si-0.3Mg-0.2Fe alloy resulted in a decrease of the L 
→ α-Al + Si eutectic reaction (reaction peak 2) temperature and an apparent suppressing 
of the ternary eutectic reaction L  → α-Al + Si + β-Al5FeSi (reaction peak 3), as shown in 
Figure 19. The ternary eutectic reaction likely occurred at such a low extent that no 
thermal trace can be detected in the cooling curve. Cho et al. [25] and Samuel et al. [30] 
also reported the suppression of the β-Al5FeSi formation with the addition of strontium 
to Al-Si foundry alloys. The poisoning of AlP nuclei dispersed in the liquid that can act as 
nuclei of β-Al5FeSi by the addition of strontium can inhibit the formation of β-Al5FeSi [25].  
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Figure 17: Misorientation angles distributions within α-Al grains of the base, base + Al-8B, and base + Al-
5Ti-1B castings. The base alloy used to produce the castings was Al-7Si-0.3Mg commercial alloy in Table 1. 
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to assume that the disintegration of primary α1-Al globules by liquid penetration can 
occur either during slurry preparation and in the later stages of the die-cavity filling and 
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 a)  b) 
Figure 18: Micrographs showing liquid wetting (region 1) and possible HAGB revealed by Weck´s reagent 
(region 2). a) Slurry quenched after immersion of the Al-3Si-0.15Ti EEM into commercial purity aluminium 
at 720C for 10s and b) unrefined SSM Al-7Si-0.3Mg casting. 
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Thermal	analysis.	Figure 19	shows the cooling curves and first derivative obtained for 
the unmodified and strontium modified Al-7Si-0.3Mg-0.2Fe alloys. Four reaction peaks 
were detected for the unmodified alloy and three in the strontium modified alloy. Table 4 
shows the solidification reactions that likely resulted in the peak reactions detected in the 
cooling curves in Figure 19. The solidification reactions presented in Table 4 were 
identified by the analysis of the start temperatures determined from the cooling curves 
and the works of Bäckerud et al. [26] and Wang and Davidson [21]. 
The addition of strontium to the Al-7Si-0.3Mg-0.2Fe alloy resulted in a decrease of the L 
→ α-Al + Si eutectic reaction (reaction peak 2) temperature and an apparent suppressing 
of the ternary eutectic reaction L  → α-Al + Si + β-Al5FeSi (reaction peak 3), as shown in 
Figure 19. The ternary eutectic reaction likely occurred at such a low extent that no 
thermal trace can be detected in the cooling curve. Cho et al. [25] and Samuel et al. [30] 
also reported the suppression of the β-Al5FeSi formation with the addition of strontium 
to Al-Si foundry alloys. The poisoning of AlP nuclei dispersed in the liquid that can act as 
nuclei of β-Al5FeSi by the addition of strontium can inhibit the formation of β-Al5FeSi [25].  
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Figure 19: Cooling curves and respective first derivative recorded during the solidification of the 
unmodified and strontium modified Al-7Si-0.3Mg-0.2Fe alloys. The horizontal dashed line shows the 
equilibrium Al-Si eutectic reaction temperature calculated in Thermocalc™. The peak reactions identified in 
the first derivative curves are numbered from 1 to 4. 	
 
Table 4: Solidification reactions and respective starting temperature obtained for the unmodified and 
strontium modified Al-7Si-0.3Mg-0.2Fe alloys.  

Alloy	 Suggested	reactions	[21,26]	 Start	temperature	(C)	

Unmodified  1 - L → α-Al dendrites 
2 - L → α-Al + Si eutectic 
3 - L → α-Al + Si + β-Al5FeSi 
4 - L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 

617 
576 
569 
553 

Modified 1 - L → α-Al dendrites 
2 - L → α-Al + Si eutectic 
3 - L → α-Al + Si + β-Al5FeSi 
4 - L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 

614 
570 

Not detected 
554 

 
In the strontium modified alloy cooling curve, a more significant thermal arrest is 
observed for the quaternary eutectic reaction L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 
compared to the unmodified alloy, as shown in Figure 19. The larger thermal arrest for 
the reaction peak 4 observed for the strontium modified alloy suggests that the reaction 
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occurred to a greater extent compared to the unmodified alloy. Therefore, a higher 
fraction of π-Al8FeMg3Si6 and Mg2Si phases are expected to form in the strontium 
modified alloy in comparison to the unmodified alloy. 
Unmodified	 Al‐7Si‐0.3Mg‐0.2Fe	 alloy.	 Figure 20	 shows SEM micrographs and the 
respective EDS maps of silicon, magnesium, and iron obtained for the unmodified Al-7Si-
0.3Mg-0.2Fe alloy samples solidified in different conditions.	 The identification of the 
intermetallic phases formed in the different conditions in this study was based on the 
analysis of EDS elemental maps and literature [21,25,27,101].  
The plate-like iron-rich phase observed in both unquenched and quenched unmodified 
alloys is most likely the β-Al5FeSi phase as it does not contain magnesium, as seen in 
Figure 20 a-d). The script-like iron-rich phase observed in both unquenched and 
quenched unmodified alloys is π-Al8FeMg3Si6 because it contains higher magnesium 
content and iron compared to the surroundings, as shown in Figure 20 a–h). EDS point 
analysis was used to measure the average compositions of the iron-rich intermetallic 
phases in the different samples, and the results are shown in Table IV of the supplement 
III included in this thesis. The EDS analysis confirmed that the plate-like phase in the 
unmodified alloys is the β-Al5FeSi phase while the script-like phase is π-Al8FeMg3Si6.  
The unmodified unquenched alloy microstructure consists of α-Al phase, coarse flake-like 
eutectic silicon, plate-like β-Al5FeSi phase, and script-like π-Al8FeMg3Si6 and Mg2Si phases, 
as shown in Figure 20 a-d). The β-Al5FeSi phase formed most likely by the ternary eutectic 
reaction L → Al + Si + β-Al5FeSi, which is supported by the thermal analysis curve of the 
unmodified alloy in Figure 19 and literature [21,26]. The π-Al8FeMg3Si6 phase was usually 
found in close association with the β-Al5FeSi phase in the unquenched alloy. Therefore, it 
is possible that the π-Al8FeMg3Si6 formed during the peritectic reaction L + β-Al5FeSi → α-
Al + Si + π-Al8FeMg3Si6 in the unquenched samples, due to the low cooling rate involved 
[21,26]. This peritectic reaction involves solid-state diffusion, which reduces the reaction 
rate to a level that is not detected by thermal analysis [21,48]. However, the majority of 
the π-Al8FeMg3Si6 phase detected formed most likely by the quaternary reaction L → α-Al 
+ Si + β-Al5FeSi + π-Al8FeMg3Si6 supported by the thermal traces observed in Figure 19.  
Plate-like β-Al5FeSi phase, script-like π-Al8FeMg3Si6, and traces of Mg2Si were observed in 
the unmodified samples quenched before the start of the Al-Si eutectic reaction (quenched 
at 585C), as shown in Figure 20. Additionally, much smaller eutectic silicon flakes and β-
Al5FeSi plates were obtained in the samples quenched before the start of the Al-Si eutectic 
reaction in comparison to the unquenched samples, as shown in Figure 20 a-h). The 
higher cooling rate generated during the eutectic reaction in the samples quenched at 
585C allows less time for the phases to grow compared to the unquenched samples. 
Additionally, the π-Al8FeMg3Si6 phase formed in the samples quenched before the start of 
the Al-Si eutectic reaction was mostly found isolated and not in close association with β-
Al5Fe-Si phase, as observed in the unquenched samples.  
The samples quenched just after the start of the Al-Si eutectic reaction showed coarse 
eutectic silicon, and β-Al5FeSi phases formed most likely before quenching and islands of 
very fine π-Al8FeMg3Si6 and Mg2Si phases formed during quenching, as shown in Figure 
20 i-l). Additionally, the coarse π-Al8FeMg3Si6 phase was not detected growing from β-
Al5FeSi in the samples quenched during the eutectic arrest, which indicates that the 
peritectic reaction may not occur during solidification of the unquenched alloy.  
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Figure 19: Cooling curves and respective first derivative recorded during the solidification of the 
unmodified and strontium modified Al-7Si-0.3Mg-0.2Fe alloys. The horizontal dashed line shows the 
equilibrium Al-Si eutectic reaction temperature calculated in Thermocalc™. The peak reactions identified in 
the first derivative curves are numbered from 1 to 4. 	
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strontium modified Al-7Si-0.3Mg-0.2Fe alloys.  

