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There are great energy savings to be made by recycling aluminium; as little as 5% of the energy 
needed for primary aluminium production may be required. Striving to produce high quality 
aluminium castings requires knowledge of microstructural imperfections, which is extra important 
when casting recycled aluminium that generally contains higher levels of imperfections compared 
to primary aluminium. Imperfections include amongst others Si, Fe, and Mn as well as oxides. 
Si is needed for castability, but it may also initiate fracture. There are different types of Fe-rich 
intermetallics influencing properties of castings, generally in a negative direction. Oxides constitute 
cracks and they are elusive because they are difficult to quantify. 
This thesis aims to increase knowledge about imperfections in recycled aluminium castings 
originating from alloying elements and the melt. Experiments were performed in advanced 
laboratory equipment, including X-radiographic imaging during solidification and in-situ tensile 
testing in a scanning electron microscope. Experiments were also performed at industrial foundry 
facilities.
The experiments showed that the nucleation temperature of primary α-Fe intermetallics increased 
with higher Fe, Mn, and Cr contents. Primary α-Fe are strongly suggested to nucleate on oxides 
and to grow in four basic morphologies. Lower nucleation frequency of α-Fe promoted faster 
growth and hopper crystals while higher nucleation frequency promoted slower growth rates 
and massive crystals. Results also showed that a decrease in the size of the eutectic Si and plate-
like β-Fe intermetallics improved tensile properties, foremost the elongation to fracture. In β-Fe 
containing alloys the transversely oriented intermetallics initiated macrocracks that are potential 
fracture initiation sites. In alloys with primary α-Fe foremost clusters of intermetallics promoted 
macrocracks. In fatigue testing, a transition from β-Fe to α-Fe shifted the initiation sites from oxides 
and pores to the α-Fe, resulting in a decrease of fatigue strength. Oxides in Al-Si alloys continue to 
be elusive; no correlations between efforts to quantify the oxides and tensile properties could be 
observed.
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Abstract 

 

There are great energy savings to be made by recycling aluminium; as little as 5% of the 
energy needed for primary aluminium production may be required. Striving to produce high 
quality aluminium castings requires knowledge of microstructural imperfections, which is 
extra important when casting recycled aluminium that generally contains higher levels of 
imperfections compared to primary aluminium. Imperfections include amongst others Si, 
Fe, and Mn as well as oxides. Si is needed for castability, but it may also initiate fracture. 
There are different types of Fe-rich intermetallics influencing properties of castings, 
generally in a negative direction. Oxides constitute cracks and they are elusive because they 
are difficult to quantify.  

This thesis aims to increase knowledge about imperfections in recycled aluminium castings 
originating from alloying elements and the melt. Experiments were performed in advanced 
laboratory equipment, including X-radiographic imaging during solidification and in-situ 
tensile testing in a scanning electron microscope. Experiments were also performed at 
industrial foundry facilities. 

The experiments showed that the nucleation temperature of primary α-Fe intermetallics 
increased with higher Fe, Mn, and Cr contents. Primary α-Fe are strongly suggested to 
nucleate on oxides and to grow in four basic morphologies. Lower nucleation frequency of 
α-Fe promoted faster growth and hopper crystals while higher nucleation frequency 
promoted slower growth rates and massive crystals. Results also showed that a decrease in 
the size of the eutectic Si and plate-like β-Fe intermetallics improved tensile properties, 
foremost the elongation to fracture. In β-Fe containing alloys the transversely oriented 
intermetallics initiated macrocracks that are potential fracture initiation sites. In alloys with 
primary α-Fe foremost clusters of intermetallics promoted macrocracks. In fatigue testing, 
a transition from β-Fe to α-Fe shifted the initiation sites from oxides and pores to the α-Fe, 
resulting in a decrease of fatigue strength. Oxides in Al-Si alloys continue to be elusive; no 
correlations between efforts to quantify the oxides and tensile properties could be observed. 