Alloy	 Suggested	reactions	[21,26]	 Start	temperature	(C)	
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3 - L → α-Al + Si + β-Al5FeSi 
4 - L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 
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Modified 1 - L → α-Al dendrites 
2 - L → α-Al + Si eutectic 
3 - L → α-Al + Si + β-Al5FeSi 
4 - L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 
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Not detected 
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In the strontium modified alloy cooling curve, a more significant thermal arrest is 
observed for the quaternary eutectic reaction L → α-Al + Si + π-Al8FeMg3Si6 + Mg2Si 
compared to the unmodified alloy, as shown in Figure 19. The larger thermal arrest for 
the reaction peak 4 observed for the strontium modified alloy suggests that the reaction 
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intermetallic phases formed in the different conditions in this study was based on the 
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alloys is most likely the β-Al5FeSi phase as it does not contain magnesium, as seen in 
Figure 20 a-d). The script-like iron-rich phase observed in both unquenched and 
quenched unmodified alloys is π-Al8FeMg3Si6 because it contains higher magnesium 
content and iron compared to the surroundings, as shown in Figure 20 a–h). EDS point 
analysis was used to measure the average compositions of the iron-rich intermetallic 
phases in the different samples, and the results are shown in Table IV of the supplement 
III included in this thesis. The EDS analysis confirmed that the plate-like phase in the 
unmodified alloys is the β-Al5FeSi phase while the script-like phase is π-Al8FeMg3Si6.  
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as shown in Figure 20 a-d). The β-Al5FeSi phase formed most likely by the ternary eutectic 
reaction L → Al + Si + β-Al5FeSi, which is supported by the thermal analysis curve of the 
unmodified alloy in Figure 19 and literature [21,26]. The π-Al8FeMg3Si6 phase was usually 
found in close association with the β-Al5FeSi phase in the unquenched alloy. Therefore, it 
is possible that the π-Al8FeMg3Si6 formed during the peritectic reaction L + β-Al5FeSi → α-
Al + Si + π-Al8FeMg3Si6 in the unquenched samples, due to the low cooling rate involved 
[21,26]. This peritectic reaction involves solid-state diffusion, which reduces the reaction 
rate to a level that is not detected by thermal analysis [21,48]. However, the majority of 
the π-Al8FeMg3Si6 phase detected formed most likely by the quaternary reaction L → α-Al 
+ Si + β-Al5FeSi + π-Al8FeMg3Si6 supported by the thermal traces observed in Figure 19.  
Plate-like β-Al5FeSi phase, script-like π-Al8FeMg3Si6, and traces of Mg2Si were observed in 
the unmodified samples quenched before the start of the Al-Si eutectic reaction (quenched 
at 585C), as shown in Figure 20. Additionally, much smaller eutectic silicon flakes and β-
Al5FeSi plates were obtained in the samples quenched before the start of the Al-Si eutectic 
reaction in comparison to the unquenched samples, as shown in Figure 20 a-h). The 
higher cooling rate generated during the eutectic reaction in the samples quenched at 
585C allows less time for the phases to grow compared to the unquenched samples. 
Additionally, the π-Al8FeMg3Si6 phase formed in the samples quenched before the start of 
the Al-Si eutectic reaction was mostly found isolated and not in close association with β-
Al5Fe-Si phase, as observed in the unquenched samples.  
The samples quenched just after the start of the Al-Si eutectic reaction showed coarse 
eutectic silicon, and β-Al5FeSi phases formed most likely before quenching and islands of 
very fine π-Al8FeMg3Si6 and Mg2Si phases formed during quenching, as shown in Figure 
20 i-l). Additionally, the coarse π-Al8FeMg3Si6 phase was not detected growing from β-
Al5FeSi in the samples quenched during the eutectic arrest, which indicates that the 
peritectic reaction may not occur during solidification of the unquenched alloy.  
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Figure 20 m-p) show the microstructure of the unmodified samples quenched just after 
the end of solidification. No significant differences were found in the microstructure of 
the samples quenched after the end of solidification in comparison to the unquenched 
samples. Therefore, it is likely that no significant dissolution of intermetallic phases 
occurs during solid-state cooling of the unquenched samples.  
 

 
Figure 20: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and quenched unmodified Al-7Si-0.3Mg-0.2Fe alloy samples. a-d) unquenched sample, e-h) 
quenched at 585C, i-l) quenched at 565C and m-p) quenched at 545C.  
 
Strontium	modified	Al‐7Si‐0.3Mg‐0.2Fe	alloy.	Figure 21 shows the microstructure and 
respective EDS maps of silicon, magnesium, and iron of the strontium modified alloy 
solidified under different conditions. Figure 22 shows the average length and area fraction 
of the intermetallics formed in the unquenched and quenched samples. Larger β-Al5FeSi 
and π-Al8FeMg3Si6 phases were formed in the strontium modified unquenched samples 
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compared to the unmodified unquenched samples, as shown in Figure 20 a-d), Figure 21 
a-d) and Figure 22 a). A similar effect was reported in previous studies for β-Al5FeSi [30] 
and π-Al8FeMg3Si6 [100] phases. Strontium addition modifies the eutectic silicon [25,132] 
and also, can reduce the nucleation frequency of β-Al5FeSi platelets by poisoning 
preferential nucleation substracts of this phase, particularly AlP [25,29]. Therefore, fewer 
β-Al5FeSi form that can grow larger in strontium modified alloys [25,29].  
A lower fraction of β-Al5FeSi phase and a slightly higher fraction of Mg2Si phase were 
obtained for the unquenched strontium modified alloy compared to the unmodified alloy, 
as shown in Figure 22 b). The lower fraction of β-Al5FeSi phase formed in the modified 
alloy correlates well with the thermal analysis curve in which the ternary reaction L → α-
Al + Si + β-Al5FeSi  was not detected. The suppression of β-Al5FeSi phase formation with 
the addition of strontium was reported in previous studies [30,32]. A larger thermal 
arrest was observed for the reaction peak 4 of the modified alloy compared to the 
unmodified. Therefore, it would be expected a larger fraction of both π-Al8FeMg3Si6 and 
Mg2Si phases formed in the modified alloy compared to the unmodified. However, the 
fraction of the π-Al8FeMg3Si6 phase was similar in both modified and unmodified 
unquenched alloys and just a slightly higher fraction of Mg2Si formed in the modified alloy, 
as shown in Figure 22 b).  
Both strontium modified and unmodified alloys were quenched before the start of the Al-
Si eutectic reaction to study the effect of the increase of cooling rate in the formation of 
intermetallic phases. The intermetallic phases formed in the alloys quenched before the 
Al-Si eutectic reaction were smaller compared to the unquenched samples, especially in 
the modified alloy, as shown in Figure 22 a).  
The fine needle-like π-Al8FeMg3Si6 phase (in two dimensions) was the only intermetallic 
phase detected in the strontium modified alloy quenched before the start of the Al-Si 
eutectic reaction, as shown in Figure 21 e-h). However, the unmodified sample showed 
traces of β-Al5FeSi in addition to the Chinese-script π-Al8FeMg3Si6 phase, as seen in Figure 
20 e). The change in the morphology of the intermetallic phases from script-like to needle-
like by the addition of strontium was reported before by Yu et al. [39]. The π-Al8FeMg3Si6 
phase formed in the strontium modified alloy quenched before the start of the Al-Si 
eutectic reaction was slightly smaller compared to the same phase formed in the 
unmodified alloy, as shown in Figure 22 a).  
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Figure 20: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and quenched unmodified Al-7Si-0.3Mg-0.2Fe alloy samples. a-d) unquenched sample, e-h) 
quenched at 585C, i-l) quenched at 565C and m-p) quenched at 545C.  
 
Strontium	modified	Al‐7Si‐0.3Mg‐0.2Fe	alloy.	Figure 21 shows the microstructure and 
respective EDS maps of silicon, magnesium, and iron of the strontium modified alloy 
solidified under different conditions. Figure 22 shows the average length and area fraction 
of the intermetallics formed in the unquenched and quenched samples. Larger β-Al5FeSi 
and π-Al8FeMg3Si6 phases were formed in the strontium modified unquenched samples 
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Figure 20: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and quenched unmodified Al-7Si-0.3Mg-0.2Fe alloy samples. a-d) unquenched sample, e-h) 
quenched at 585C, i-l) quenched at 565C and m-p) quenched at 545C.  
 
Strontium	modified	Al‐7Si‐0.3Mg‐0.2Fe	alloy.	Figure 21 shows the microstructure and 
respective EDS maps of silicon, magnesium, and iron of the strontium modified alloy 
solidified under different conditions. Figure 22 shows the average length and area fraction 
of the intermetallics formed in the unquenched and quenched samples. Larger β-Al5FeSi 
and π-Al8FeMg3Si6 phases were formed in the strontium modified unquenched samples 
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Figure 21: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and strontium modified quenched samples. a-d) unquenched sample, e-h) quenched at 585C, 
i– l) quenched at 569C and m-p) quenched at 545C.  
 
In both modified and unmodified alloys quenched before the start of the Al-Si eutectic 
reaction, the fraction of the π-Al8FeMg3Si6 phase increased significantly in comparison to 
the unquenched alloys, particularly for the strontium modified alloy, as seen in Figure 22 
b). No β-Al5FeSi phase was detected in the strontium modified quenched alloy. In contrast, 
in the unmodified alloy, the fraction of the β-Al5FeSi phase was smaller in comparison to 
the unquenched alloys, as shown in Figure 22 b). For higher cooling rates, the fraction of 
the β-Al5FeSi phase decreases while the π-phase increases [27,30], which correlates well 
with the results of this study for the modified alloy quenched before the start of the Al-Si 
eutectic reaction.  
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Figure 22: (a) Average length and (b) area fraction of the intermetallic phases formed in the unquenched 
and quenched Al-7Si-0.3Mg-0.2Fe samples. 
 
The Chinese script π-Al8FeMg3Si6 phase formed in the unmodified alloy was uniformly 
distributed within the eutectic regions, while the needle-like phase formed in the 
strontium modified alloy was located at the eutectic cell boundaries, as shown in Figure 
21 e). Similar results were observed for unmodified and strontium modified Al-10Si-0.3Fe 
alloys [39]. The intermetallic phases identified in Yu et al. [39] were different compared 
to this study. However, it seems reasonable to assume that the formation mechanism of 
the intermetallic phases in this study and Yu et al. [39] is similar due to the similarities in 
the distribution and morphology of the intermetallic phases formed in both studies.  
The eutectic Al-Si cells in the quenched modified alloy start to grow radially, and a coupled 
eutectic solidification front of Al and Si phases is established in the centre of the cell with 
no iron-rich phases [39,132,133]. As the solidification advances, the solute rejected by the 
solid-liquid interface accumulates at the solidification front. The high cooling rates [32] 
and strontium addition [30] suppresses the formation of β-Al5FeSi phase. Therefore, 
towards the end of solidification, the enrichment in iron and magnesium of the remained 
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Figure 21: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and strontium modified quenched samples. a-d) unquenched sample, e-h) quenched at 585C, 
i– l) quenched at 569C and m-p) quenched at 545C.  
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to this study. However, it seems reasonable to assume that the formation mechanism of 
the intermetallic phases in this study and Yu et al. [39] is similar due to the similarities in 
the distribution and morphology of the intermetallic phases formed in both studies.  
The eutectic Al-Si cells in the quenched modified alloy start to grow radially, and a coupled 
eutectic solidification front of Al and Si phases is established in the centre of the cell with 
no iron-rich phases [39,132,133]. As the solidification advances, the solute rejected by the 
solid-liquid interface accumulates at the solidification front. The high cooling rates [32] 
and strontium addition [30] suppresses the formation of β-Al5FeSi phase. Therefore, 
towards the end of solidification, the enrichment in iron and magnesium of the remained 
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Figure 21: SEM micrographs and corresponding EDS maps of silicon, magnesium and iron of the 
unquenched and strontium modified quenched samples. a-d) unquenched sample, e-h) quenched at 585C, 
i– l) quenched at 569C and m-p) quenched at 545C.  
 
In both modified and unmodified alloys quenched before the start of the Al-Si eutectic 
reaction, the fraction of the π-Al8FeMg3Si6 phase increased significantly in comparison to 
the unquenched alloys, particularly for the strontium modified alloy, as seen in Figure 22 
b). No β-Al5FeSi phase was detected in the strontium modified quenched alloy. In contrast, 
in the unmodified alloy, the fraction of the β-Al5FeSi phase was smaller in comparison to 
the unquenched alloys, as shown in Figure 22 b). For higher cooling rates, the fraction of 
the β-Al5FeSi phase decreases while the π-phase increases [27,30], which correlates well 
with the results of this study for the modified alloy quenched before the start of the Al-Si 
eutectic reaction.  
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Figure 22: (a) Average length and (b) area fraction of the intermetallic phases formed in the unquenched 
and quenched Al-7Si-0.3Mg-0.2Fe samples. 
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liquid can result in the formation of π-Al8FeMg3Si6 phase at the eutectic cell boundaries, 
as shown in Figure 21 e). The growth of the π-Al8FeMg3Si6 becomes restricted to the 
limited space that exists between adjacent cells at the end of solidification. 
In the unmodified alloy, eutectic silicon grows as an interconnected plate-like network. 
During eutectic silicon growth, the solute-enriched liquid can become entrapped between 
the eutectic silicon plates [133]. At high cooling rates, the start temperature for the 
formation of β-Al5FeSi phase can decrease to a level at which the composition of the 
remaining liquid favours the formation of π-Al8FeMg3Si6 and not β-Al5FeSi phase [32]. The 
formation of the π-Al8FeMg3Si6 phase in the entrapped liquid between the eutectic silicon 
plate branches implies that its growth is constrained to the space available between 
eutectic silicon branches. Therefore, finer eutectic silicon plates will result in a finer π-
Al8FeMg3Si6 phase formed, which correlates well with the smaller π-Al8FeMg3Si6 phase 
obtained for the quenched unmodified alloy compared to the unquenched. Additionally, 
the formation of the π-Al8FeMg3Si6 phase between eutectic silicon branches results in a 
phase evenly distributed within the eutectic region.  
SSM	Al‐7Si‐Mg	castings.	In SSM casting, the solidification in the die-cavity occurs at high 
cooling rates with the growth of primary α1-Al globules, nucleation and growth of the in-
cavity solidified grains and ends with the eutectic formation. Figure 23	a-d) and Figure 23 
e-h)	show the microstructure and respective EDS maps of silicon, magnesium, and iron of 
the SSM Al-7Si-0.3Mg castings in the as-cast and T5 conditions, respectively. The 
microstructure of both SSM Al-7Si-0.3Mg castings consist of primary α-Al phase, modified 
Al-Si eutectic and needle-like (in two dimensions) π-Al8FeMg3Si6 phase located at the 
eutectic cell boundaries, as shown in Figure 23 a-h). No Mg2Si phase was detected in the 
SSM Al-7Si-0.3Mg castings. Note that the alloys used to produce the SSM castings in this 
study contain strontium. Therefore, there are no significant differences in morphology, 
size, and distribution between the π-Al8FeMg3Si6 phase formed in the SSM Al-7Si-0.3Mg 
casting and in the strontium modified alloy quenched before the start of the Al-Si eutectic 
reaction, as shown in Figure 21 e) and Figure 23 a) and e). Additionally, in the SSM 
castings, the Al-Si eutectic formation occurs in the die-cavity at high cooling rates, which 
is analogous to the strontium modified alloy quenched before the start of the Al-Si eutectic 
reaction. Therefore, it is likely that the formation mechanism of the intermetallic phases 
is similar for the SSM Al-7Si-0.3Mg casting and the strontium modified sample quenched 
before the start of the Al-Si eutectic reaction.  
The increase of the magnesium content results in the formation of the script-like Mg2Si 
phase in addition to the π-Al8FeMg3Si6 phase for both SSM Al-7Si-0.45Mg and Al-7Si-
0.6Mg castings in the T5 condition, as shown in Figure 23 i-p). Additionally, it seems that 
both eutectic silicon and π-Al8FeMg3Si6 are larger for the SSM Al-7Si-Mg castings with 
higher magnesium contents, as shown in Figure 23. The increase of the size of both 
eutectic silicon and π-Al8FeMg3Si6 phase with the increase of the magnesium content was 
reported in previous studies [101]. 
After T6 heat treatment, the microstructure of the SSM castings consists of primary α-Al 
phase, spheroidised eutectic silicon, and iron-rich intermetallic phases in the eutectic 
regions, as shown in Figure 23 q-z). No Mg2Si phase was detected in the SSM castings in 
the T6 condition. Very fine β-Al5FeSi phase platelets were observed in the SSM Al-7Si-
0.3Mg casting in the T6 condition while both β-Al5FeSi and π-Al8FeMg3Si6 phases were 
detected in the SSM Al-7Si-0.45Mg castings in the same condition, as shown in Figure 23 
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q-z). Therefore, the π-Al8FeMg3Si6 phase of the SSM Al-7Si-0.3Mg casting in the as-cast 
condition transformed into a β-Al5FeSi phase during solution treatment, releasing 
magnesium into α-Al solid-solution [27]. Additionally, after solution treatment, smaller 
and lower fraction of iron-rich intermetallics were obtained for the SSM Al-7Si-Mg casting 
in the T6 condition in comparison to the T5 and as-cast conditions, as shown in Figure 24. 
Figure 25 shows the DSC first and second melting cycles for the SSM Al-7Si-0.3Mg casting 
in the T5 condition and the first melting cycle for the SSM Al-7Si-0.3Mg casting in the T6 
condition. The reaction peaks I and II are observed in all the curves and result from the 
melting of the α-Al and Al-Si eutectic phases, respectively. The first melting curve of the 
SSM Al-7Si-0.3Mg casting in the T5 condition shows just one peak (peak III) in addition to 
the peaks associated with the Al-Si eutectic and α-Al phases melting. Therefore, peak III 
results most likely from the melting of the π-Al8FeMg3Si6 phase because it was the only 
intermetallic phase detected in the microstructure, as shown in Figure 23 e). For the SSM 
Al-7Si-0.3Mg casting in the T6 condition, just the peaks that resulted from the melting of 
the Al-Si eutectic (peak II) and α-Al phase (peak I) phases are observed, which suggest 
that almost all the π-Al8FeMg3Si6 phase transformed into β-Al5FeSi phase. This result 
correlates well with the observation of the microstructures in Figure 23 q).  
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 Figure 23: SEM and respective EDS maps of silicon, magnesium, and iron of SSM Al-7Si-Mg castings. a-d) 
SSM Al-7Si-0.3Mg – F (as-cast), e-h) SSM Al-7Si-0.3Mg-T5, i-l) SSM Al-7Si-0.45Mg-T5, m-p) SSM Al-7Si-
0.6Mg – T5, q-t) SSM Al7Si-0.3Mg – T6 and u-x) SSM Al-7Si-0.45Mg-T6. 
 
In the SSM Al-7Si-0.45Mg casting, the dissolution of the π-Al8FeMg3Si6 phase during 
solution treatment was incomplete, and some magnesium is still retained in the π-
Al8FeMg3Si6 after T6 heat treatment, as shown in Figure 23 u-x). The incomplete 
transformation of the π-Al8FeMg3Si6 phase into β-Al5FeSi phase after solution treatment 
occurs typically for castings with magnesium contents >0.4wt.% [21].   
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Figure 24: (a) Average length and (b) area fraction of the iron-rich intermetallic phases formed in the SSM 
Al-7Si-0.3Mg castings in the T5 and T6 conditions.  
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 Figure 23: SEM and respective EDS maps of silicon, magnesium, and iron of SSM Al-7Si-Mg castings. A-d) 
SSM Al-7Si-0.3Mg – F (as-cast), e-h) SSM Al-7Si-0.3Mg-T5, i-l) SSM Al-7Si-0.45Mg-T5, m-p) SSM Al-7Si-
0.6Mg – T5, q-t) SSM Al7Si-0.3Mg – T6 and u-x) SSM Al-7Si-0.45Mg-T6. 
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 Figure 25: DSC melting curves for the SSM Al-7Si-0.3Mg casting in the T5 and T6 conditions and the second 
melting curve obtained after the first melting and cooling cycle of the original SSM Al-7Si-0.3Mg casting in 
the T5 condition. The arrow in the highlighted image indicates the position of the reaction peak IV.  
 