 

Keywords: Imperfections, Recycled Al-Si alloys, Fe-rich intermetallics, Melt quality, 
Fractography   
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Sammanfattning 

 

Genom att återvinna aluminium kan stora energibesparingar göras eftersom återvinning kan 
förbruka så lite som 5% av den energi som behövs för produktion av primär aluminium. Vid 
gjutning av högkvalitativa aluminiumprodukter krävs förståelse för defekter i 
mikrostrukturen och denna kunskap är extra viktig vid användning av återvunnen 
aluminium, som i regel innehåller mer defekter än primär aluminium. Defekterna består 
bland annat av Si, Fe och Mn samt oxider. Si behövs för gjutbarhet men kan också initiera 
brott. Järnrika intermetaller kan ha olika morfologier som generellt påverkar gjutna 
komponenter negativt. Oxider, som kan utgöra sprickor, är gäckande då de är svåra att 
kvantifiera. 

Denna avhandlings syfte är att öka kunskapen om defekter i gjutna komponenter av 
återvunnen aluminium. Experiment utfördes med avancerad laborationsutrustning så som 
röntgenfotografering av prover under stelning och dragprovning i svepelektronmikroskop. 
Experiment utfördes också i industrimiljö.  

Experimenten visade att kärnbildningstemperaturen steg för primära α-Fe intermetaller med 
ökade andelar av Fe, Mn och Cr. Resultaten tyder starkt på att primär α-Fe kärnbildas på 
oxider och att de växer i fyra olika morfologier. Lägre kärnbildningstäthet av α-Fe främjade 
snabbare tillväxt av kristaller med håligheter men högre kärnbildningstäthet främjade 
långsammare tillväxt av massiva kristaller. Resultaten visade också att minskad storlek av 
eutektiskt Si och β-Fe intermetaller ledde till förbättring av dragprovsresultaten, främst 
brottförlängningen. I legeringar med β-Fe ledde transversellt orienterade intermetaller till 
makrosprickor vilka kan initiera brott. I legeringar med primär α-Fe var det främst kluster 
av intermetaller som orsakade makrosprickor. I utmattningsprovning orsakade modifiering 
av β-Fe till α-Fe förflyttning av sprickinitieringen från oxider och porer till α-Fe, vilket 
resulterade i en reducerad utmattningshållfasthet. Oxiderna i Al-Si-legeringar fortsätter att 
gäcka; ingen korrelation mellan försök att kvantifiera oxiderna och draghållfasthet kunde 
påvisas.   

 

Nyckelord: Defekter, Återvunna Al-Si legeringar, Fe-rika intermetaller, Smältakvalité, 
Fraktografi 
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Introduction 

Chapter Introduction 

This chapter describes the background to the work, and provides an introduction to cast 
aluminium and imperfections. 

1.1 Background 

A key issue in producing reliable high strength aluminium castings is to understand and 
minimise the amount of imperfections. There is a desire for reliable higher strength alloys, 
primarily from the automotive industry in its pursuit of making vehicles lighter. The 
automotive industry is the largest user of cast aluminium, and the increase in motor vehicle 
sales on the global market (world car sales 2004-2014 [1]) has increased the demand for 
aluminium alloys. As a consequence, production of high quality castings from recycled 
aluminium becomes more and more important. Because each remelting of scrap to produce 
a new alloy brings with it the chance of an increase in imperfections. On the other hand, the 
production of recycled aluminium uses substantially less energy compared to the production 
of primary aluminium produced from mined bauxite; the European Aluminium Association 
(EAA) has stated that up to 95% of the energy is saved when producing recycled aluminium 
alloys. 

Imperfections include defects such as intermetallics, porosity and oxides, and could also 
include eutectic Si; a feature that affects tensile properties without normally being 
considered as a defect. Variations in mechanical properties of castings can often be 
correlated to imperfections [2], which can originate from the melt  [3, 4] or the casting 
process [5, 6].  

Recycled aluminium alloys usually contain more imperfections than primary aluminium [7]. 
This causes degradation in mechanical properties and could possibly also affect physical 
properties. Samples cast with a directional solidification technique will have excellent 
feeding and imperfections can be pushed ahead of the solidification front, which generate 
castings with significantly lower amount of imperfections. Recycled aluminium tensile test 
samples cast with this technique show improved strength and elongation to fracture (ef) 
compared to samples cast by conventional methods, see Figure 1. This shows that recycled 
aluminium castings commonly do not reach their full potential. 
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Figure 1. The graph compares tensile results for sand and gravity die castings with samples 
cast in a directional solidification furnace with similar SDAS. This indicates the potential of 

materials with less imperfections. After reference [8]. 