3.2 SURFACE SEGREGATION 

Figure 26 shows the microstructures of the SSM Al-7Si-0.3Mg casting obtained from the 
casting centre and from the first 1mm surface layer. A higher fraction of primary α1-Al 
globules is observed in the casting centre compared to the surface layer of the castings, as 
shown in Figure 26 a) and b), respectively. Additionally, a higher fraction of small in-cavity 
solidified dendritic grains is observed near the casting surface compared to the centre.  
 

 a)  b) 
Figure 26: Optical micrographs of the SSM Al-7Si-0.3Mg casting from the a) casting centre and b) the first 
1mm surface layer. The top dashed line in b) shows the casting surface position in the image.  
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The slurry solid-fraction influences the composition of the liquid phase of the slurry that 
solidifies partly during pouring and holding in the shot-sleeve and completely in the die-
cavity. Consequently, the segregation obtained in SSM castings is influenced by the slurry 
solid-fraction. Figure 27 a) shows a representative microstructure of the SSM Al-7Si-
0.3Mg casting grain refined with Al-8B after etching with the Weck’s reagent. The α1-Al 
globules have a dark brown core surrounded by a brighter peripheral area, as shown in 
Figure 27 a).  
Weck’s reagent reveals the segregation of solute elements in the interior of the α-Al phase 
by colour contrast differences, particularly titanium segregation [116]. Using the example 
of Figure 27 a), the outer brighter layer can be assumed to represent the grain globule 
growth during solidification in the die-cavity, and the darker core represents the size of 
the α-Al crystals dispersed in the slurry before injection into the die-cavity [117]. 
Consequently, the α1-Al area fraction determined considering the dark brown core is 
representative of the α1-Al fraction in the slurry before injection into the die-cavity. 
Considering the area fraction of the complete α1-Al globule, peripheral brighter layer plus 
the dark brown core observed in Figure 27 a), the α1-Al fraction obtained is the α1-Al 
fraction when solidification is complete. Figure 27 b) shows the area fraction of the α1-Al 
globules determined considering the dark brown core of the α1-Al globules exclusively 
and both the dark brown core and peripheral brighter area for the unrefined and grain 
refined SSM Al-7Si-Mg castings.  
A lower solid-fraction was obtained in the grain refined SSM Al-7Si-0.3Mg castings 
compared to the unrefined SSM Al-7Si-0.3Mg castings. Additionally, the α1-Al globules 
growth during solidification was lower for the grain refined castings compared to the 
unrefined, as shown in Figure 27 b). Xu et al. [134] found that the maximum nucleation 
undercooling and volume fraction of crystals at the nucleation ceasing point decrease 
with increasing level of potent nucleant particles. The additions of Al-8B and Al-5Ti-1B 
master alloys introduce potent nucleants for α-Al, AlB and TiB2, into the melt, respectively. 
Therefore, it is expected that the nucleation of α-Al crystals occurs at lower undercooling 
and the stop of nucleation may occur at higher temperatures for the grain refined alloys 
compared to the unrefined alloy during slurry preparation [134]. Therefore, the 
nucleation of α-Al crystals at lower undercooling and the higher growth restriction of the 
alloy refined with the Al-5Ti-1B grain refiner may explain the lower α1-Al fraction 
obtained for the SSM Al-7Si-0.3Mg grain refined with Al-5Ti-1B, as shown in Figure 27 b).  
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Figure 27: a) Optical micrograph of the SSM Al-7Si-0.3Mg casting refined with Al-8B etched with the Weck´s 
reagent, and b) α-Al area fraction determined for the unrefined and grain refined SSM Al-7Si-0.3Mg castings 
considering the dark brown core and core + periphery, as observed in a). Base – SSM Al-7Si-0.3Mg casting 
with no grain refiner addition.  
 
Figure 28 a) illustrates the α1-Al crystals dispersed in the solute-enriched liquid during 
holding of the slurry in the shot-sleeve. The α1-Al crystals in Figure 28 a) are shown as 
brown circles to illustrate the dark brown core of the α1-Al globules observed after etching 
with the Weck’s reagent. Figure 29 shows the variation of the silicon content of the α1-Al 
crystals interdendritic regions as a function of the α1-Al crystal fraction of the unrefined 
and grain refined SSM Al-7Si-0.3Mg castings. The silicon content in the liquid phase and 
respective α1-Al fraction (Figure 27 b)) of the slurry just before the injection into the die-
cavity is shown in Figure 29, as open data markers. The details of the determination of the 
liquid composition can be analysed in Supplement II included in this thesis. 
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Figure 28: Schematic representation of a) α1-Al crystals dispersed in the liquid during holding in the shot-
sleeve. b) α1-Al crystals growth during solidification in the die-cavity and surface segregation layer 
formation. c) α1-Al crystals at the end of crystallization. 1 – α1-Al crystals in the shot-sleeve. 2 – α1-Al crystals 
growth. 3 – α1-Al crystals growth at the end of solidification. 4 – Solute-enriched liquid. 5 – Solute-enriched 
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After pouring the slurry, the shot-sleeve moves to the injection position, and the piston 
advances, forcing the slurry into the die-cavity. During filling and holding in the die-cavity, 
the slurry solid-fraction increases by the growth of the α1-Al crystals and formation of the 
in-cavity solidified crystals. Consequently, more solute is rejected into the remaining 
liquid until the conditions for the eutectic reaction are reached.  
The cooling rate near the die-walls is higher compared to the casting centre. Therefore, 
the solidifying alloy adjacent to the die-walls shrinks, and the solute-enriched liquid from 
adjacent regions flows through the mushy zone towards the casting surface to 
compensate for solidification shrinkage and thermal contraction by the inverse 
segregation mechanism [78]. This solute-enriched liquid that moves towards the casting 
surface solidifies into small primary α-Al dendrites and eutectic [81], as shown in Figure 
26 b). An additional driving force for the liquid flow towards the casting surface is the 
application of the intensification pressure [79]. During the intensification pressure stage, 
the slurry is pushed deeper into the die-cavity [128] and compresses the α-Al crystals 
network formed in the casting centre. Consequently, the crystals are forced into one 
another [128], decreasing the inter-crystals spaces, and some of the liquid that previously 
filled these inter-crystals spaces is squeezed laterally towards the casting surface.  

 

 
Figure 29: Variation of the silicon content in the α1-Al surroundings as a function of α1-Al fraction. 
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After pouring the slurry, the shot sleeve moves to the injection position, and the piston 
advances, forcing the slurry into the die-cavity. During filling and holding in the die-cavity, 
the slurry solid-fraction increases by the growth of the α1-Al crystals and formation of the 
in-cavity solidified crystals. Consequently, more solute is rejected into the remaining 
liquid until the conditions for the eutectic reaction are reached.  
The cooling rate near the die walls is higher compared to the casting centre. Therefore, 
the solidifying alloy adjacent to the die-walls shrinks, and the solute enriched liquid from 
adjacent regions flows through the mushy zone towards the casting surface to 
compensate for solidification shrinkage and thermal contraction by the inverse 
segregation mechanism [77]. This solute-enriched liquid that moves towards the casting 
surface solidifies into small primary α-Al dendrites and eutectic [80], as shown in Figure 
26 b). An additional driving force for the liquid flow towards the casting surface is the 
application of the intensification pressure [78]. During the intensification pressure stage, 
the slurry is pushed deeper into the die-cavity [128] and compresses the α-Al crystals 
network formed in the casting centre. Consequently, the crystals are forced into one 
another [128], decreasing the inter-crystals spaces, and some of the liquid that previously 
filled inter-crystals spaces is squeezed laterally towards the casting surface.  

 

 
Figure 29: Variation of the silicon content in the α1-Al surroundings as a function of α1-Al fraction. 



44 

 

 a)  b) 
Figure 27: a) Optical micrograph of the SSM Al-7Si-0.3Mg casting refined with Al-8B etched with the Weck´s 
reagent, and b) α-Al area fraction determined for the unrefined and grain refined SSM Al-7Si-0.3Mg castings 
considering the dark brown core and core + periphery, as observed in a). Base – SSM Al-7Si-0.3Mg casting 
with no grain refiner addition.  
 
Figure 28 a) illustrates the α1-Al crystals dispersed in the solute-enriched liquid during 
holding of the slurry in the shot-sleeve. The α1-Al crystals in Figure 28 a) are shown as 
brown circles to illustrate the dark brown core of the α1-Al globules observed after etching 
with the Weck’s reagent. Figure 29 shows the variation of the silicon content of the α1-Al 
crystals interdendritic regions as a function of the α1-Al crystal fraction of the unrefined 
and grain refined SSM Al-7Si-0.3Mg castings. The silicon content in the liquid phase and 
respective α1-Al fraction (Figure 27 b)) of the slurry just before the injection into the die-
cavity is shown in Figure 29, as open data markers. The details of the determination of the 
liquid composition can be analysed in Supplement II included in this thesis. 
 

 a)  c) 
Figure 28: Schematic representation of a) α1-Al crystals dispersed in the liquid during holding in the shot-
sleeve. b) α1-Al crystals growth during solidification in the die-cavity and surface segregation layer 
formation. c) α1-Al crystals at the end of crystallization. 1 – α1-Al crystals in the shot-sleeve. 2 – α1-Al crystals 
growth. 3 – α1-Al crystals growth at the end of solidification. 4 – Solute-enriched liquid. 5 – Solute-enriched 
liquid. 6 – Solute-enriched liquid and in-cavity solidified crystals. 7 – Surface segregation layer. 8 – Die-wall. 
  

b) 

45 

 

After pouring the slurry, the shot-sleeve moves to the injection position, and the piston 
advances, forcing the slurry into the die-cavity. During filling and holding in the die-cavity, 
the slurry solid-fraction increases by the growth of the α1-Al crystals and formation of the 
in-cavity solidified crystals. Consequently, more solute is rejected into the remaining 
liquid until the conditions for the eutectic reaction are reached.  
The cooling rate near the die-walls is higher compared to the casting centre. Therefore, 
the solidifying alloy adjacent to the die-walls shrinks, and the solute-enriched liquid from 
adjacent regions flows through the mushy zone towards the casting surface to 
compensate for solidification shrinkage and thermal contraction by the inverse 
segregation mechanism [78]. This solute-enriched liquid that moves towards the casting 
surface solidifies into small primary α-Al dendrites and eutectic [81], as shown in Figure 
26 b). An additional driving force for the liquid flow towards the casting surface is the 
application of the intensification pressure [79]. During the intensification pressure stage, 
the slurry is pushed deeper into the die-cavity [128] and compresses the α-Al crystals 
network formed in the casting centre. Consequently, the crystals are forced into one 
another [128], decreasing the inter-crystals spaces, and some of the liquid that previously 
filled these inter-crystals spaces is squeezed laterally towards the casting surface.  