In addition to higher strength and better ef, imperfections may cause scattering of 
mechanical properties. Scattering of data is shown in a report from the Aluminum 
Association (AA) cited by Sigworth [9]. It shows the variation in tensile properties of a heat 
treated alloy, cast in a standardised permanent mould by a number of different foundries. 
The mould had five different locations with variation in section thickness that produce 
variation in solidification rate; Table 1 shows the range of values reported for ultimate 
tensile strength (UTS), yield strength (YS) and ef. As can be seen in the table, the properties 
had quite large variations. 

Table 1. The range of tensile strengths for the same alloy cast by different foundries in a 
standardised mould from which five different samples were produced [9]. 

Location UTS (MPa) YS (MPa) ef (%) 
1 235 - 276 166 - 242 1.8 - 4 
2 231 - 283 166 - 242 1.5 - 4.5 
3 252 - 297 162 - 173 3 - 7.7 
4 259 - 314 166 - 269 3.5 - 9.5 
5 248 - 293 162 - 173 3 - 7.5 
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1.2 Sustainable Production of Aluminium 

1.2.1 Recycling 

The lifecycle of aluminium is shown in Figure 2. The top row illustrates the high energy 
consuming process of producing primary aluminium. The bottom row shows the far less 
energy consuming process of recycled aluminium, also referred to as secondary aluminium. 

Figure 2. The aluminium life cycle. Image courtesy of Constellium. 

Product design plays an important role in the economic viability of recycling the final 
product. For example, the ease of separation of different materials at the end of use should 
be taken into consideration during the design process. Well sorted scrap eases the production 
of high quality recycled aluminium, as trace elements can affect tensile properties [10, 11] 
and impact properties [12]. 

The desire for using recycled aluminium may at times become an illusion. For example, a 
car manufacturer wanting to use recycled aluminium and who end up using beverage cans 
scrap because of lack of available high quality recycled aluminium from the automotive 
industry. This will lead to a reduction of scrap in the closed loop of beverage cans recycling 
and more primary aluminium will be added into the production of cans instead of the 
automotive industry [13].  

1.2.2 Transportation of aluminium melt 

Traditionally, recycled aluminium is produced and cast into ingots that are transported in 
lorries. An alternative is to pour the aluminium into large thermoses, and transport it to 
foundries in the liquid state. This method requires one less remelting operation, thus saving 
energy. One drawback is that less aluminium can be transported by each lorry: 22 tons 
versus 30 tons (source: Stena Aluminium). Another drawback is that it requires greater 
cooperation between remelters and foundries, since the delivery of the liquid metal is often 
time-critical. Small foundries may also find the high volume in each delivery hard to handle, 
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since the liquid metal does not store as well as ingots. For larger foundries, this means that 
a combination of ingots and liquid metal could be the best practice from both an economic 
and environmental standpoint [14]. From a melt quality standpoint, precipitation followed 
by sedimentation has been observed to be a way of purifying a melt in small-scale 
experiments, thereby lowering the amount of imperfections in the casting [15-17], however, 
the effect in large containers is unknown. On the other hand, there are concerns whether the 
handling of the liquid metal will introduce oxides, hence degrading the properties of the 
final casting [18].    

 

1.3 Aluminium Alloys 

The two main classes of aluminium alloys are: 

Wrought aluminium alloys – originally cast as billets or ingots and then hot or cold formed 
into shape by for example, rolling, extrusion, or forging.  

Aluminium casting alloys – directly cast into shape in a mould made from primarily sand 
or steel. 

The main difference in chemical composition between the two types of aluminium alloys is 
the Si content. Cast aluminium typically has a higher Si content in order to increase 
castability; that is, to readily fill a mould without generating defects [19].  