 

 
Figure 29: Variation of the silicon content in the α1-Al surroundings as a function of α1-Al fraction. 

 

44 

 

 a)  b) 
Figure 27: a) Optical micrograph of the SSM Al-7Si-0.3Mg casting refined with Al-8B etched with Weck´s 
reagent, and b) α-Al area fraction determined for the unrefined and refined SSM Al-7Si-0.3Mg castings 
considering the dark brown core and core + periphery, as observed in a). Base – SSM Al-7Si-0.3Mg casting 
with no grain refiner addition.  
 
Figure 28 a) illustrates the α1-Al crystals dispersed in the solute enriched liquid during 
holding in the shot sleeve. The α1-Al crystals in Figure 28 a) are shown as brown circles 
to look like the dark brown core of the α1-Al globules observed after etching with Weck’s 
reagent. Figure 29 shows the variation of the silicon content of the α1-Al crystals 
interdendritic regions as a function of the α1-Al fraction of the unrefined and refined SSM 
Al-7Si-0.3Mg castings. The silicon content in the liquid phase and respective α1-Al fraction 
(Figure 27 b)) of the slurry just before the injection into the die-cavity is shown in Figure 
29, as open data markers. The details of the determination of the liquid composition can 
be analysed in Supplement II included in this thesis. 
 

 a)  c) 
Figure 28: Schematic representation of a) α1-Al crystals dispersed in the liquid during holding in the shot 
sleeve. b) α1-Al crystals growth during solidification in the shot sleeve and surface segregation layer 
formation. c) α1-Al crystals at the end of crystallization. 1 – α1-Al crystals in the shot sleeve. 2 – α1-Al crystals 
growth and surface segregation layer. 3 – α1-Al crystals growth at the end of solidification. 4 – Solute 
enriched liquid. 5 – Solute enriched liquid. 6 – Solute enriched liquid and in-cavity solidified crystals. 7 – 
Surface segregation layer. 8 – Die wall. 
  

b) 

 

44 

 

 a)  b) 
Figure 27: a) Optical micrograph of the SSM Al-7Si-0.3Mg casting refined with Al-8B etched with Weck´s 
reagent, and b) α-Al area fraction determined for the unrefined and refined SSM Al-7Si-0.3Mg castings 
considering the dark brown core and core + periphery, as observed in a). Base – SSM Al-7Si-0.3Mg casting 
with no grain refiner addition.  
 
Figure 28 a) illustrates the α1-Al crystals dispersed in the solute enriched liquid during 
holding in the shot sleeve. The α1-Al crystals in Figure 28 a) are shown as brown circles 
to look like the dark brown core of the α1-Al globules observed after etching with Weck’s 
reagent. Figure 29 shows the variation of the silicon content of the α1-Al crystals 
interdendritic regions as a function of the α1-Al fraction of the unrefined and refined SSM 
Al-7Si-0.3Mg castings. The silicon content in the liquid phase and respective α1-Al fraction 
(Figure 27 b)) of the slurry just before the injection into the die-cavity is shown in Figure 
29, as open data markers. The details of the determination of the liquid composition can 
be analysed in Supplement II included in this thesis. 
 

 a)  c) 
Figure 28: Schematic representation of a) α1-Al crystals dispersed in the liquid during holding in the shot 
sleeve. b) α1-Al crystals growth during solidification in the shot sleeve and surface segregation layer 
formation. c) α1-Al crystals at the end of crystallization. 1 – α1-Al crystals in the shot sleeve. 2 – α1-Al crystals 
growth and surface segregation layer. 3 – α1-Al crystals growth at the end of solidification. 4 – Solute 
enriched liquid. 5 – Solute enriched liquid. 6 – Solute enriched liquid and in-cavity solidified crystals. 7 – 
Surface segregation layer. 8 – Die wall. 
  

b) 

 

45 

 

After pouring the slurry, the shot sleeve moves to the injection position, and the piston 
advances, forcing the slurry into the die-cavity. During filling and holding in the die-cavity, 
the slurry solid-fraction increases by the growth of the α1-Al crystals and formation of the 
in-cavity solidified crystals. Consequently, more solute is rejected into the remaining 
liquid until the conditions for the eutectic reaction are reached.  
The cooling rate near the die walls is higher compared to the casting centre. Therefore, 
the solidifying alloy adjacent to the die-walls shrinks, and the solute enriched liquid from 
adjacent regions flows through the mushy zone towards the casting surface to 
compensate for solidification shrinkage and thermal contraction by the inverse 
segregation mechanism [77]. This solute-enriched liquid that moves towards the casting 
surface solidifies into small primary α-Al dendrites and eutectic [80], as shown in Figure 
26 b). An additional driving force for the liquid flow towards the casting surface is the 
application of the intensification pressure [78]. During the intensification pressure stage, 
the slurry is pushed deeper into the die-cavity [128] and compresses the α-Al crystals 
network formed in the casting centre. Consequently, the crystals are forced into one 
another [128], decreasing the inter-crystals spaces, and some of the liquid that previously 
filled inter-crystals spaces is squeezed laterally towards the casting surface.  

 

 
Figure 29: Variation of the silicon content in the α1-Al surroundings as a function of α1-Al fraction. 



46 

 

At a certain moment during the solidification in the die-cavity, the flow of solute-enriched 
liquid towards the casting surface becomes restricted [79]. At this moment, the solute 
content of the surface segregation layer is likely similar to the solute content of the liquid 
that fills the α1-Al interdendritic regions in the casting centre. Additionally, the solute 
content of the surface segregation layer may remain unchanged until the casting is fully 
solidified from the moment that the flow channels towards the casting surface are blocked. 
Figure 28 b) illustrates the moment at which the surface segregation layer is formed. The 
brighter area surrounding the α1-Al crystals illustrated in Figure 28 b) shows the growth 
of the α1-Al crystals during solidification in the die-cavity. The silicon content was 
measured by EDS in different areas of the surface segregation layer of the unrefined and 
grain refined SSM Al-7Si-0.3Mg castings. The silicon content of the α1-Al globules 
interdendritic regions obtained by EDS and the respective α1-Al globules fraction is shown 
in Figure 29 as closed data markers. The details of the determination of the α1-Al globules 
fraction when the surface segregation layer is formed are in Supplement II included in this 
thesis. 
In the regions adjacent to the surface segregation layer, the growth of the α-Al crystals 
continues until the eutectic is formed [135]. Figure 28 c) illustrates the moment at which 
the eutectic forms and the α1-Al crystals reached their maximum size. The α1-Al globules 
fraction (Figure 27 b)) and the respective solute content of the α1-Al interdendritic 
regions at the moment eutectic forms are shown in Figure 29, as open data markers.  
Figure 29 shows that the surface segregation was lower for the grain refined SSM Al-7Si-
0.3Mg castings compared to the unrefined. The lower fraction and growth of the α1-Al 
globules obtained for the grain refined SSM Al-7Si-0.3Mg castings resulted in a reduction 
of inverse segregation effect, as shown in Figure 29.  
Exudation.	In addition to the inverse segregation mechanism, exudation can also increase 
surface segregation.	Figure 30	shows positive macrosegregation regions observed in the 
polished casting surfaces of the SSM Al-7Si-0.6Mg casting in the T5 condition and the SSM 
Al-7Si-0.45Mg casting in the T6 condition. The microstructure of the macrosegregation 
regions is mostly eutectic, as shown in Figure 30 a). For the SSM castings in the T6 
condition, a higher fraction of spheroidised eutectic silicon was observed in the 
macrosegregation regions compared to the surroundings, as shown in Figure 30 b). Oxide 
films were frequently found on the boundaries of the macrosegregation regions, as shown 
in Figure 30. Therefore, the bonding between the macrosegregation regions and the 
surroundings is likely very week. The microstructure of the surroundings of the 
macrosegregation regions consisted of small in-cavity solidified α-Al dendrites, few α1-Al 
globules, and eutectic.   
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	a) 	b) 
Figure 30: Optical micrographs showing positive macrosegregation regions in the first 200µm surface layer 
of a) SSM Al-7Si-0.6Mg casting in the T5 condition and b) SSM Al-7Si-0.45Mg casting in the T6 condition. 1 
– Region of positive macrosegregation. Arrows indicate the possible location of oxide films.  
 
Figure 31 shows the silicon content measured by EDS in the macrosegregation regions 
and surroundings in the surface layer of the SSM castings in the T5 and T6 conditions. The 
silicon concentration in the macrosegregation regions is significantly higher compared to 
the surroundings for all castings. It is important to note that the silicon concentration 
measurements were conducted in the surface layer of the SSM castings, which is affected 
by the inverse segregation mechanism. Therefore, the surroundings of the 
macrosegregation regions have a silicon content higher than the nominal silicon content 
of the alloy, as shown in Figure 31. No significant differences were found in the silicon 
content in the macrosegregation regions for the different SSM castings. However, higher 
silicon concentration was obtained in the surroundings of the macrosegregation regions 
for the SSM castings in the T6 condition compared to the SSM castings in the T5 condition, 
as shown in Figure 31.  
At a certain point during solidification, the solidifying alloy surface layer strength and 
starts to pull away from the die-wall due to solidification shrinkage and thermal 
contraction [81]. Consequently, highly solute-enriched liquid can flow through the 
solidifying alloy surface layer into the gap between the alloy surface and the die-wall [78]. 
The silicon content of the macrosegregation regions (Figure 31) indicates that their 
formation occurs in the final stages of solidification. Therefore, it is likely that the 
interdendritic liquid flow channels towards the casting surface are blocked before 
macrosegregation regions are formed. The shrinkage and contraction of the solidifying 
surface layer and the pressure increasing during the intensification pressure in the 
interior of the alloy can generate tensile strains, and consequently, cracks can occur, i.e., 
hot tear. Therefore, depending on the pressure differential between the gap and interior 
of the solidifying alloy, the solute-enriched liquid can flow through open tears and fill the 
space between the solidifying surface layer, and the die-wall. These macrosegregation 
regions are often observed completely or partly surrounded by oxide films, as shown in 
Figure 30. During the intensification pressure stage, the pressure in the interior of the 
casting is increased and the exuded liquid can be pressed against the die-wall and solidify 
surrounded by the oxide layer formed on the surface, as shown in Figure 30. 
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Entrained oxide films act as cracks in the microstructure, reducing mechanical and fatigue 
properties [33]. Folded oxide films located near casting surfaces can open due to tensile 
stresses generated by solidification shrinkage and thermal contraction. Therefore, when 
the folded oxide films are oriented towards the casting surface can act as a channel 
through which the solute-enriched liquid can flow and fill the existing gap between the 
solidifying alloy surface layer and die-wall. It is possible that the exuded liquid can flow 
through both hot tears formed during solidification and existing oxide films towards the 
space between the solidified alloy surface and die-wall, solidifying as nearly eutectic, as 
shown in Figure 30. 
 

 Figure 31: Silicon average concentration in the regions of macrosegregation and surroundings measured by 
EDS. The horizontal dashed line indicates the nominal silicon content of the alloys.  
 
Properties	 along	 the	 casting	 cross‐section.	 Vickers hardness measurements were 
conducted along the cross-section of SSM Al-7Si-0.3Mg castings produced at the industrial 
scale in the as-cast and T6 conditions. In the first 1mm of the surface layer, these castings 
microstructure consisted of few primary α1-Al globules, in-cavity solidified grains, and 
eutectic. A much higher fraction of primary α1-Al globules compared to the surface layer 
was observed in the casting centre in addition to the in-cavity solidified dendrites and 
eutectic, similar to that observed in Figure 26 for the SSM cast tensile bars produced.  
Figure 32	shows the low-force Vickers hardness obtained along the cross-section of the 
SSM Al-7Si-0.3Mg cast component produced at the industrial scale in the as-cast and T6 
conditions. No significant differences in hardness in the range of distances from the 
casting surface studied were found for the SSM castings in the as-cast condition, as shown 
in Figure 32. It would be expected an increase of hardness from the casting centre towards 
the casting surface resulting from surface segregation, as found in other studies [136]. In 
this study, the hardness measurements were not performed directly on the casting 
surface, which excludes the effect of the macrosegregation resulted from exudation on 

49 

 

hardness. However, after T6 heat treatment, the hardness increases from the casting 
centre towards the casting surface in addition to a significant increase of hardness 
compared to the as-cast condition, as shown in Figure 32. This increase of hardness 
towards the casting surface of the SSM castings in the T6 condition results most likely 
from the more effective quenching obtained near the surface after solution treatment, 
which prevents premature precipitation. Therefore, higher hardness is obtained after 
artificial ageing as the distance from casting surface decreases, as shown in Figure 32.  
 

 
Figure 32: Low-force Vickers hardness as a function of the distance from the casting surface for the SSM Al-
7Si-0.3Mg cast component produced at the industrial scale in the as-cast and T6 conditions.  
 
3.3 FORMATION OF COARSE SILICON PHASE 

In the Rheometal™ process, entrapment of oxide films into the liquid metal can occur 
during metal handling, slurry preparation, pouring in the shot-sleeve, and die-cavity 
filling. Additionally, oxide films may be already entrained in the aluminium ingots before 
melting and casting. It is expected that fewer oxides entrapment occurs during die-cavity 
filling in SSM casting compared to HPDC due to the higher viscosity of the slurries 
compared to the superheated liquid alloy [63]. However, oxides can still be found in SSM 
castings and often initiate fatigue cracks [89]. 
Figure 33 shows the microstructure and corresponding EDS maps for silicon, oxygen, and 
phosphorous obtained from the SSM Al-7Si-0.6Mg casting surface layer. The 
microstructure consists of primary in-cavity solidified dendritic grains, modified eutectic, 
and a coarse silicon phase observed near oxides, as shown in Figure 33. Interestingly to 
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Entrained oxide films act as cracks in the microstructure, reducing mechanical and fatigue 
properties [33]. Folded oxide films located near casting surfaces can open due to tensile 
stresses generated by solidification shrinkage and thermal contraction. Therefore, when 
the folded oxide films are oriented towards the casting surface can act as a channel 
through which the solute-enriched liquid can flow and fill the existing gap between the 
solidifying alloy surface layer and die-wall. It is possible that the exuded liquid can flow 
through both hot tears formed during solidification and existing oxide films towards the 
space between the solidified alloy surface and die-wall, solidifying as nearly eutectic, as 
shown in Figure 30. 
 

 Figure 31: Silicon average concentration in the regions of macrosegregation and surroundings measured by 
EDS. The horizontal dashed line indicates the nominal silicon content of the alloys.  
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note that the phosphorous concentration at the locations of the oxides is much higher 
compared to the surroundings, as seen in Figure 33 d). 
AlP particles act as potent nucleants of primary and eutectic silicon [137]. Typically, 
phosphorous is present in commercial aluminium alloys as an impurity, and in a sufficient 
amount to produce numerous AlP particles [25]. The phosphorous impurity levels in 
commercial purity aluminium can vary significantly from 5 up to 15ppm [132,138]. 
Alloying elements added to produce aluminium foundry alloys such as silicon also contain 
phosphorous, which can raise the level of phosphorous to 20ppm [132]. The levels of 
phosphorous in aluminium alloys can increase even more when aluminium scrap that can 
contain up to 100ppm of phosphorous is used as raw material [138]. Therefore, it is 
common to find AlP as a primary phase in commercial Al-Si alloys [139]. However, the 
most common phosphorous level found in the literature for commercial purity aluminium 
alloys is <10ppm [25,132,140] 
 

 a)  b) 

 c)  d) 
Figure 33: a) Optical micrograph obtained from the surface layer of the SSM Al7Si.0.6Mg casting in the T5 
condition. EDS mapping for b) silicon, c) oxygen, and d) phosphorous obtained from the region shown in a). 
M – Regions of positive macrosegregation. Si – Primary silicon.  
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AlPO4 is a common refractory binder used in aluminium production. Therefore, the 
phosphorous detected at the location of the oxide in Figure 33 could be AlPO4. However, 
the formation of a high amount of coarse silicon in the surroundings of the oxides 
indicates a high nucleation frequency, and consequently, the presence of AlP particles 
[141].  
AlP particles need to form at temperatures higher than Al-Si eutectic reaction to act as 
nucleants of eutectic silicon [140]. Phosphorous and silicon content [140] of aluminium 
alloys and cooling rate [137] dictate if the AlP form or not at temperatures higher than the 
Al-Si eutectic reaction. Additionally, AlP can be deactivated when Al2Si2Sr intermetallics 
form before the Al-Si eutectic reaction in strontium modified alloys [25,142].  
Figure 34 shows the vertical section of the Al-7Si-P phase diagram. The red line indicates 
the formation limit of AlP in an Al-7Si alloy, and the dashed lines represent the range of 
slurry temperatures determined for the SSM Al-7Si-0.3Mg and Al-7Si-0.6Mg castings 
produced in this study. Assuming that the phosphorous level of the alloys was typical of 
commercial purity alloys (<10ppm), it is unlikely that AlP form during slurry preparation, 
according to Figure 34. However, it is possible that AlP formed during holding in the shot-
sleeve in which the temperature decreases. AlP particles are very stable in Al-Si melts, and 
a significant portion of pre-existing AlP particles can remain active even after several 
hours of isothermal treatment at 800C [143]. Therefore, AlP formed during ingots 
production can remain undissolved after melting at 700C. Consequently, AlP particles can 
already be present in an abundant amount in the liquid alloy before the slurry preparation 
process starts. 
 

 Figure 34: Vertical section of the Al-7Si-P phase diagram adapted from [140]. The full red line shows the 
stability limit of AlP. The black dashed lines denote the slurry temperatures determined for the SSM Al-7Si-
0.3Mg and Al-7Si-0.6Mg castings.  
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Campbell [144] suggested that AlP nucleates on oxide films in hypoeutectic Al-Si alloys 
with low phosphorous levels. In this study, a high phosphorous concentration in the liquid 
surrounded the oxides would be required for the formation of numerous AlP particles to 
nucleate the silicon crystal polyhedrons observed in Figure 33 b). Zhu et al. [145] found 
that multiple AlP particles tended to nucleate on or attached to the alumina film formed 
at the surface of an Al-13.5Si-0.03P alloy. However, the phosphorous content (300ppm) 
of the alloy used by Zhu et al. [145] is significantly higher compared to impurity levels in 
the hypoeutectic commercial alloys [25].  
The α-Al crystals reject both AlP and oxides during solidification. Additionally, AlP may 
form in the immediate liquid ahead of the solid-liquid interface when the critical 
phosphorous level is reached [146], and when sufficient time is allowed for the AlP 
precipitate [137]. Therefore, it is possible to find AlP particles in the vicinity of oxides 
[146]. Additionally, the flow of solute-enriched liquid towards the casting surface, i.e., by 
the inverse segregation mechanism, can transport additional AlP particles through the 
mushy zone towards the surface. These AlP particles can get trapped on the surface of 
oxides that are on the path. Al2Si2Sr intermetallics formed before the Al-Si eutectic 
reaction can deactivate AlP particles and reduce the nucleation frequency of eutectic 
silicon [25]. However, most of the AlP particles on the oxide surface would not be covered 
by Al2Si2Sr because of their narrow spacing [142].  
Primary type silicon crystals can nucleate on AlP particles of hypoeutectic Al-Si alloys 
[141]. These primary type silicon crystals can form at temperatures higher than pre-
eutectic Al2Si2Sr phase. Therefore, similar to AlP, primary type silicon crystals formed on 
AlP can be carry by the liquid trough the mushy zone towards the casting surface and 
become trapped/adsorbed on the vicinity of oxides, as shown in Figure 33 a). 
 