Figure 3 shows the Al-Si phase diagram with the most frequently used Si contents. 
Compositions above the eutectic composition at 11.7% Si are referred to as hypereutectic, 
and compositions below are referred to as hypoeutectic. Worth noting is that the addition of 
additional elements may shift the temperatures and eutectic composition etc.  

 

 
Figure 3. The Al-Si phase diagram, showing the most frequently used Si contents in casting 

alloys [20]. 
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1.3.1 Cast aluminium  

Casting is an economical way of producing near-net-shaped products with complicated 
geometries since the as-cast product normally requires only a minimum of machining.  

Aluminium alloys are cast in two significantly different types of moulds: expandable 
moulds and permanent moulds. The dominant expandable moulds are made of sand with 
various types of binder materials, but one can also cast in, for example, plaster moulds. 
Permanent moulds are usually made of steel. They should have a good resistance to thermal 
fatigue, making the following properties desirable: high thermal conductivity, high strength 
at elevated temperature, low thermal expansion, and low modulus of elasticity [21]. The 
main advantage of casting in a permanent mould is the higher thermal conductivity leading 
to faster solidification rate, causing finer structure and hence improved mechanical 
properties. A casting method using permanent moulds is high pressure die casting (HPDC). 
In HPDC pressurised molten metal rapidly fills the die cavity, and the process can be highly 
automated and generate high production rates. However, the process requires a relatively 
high economic investment in the die, making it suitable for large series only, for simple 
castings a die can last about 200.000 castings [22]. 

1.3.1.1 Main alloying elements 

Alloying elements are used to improve properties such as; casting characteristics and 
strength. Commercially pure aluminium (< 99% Al) has low tensile strength and good 
elongation, with a UTS value of about 70 MPa and ef of about 43% [23]. 

Silicon (Si) improves castability by increasing fluidity, feeding, and resistance to hot 
cracking [24].  

Copper (Cu) improves strength and hardness in both as-cast and heat treated conditions. 
Levels of 4 to 6% respond most strongly to heat treatment. Generally Cu reduces corrosion 
resistance [25].  

Magnesium (Mg) improves the strength and hardness after heat treatment by forming Mg2Si 
precipitates which efficiently increase strength by precipitation hardening. Aluminium 
alloys containing Mg may form surface oxides such as spinel (MgAl2O4) and MgO [18]. 

Iron (Fe) decreases the risk of die soldering [26], and improves resistance to hot tearing by 
increasing the high temperature strength [27]. However, Fe may reduce mechanical 
properties, more information is found in section 1.5.3).      

Manganese (Mn) is used to modify the morphology of -Fe platelets into more compact 
shaped -Fe intermetallics that possibly are less harmful. A maximum Fe/Mn ratio of 2:1 
has been the accepted rule in the industry to suppress the formation of -Fe platelets and to 

-Fe [28]. 

Chromium (Cr) promotes -Fe, and increases their size [29]. 

Strontium (Sr), antimony (Sb), sodium (Na), and calcium (Ca) modify the Al-Si eutectic. 
Modification changes the eutectic Si from a continuous networks of platelets into finer 
fibrous or lamellar structures [30]. When modifying the eutectic Si, strength and ductility is 
increased [25]. 
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Titanium (Ti) and Boron (B) may be introduced when performing grain refinement. TiB2 is 
a potent grain refiner that is usually added as Al-5Ti-1B master alloy [31].  

1.3.1.2 Nucleation and Solidification  

Small clusters of atoms may form spontaneously in the liquid, but when the temperature is 
greater than the liquidus temperature the clusters are not stable. The liquid needs to have 
some undercooling  for clusters to form a stable nucleus because of the interfacial 
energy required to form the new surfaces. While it requires energy to form surfaces, creation 
of the new volumes reduce the energy of the system. The system strives for a lower energy, 
which is a more stable. Hence, in the stage of nucleation there is a rivalry between the 
interfacial energy and the volume free energy, see Figure 4. The energies for both surface 
and volume can be related to the radius (r) of the nucleus. The surface energy of a spherical 
nucleus is proportional to the radius (r) raised to the power 2 and the volume free energy is 
proportional to r3 T. Figure 4 shows that when the radius of the clusters reaches r* the 

will decrease as the radius is increased, at this stage the cluster of 
atoms has become a stable nucleus. The relationship between the interfacial energy and the 
volume energy in the text above are the energies associated with the so called homogenous 
nucleation, which is uncommon in practice. Under normal circumstances nucleation is 
initiated at some surface that reduces the solid/liquid interface area, which reduces the 
interfacial energy and hence eases nucleation. This is called heterogenous nucleation [32].  