3.4 MECHANICAL PROPERTIES 

The precipitation hardening response of the Al-7Si-Mg alloys during ageing treatment is 
strongly influenced by the magnesium content of the alloy [147]. The increase of the 
magnesium content of the castings results in an increase of the yield and tensile strengths 
and decrease of ductility [23,148]. However, it is the magnesium in α-Al solid-solution at 
the ageing temperature that dictates the precipitation hardening response during the 
ageing of the Al-7Si-Mg alloys [101]. 
Figure 35 shows the silicon and magnesium concentration in the interior of the primary 
α1-Al globules of the SSM castings in the as-cast, T5, and T6 conditions. The silicon 
concentration in the interior of primary α1-Al globules was similar for all SSM Al-7Si-Mg 
castings and heat treatment conditions. However, magnesium concentration varied 
significantly with the magnesium content of the alloy and heat treatment conditions of the 
castings. For the SSM Al-7Si-Mg castings in both T5 and T6 conditions, the magnesium 
concentration in the interior of the primary α1-Al globules increases with the increase of 
the magnesium content of the alloy. In the SSM Al-7Si-Mg castings in the T6 condition, π-
Al8FeMg3Si6 dissolution occurs and magnesium is released into solid-solution during the 
solution treatment, as shown in Figure 23 q-z). Therefore, the magnesium concentration 
in the interior of α1-Al globules increases markedly after solution treatment in 
comparison to the same alloy castings in the T5 condition, as shown in Figure 35.  

53 

 

 Figure 35: Silicon and magnesium concentration in the interior of the α1-Al globules of the SSM Al-7Si-Mg 
castings in the as-cast, T5, and T6 conditions.  
 
Caceres et al. [101] showed that the yield strength of Al-7Si-Mg castings in the T6 
condition correlates linearly with the square root of the magnesium content of the alloy. 
However, a slight deviation occurs for castings with higher magnesium content due to the 
magnesium retained in the undissolved π-Al8FeMg3Si6 phase during solution treatment, 
which decreases the amount of magnesium available for precipitation hardening [101]. 
Figure 35 shows that for both SSM Al-7Si-0.3Mg and Al-7Si-0.45Mg castings in the T6 
condition, the magnesium concentration in the interior of primary α1-Al globules is lower 
than the magnesium content of the alloys used to produce the castings. Therefore, some 
magnesium is retained in the π-Al8FeMg3Si6 intermetallic phase that remained after 
solution treatment, particularly for the Al-7Si-0.45Mg casting in the T6 condition, as 
shown in Figure 23 u-z). 
During ageing treatment, solute diffuses from α-Al solid-solution to precipitates until the 
peak hardening is reached [147]. Therefore, solid-solution strengthening decreases with 
ageing treatment time [147]. However, the precipitation hardening has a significantly 
higher impact on the strength of the casting compared to the solid-solution strengthening 
[147]. It is expected that the α1-Al globules have a major contribution to the strength of 
the casting due to their larger size and fraction in comparison to the in-cavity solidified 
grains. Figure 36 shows that the 0.2% offset yield strength increases linearly with the 
square root of the magnesium concentration in the interior of the primary α1-Al globules 
of the SSM Al-7Si-Mg castings in both T5 and T6 conditions. Therefore, the control of the 
magnesium content of the alloy and slurry formation temperature is essential to obtain 
the highest precipitation hardening response during ageing to the T5 and T6 conditions. 
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 Figure 36: Rp0.2 variation as a function of the square root of the magnesium concentration in the interior of 
the α1-Al globules of the SSM Al-7Si-Mg castings in the T5 and T6 conditions.  
 
3.5 FATIGUE PROPERTIES 

Surface defects have a significant influence on the fatigue properties of Al-7Si-Mg castings 
[88]. The presence of defects in the castings can hinder the effect of other elements on the 
fatigue life of castings, such as magnesium content and heat treatment [93,110]. Four-
point bending fatigue tests were performed on SSM Al-7Si-Mg castings with different 
magnesium contents and in different heat treatment conditions. Figure 37 shows the 
fracture surfaces of SSM castings obtained after fatigue testing, where the most common 
defects that initiate fatigue cracks in this study are observed. Figure 37 a) shows crack 
initiation just below a macrosegregation region at the casting surface with ≤200µm of 
thickness, and seems covered by oxides. The microstructure of these macrosegregation 
regions is shown in Figure 30. The oxide film at the interface between the 
macrosegregation regions and the bulk surface prevents the bonding between these 
regions—consequently, stress concentrates in the surroundings of the macrosegregation 
regions during fatigue testing. In this study, the fatigue crack initiation occurred at the 
interface of the macrosegregation regions in 21 out of 40 SSM Al-7Si-Mg castings tested.  
Figure 37 b) shows another defect that initiated fatigue cracks in the SSM castings in this 
study. This defect has a thickness much higher compared to the macrosegregation region, 
as shown in Figure 37. Figure 38 shows the microstructure of the defect obtained after 
polishing the fracture surface shown in Figure 37 b). The fraction of primary α1-Al 
globules in the region of the defect is much higher compared to the surroundings, 
0.44±0.08 and 0.19±0.03, respectively. Therefore, these defects formed most likely at 
earlier stages during the SSM casting process compared to the bulk surface. Similar to the 
macrosegregation region, this defect develops an oxide layer, which prevents a good 
bonding with the surrounding bulk surface. This defect has some similarities to a cold shot 
or bead because solidified earlier during the casting process, has a semi-elliptical shape, 
and developed an oxide skin. However, this defect could also result from α-Al crystal 
agglomerates from the EEM, such as shown in Figure 16 c) that did not disintegrate or 
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dissolve during slurry preparation. The oxide layer that covers the EEM surface before 
immersion may remain intact in certain regions even after the EEM disintegration into α-
Al crystal agglomerates after immersion. This oxide surrounding the α-Al crystal 
agglomerates may prevent their collapse during die-cavity filling and result in a crack 
initiation site when located at the casting surface.  
 

 a)  b) 
Figure 37: SEM images of the SSM castings fracture surface, showing the defects that result in fatigue crack 
initiation. a) macrosegregation region at the surface of the SSM Al-7Si-0.45Mg casting in the T5 condition 
and b) cold shot in the Al-7Si-0.6Mg casting in the T5 condition. The white dashed line shows the casting 
surface position in the image. The scale bars are 100µm.  
 

 
Figure 38: Microstructure obtained after polishing the fracture surface of the SSM Al-7Si-0.6Mg casting 
shown in Figure 37 b). The top dashed line shows the casting surface position.  
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 Figure 36: Rp0.2 variation as a function of the square root of the magnesium concentration in the interior of 
the α1-Al globules of the SSM Al-7Si-Mg castings in the T5 and T6 conditions.  
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Figure 38: Microstructure obtained after polishing the fracture surface of the SSM Al-7Si-0.6Mg casting 
shown in Figure 37 b). The top dashed line shows the casting surface position.  
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Figure 39 shows the S-N curves of the SSM Al-7Si-Mg castings after the four-point bending 
fatigue tests. The various data marker patterns indicate the defect identified at the crack 
initiation. Figure 39 a) shows the effect of heat treatments on the four-point bending 
fatigue life of the SSM Al-7Si-0.3Mg castings. The SSM Al-7Si-0.3Mg castings in the as-cast 
condition have the lowest fatigue resistance while the castings in the T6 condition have 
the highest. Therefore, the increase in the strength of the castings by precipitation 
hardening seems to result in higher fatigue resistance. After T6 heat treatment, the size 
and fraction of intermetallic phases decrease compared to the same alloy castings in the 
as-cast and T5 conditions, as shown in Figure 22. Therefore, the dislocations interaction 
with the eutectic phases during fatigue tests decreases for castings in the T6 condition, 
which reduces the formation of microcracks in the surroundings of defects [109].  
A higher scattering is observed for the fatigue results of the SSM Al-7Si-0.3Mg castings in 
the T5 condition. Both macrosegregation and cold shot defects initiated fatigue cracks in 
the SSM Al-7Si-0.3Mg castings in the T5 condition, as shown in Figure 39 a). Therefore, 
the fact that the fatigue crack initiation occurred in different defects may explain the more 
scattering observed in the fatigue results of the SSM Al-7Si-0.3Mg castings in the T5 
condition.  
Figure 39 b) shows the effect of the magnesium content in the fatigue resistance of the 
SSM Al-7Si-Mg castings in the T5 condition. The fatigue resistance increases with the 
increase of the magnesium content of the alloy from 0.3 to 0.45wt.%. However, when the 
magnesium content of the SSM Al-7Si-Mg casting increases from 0.45 to 0.6wt.%, the 
fatigue resistance decreases slightly. The increase of magnesium content of the alloy 
results in the formation of larger iron-rich π-Al8FeMg3Si6 and Mg2Si phases (Figure 23), 
and consequently, are more susceptible to fracture during fatigue testing [109].  
The increase of precipitation hardening response obtained for the SSM Al-7Si-0.45Mg 
casting in the T6 condition compared to the SSM Al-7Si-0.3Mg casting in the same 
condition resulted in slightly higher fatigue resistance, as shown in Figure 39 c). The 
larger intermetallic phases obtained in the SSM Al-7Si-0.45Mg castings in the T6 condition 
compared to the SSM Al-7Si-0.3Mg castings in the same condition seems not to hinder the 
effect of the increase of strength in the fatigue results.  
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Figure 39: S-N curves of a) SSM Al-7Si-0.3Mg castings in the as-cast, T5 and T6 conditions, b) SSM Al-7Si-
Mg castings with varying magnesium contents in the T5 and c) T6 conditions.  
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Figure 39: S-N curves of a) SSM Al-7Si-0.3Mg castings in different conditions, b) SSM Al-7Si-Mg castings with 
varying magnesium contents in the T5 and c) T6 conditions.  
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CONCLUSIONS  
	

Grain	formation	during	the	slurry	preparation	process	

In the Rheometal™ slurry preparation process, a high nucleation frequency of crystals 
occurs on and near the EEM surface due to the high thermal undercooling. Additionally, 
the superheat is rapidly extracted by the rotating EEM, which increases the survival of the 
α-Al crystals. The solid-fraction of the slurry consists of a combination of equiaxed α-Al 
crystals formed in the thermally undercooled liquid adjacent to the EEM, crystal 
fragments from the freeze-on layer, and undissolved α-Al crystals from the original EEM. 
The large thermal undercooling established in the liquid adjacent to the EEM surface and 
the initial composition of the base alloy can explain the minor effect of grain refiner 
additions on the α-Al grain size and shape in this study.  
The dissolution of the EEM during slurry preparation was investigated using a new tag-
and-trace method for α-Al crystals. Depending on the superheat of the liquid, it was found 
that the EEM can either remain undissolved, disintegrate as large EEM crystal 
agglomerates that persist interlocked, or as crystals evenly distributed in the liquid. The 
dissolution of the EEM is also likely influenced by the stirring speed and time, shape, 
composition, and amount of EEM added. Large EEM crystal agglomerates remaining in the 
slurry can be detrimental to the homogeneity, castability, and defect formation in the SSM 
castings.  
Intermetallic	phases	formation	and	dissolution	

Strontium addition changes the nucleation frequency and growth of the π-Al8FeMg3Si6 
and β-Al5FeSi phases and modifies the Al-Si eutectic. A higher fraction of π-Al8FeMg3Si6 
and a lower fraction of β-Al5FeSi are formed when the cooling rate is increased just before 
the start of the Al-Si eutectic reaction. At high cooling rates, - i.e. solidification in the die-
cavity during SSM casting, very thin π-Al8FeMg3Si6 platelets form at the eutectic cell 
boundaries, and no β-Al5FeSi is detected in the strontium modified Al-7Si-0.3Mg alloys. 
However, at low cooling rates, both π-Al8FeMg3Si6 and β-Al5FeSi in modified alloys are 
larger compared to the unmodified alloys. The poisoning effect of strontium on AlP 
particles can decrease the nucleation frequency of π-Al8FeMg3Si6, and β-Al5FeSi phases 
that grow larger in strontium modified alloys at low cooling rates. Depending on the 
magnesium content of the SSM casting, these thin π-Al8FeMg3Si6 platelets can transform 
completely or partly into smaller β-Al5FeSi platelets after T6 heat treatment.  
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Surface	segregation	

The microstructure and silicon content of the surface segregation layer are strongly 
influenced by the slurry solid-fraction. A higher solid-fraction of the slurry injected into 
the die-cavity results in more solute-enriched liquid segregated to the casting surface. 
Large EEM α-Al crystal agglomerates influence the slurry homogeneity and strength, 
which likely affects the formation of the surface segregation. Both inverse segregation and 
exudation mechanisms can be active during semi-solid casting. During the intensification 
pressure stage, the packing of the α1-Al crystals in the casting centre increases, and the 
solute-enriched interdendritic liquid is squeezed towards the casting surface, increasing 
surface segregation. Additionally, the exudation of highly solute-enriched liquid into the 
space between the solidifying surface layer and the die-wall may occur either through hot 
tears formed in the solidifying surface layer or double oxides. 
Mechanical	and	fatigue	properties	

The 0.2% offset yield strength of the SSM Al-7Si-Mg castings in both T5 and T6 conditions 
increases linearly with the square root of the magnesium concentration in the interior of 
the α1-Al globules formed during slurry preparation. The control of alloy composition, 
slurry temperature, and heat treatment applied is essential to obtain the required 
mechanical properties.  
The macrosegregation regions at the casting surface were frequently covered by an oxide 
layer, which reduced the bonding with the surrounding bulk surface. Therefore, fatigue 
crack initiation occurred mostly at the boundary between macrosegregation regions and 
the bulk surface. Large α-Al globule agglomerates at the casting surface also acted as crack 
initiation sites. These α-Al globule agglomerates could result from cold shots or an 
inadequate disintegration of the EEM, during slurry preparation.  
The fatigue resistance increases with the increase of magnesium content of the alloy from 
0.3 to 0.45wt.%. For the SSM Al-7Si-0.6Mg casting in the T5 condition, the fatigue 
resistance decreased slightly compared to the SSM Al-7Si-0.6Mg in the same condition. 
The larger iron-rich π-Al8FeMg3Si6 and Mg2Si phases formed in the SSM Al-7Si-0.6Mg 
casting are more susceptible to fracture during fatigue testing compared to the SSM Al 
7Si-0.45Mg casting. The improved precipitation hardening response obtained for the SSM 
Al-7Si-0.45Mg casting in the T6 condition compared to the SSM Al-7Si-0.3Mg casting in 
the same condition resulted in slightly higher fatigue resistance.  
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FUTURE WORK  
 
The slurry preparation is a critical stage during the SSM casting process because it dictates 
the size, fraction, and morphology of the α1-Al crystals and, consequently, feeding, 
microstructure uniformity, and fatigue properties of SSM castings. In this study, a new 
method of tag-and-trace the α-Al crystals was used to study the dissolution of EEM during 
slurry preparation. It is of great interest to apply the same method to study the EEM 
dissolution and grain formation during slurry preparation using the most common 
commercial alloys. This study would enable us to increase the knowledge of the grain 
formation mechanisms and thereby develop ways to control grain-size and morphology.  
A deeper understanding of the formation mechanisms of the surface segregation layer is 
of great importance to produce reliable SSM castings for critical applications. In this study, 
fatigue crack initiation occurred below or in the direct proximity of macrosegregation 
regions. Therefore, the investigation of the formation mechanisms of these defects and 
ways to prevent their formation is required.  
The initial phosphorous content of the ingots used to produce SSM castings will determine 
the level of strontium to be added to produce modified eutectic silicon. The control of the 
phosphorous content of the aluminium ingots used to produce the castings seems to be 
essential to prevent the formation of coarse silicon polyhedral crystals and non-modified 
eutectic regions near the casting surface. Therefore, a study that correlates the influence 
of cooling rate, silicon, and phosphorus contents with the strontium additions necessary 
to obtain a fully modified eutectic silicon would be significant.     
The magnesium concentration in the interior of the α-Al phase plays a vital role in the 
precipitation hardening response of the Al-7Si-Mg alloy. During solution treatment, the 
magnesium concentration in the interior of the α-Al phase increases significantly due to 
the dissolution of magnesium-rich phases. Consequently, the precipitation hardening 
during ageing to the T6 condition is considerably higher compared to the T5 condition. It 
is of interest to study ways to increase the solubility of magnesium in the α-Al phase at 
temperatures higher than Al-Si eutectic in the Al-7Si-Mg alloys.  
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Semi-Solid Al-7Si-Mg Castings – Microstructure and 
Mechanical Properties 

The use of lightweight parts by the vehicle industry produces immediate benefits on the reduction 
of emissions because less energy is consumed during the production, service, and recycle stages 
of a product life cycle. Therefore, the development of processes that allow high design freedom  
for topology optimisation and materials with high specific strength is a great need. Semi-solid  
Al-7Si-Mg castings provide great potential for weight reduction, particularly in critical applications 
where materials such as steel and cast iron are typically used. However, critical applications have 
higher requirements in mechanical and fatigue properties compared to conventional aluminium 
castings applications. Therefore, the control of microstructure and defect formation in all steps 
of the semi-solid casting process is essential to produce lightweight, reliable castings for future 
demands.

In semi-solid aluminium casting, a slurry consisting of primary α-Al crystals dispersed in the liquid 
is injected into the die-cavity. In this study, the slurry preparation involved the immersion of a 
cylinder (so-called EEM) while rotating into a superheated alloy. This investigation showed that the 
α-Al crystals in the slurry are a combination of equiaxed α-Al crystals that nucleate in the thermal 
undercooled liquid surrounding the EEM, crystal fragments from the columnar dendrites solidified 
on the EEM surface and undissolved crystals from the original EEM. The addition of grain refiners 
has no significant effect on the size and shape of the α-Al crystals in the slurry. The dissolution of 
the EEM during slurry preparation was studied using a new tag-and-trace method of α-Al crystals. 
When the EEM disintegrates into large α-Al crystal agglomerates during slurry preparation can 
result in detrimental effects on the fatigue properties of SSM castings. 

Alloy composition, cooling rate, strontium modification, and heat treatment affect the type, size, 
and shape of the intermetallic phases formed in the Al-7Si-Mg castings. This study showed that 
high cooling rates and strontium modification are beneficial for the formation of smaller and less 
detrimental iron-rich intermetallic phases to mechanical and fatigue properties. 

The precipitation hardening response of the SSM Al-7Si-Mg castings strongly affects mechanical 
and fatigue properties. The results in this study showed that the 0.2% offset yield strength increases 
linearly with the increase of the magnesium concentration in the interior of the α-Al crystals formed 
during slurry preparation of SSM Al-7Si-Mg castings in the T5 and T6 conditions. Macrosegregation 
regions surrounded by an oxide layer were preferential sites for fatigue crack initiation in the SSM 
Al-7Si-Mg castings tested in this study.
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