Figure 4. The free energy  associated with homogenous nucleation of a sphere [32]. 

The first stage of growth is nucleation controlled and the volume fraction solid increases by 
increasing the number of nuclei. After some time, the temperature rises as a consequence of 
the heat produced during the phase transformation. The growth in this stage is due to an 
increase in size of the nuclei, and it is therefore said to be growth controlled. During the 
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growth controlled stage further atoms are attached to the nuclei, and depending on the 
crystal structure and the bonding between solid and liquid the nuclei may form non-faceted 
or faceted type of crystals. The atoms may add easily to the nuclei and the shape of the 
crystal becomes mainly governed by the heat and diffusion fields, this generates non-faceted 
crystals. However, anisotropy in certain crystallographic directions can effect growth, for 
example, this is what is causing dendrite arms. In faceted crystals, the atoms add easily to 
the high-index planes, which are atomically rougher and have more available sites for atoms, 
and therefore these facets grow faster and the crystal becomes bounded by the slower 
growing planes. The two types of crystals can be distinguished by faceted crystals having a 
higher heat of fusion and there is a greater difference between the solid and liquid in terms 
of structure and bonding compared to the non-faceted crystal that has a small difference 
between the two phases [33].  

Solidification can be monitored by thermal analysis, in which the temperature is recorded 
over time. An example of a cooling curve from thermal analysis of an A380 alloy is shown 
in Figure 5(a). Figure 5(b) shows an illustration of grain size, primary dendrite arm spacing 
(DAS) and secondary dendrite arm spacing (SDAS). From the peak temperature at the left-
hand side in Figure 5(a), the molten alloy is cooled down towards the nucleation temperature 

-Al dendrites; the curve shows the undercooling needed to form the dendrites. If 
grain refiners are added, the required undercooling becomes less, consequently the cooling 
curve can give information about grain refinement. Grain refinement tends to lead to fewer 
and smaller pores and improved feeding. Smaller and fewer pores are due to that smaller 
grains leave less volumes of liquid between the dendrites where porosity may nucleate. The 
smaller grains also give more time for the hydrogen gas to leave the melt. The hydrogen 
will cause porosity if trapped in the casting. The later onset of dendrite coherency improves 
the feeding by not closing the interdendritic paths, allowing the interdendritic melt to feed 
the casting [31]. A common procedure to refine grain size in a Al-Si casting is by TiB2 
addition, which is nearly insoluble in the melt. If the melt is stirred, sedimentation of TiB2 
is reduced and the borides will assure grain refinement for long holding times. It is important 
to have in mind that dissolved Ti does not contribute to the refinement to the same extent as 
TiB2, hence the total amount of Ti in an alloy, as given by an OES analysis, does not 
necessarily relate to the level of grain refinement [31].  

- -Al 
dendrites grow and fill the casting. Growth after the dendrites have filled the casting will 
only occur laterally. This region is thus related to the SDAS, which is a common way to 
evaluate the local solidification time in a casting. Sometimes, especially in high pressure 
die castings, the SDAS can be hard to distinguish; in those cases, cell size, which is the size 
of individual rounded Al-phase features (cells) or cell count, which is the number of cells 
in a measured length or area, are used to quantify the microstructure. 

The second undercooling is related to the eutectic nucleation and will give information about 
the modification level of the eutectic Si. A larger undercooling normally indicates a higher 
level of modification and the growth temperature is normally lower for modified alloys 
compared to un-modified alloys [34, 35].  
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The last reaction is related to formation ternary eutectics containing the intermetallics Al2Cu 
and Al5Mg8Si2Cu2 [34].  

The nucleation of Fe-rich intermetallics is not detected in the cooling curve in Figure 5(a). 
They may -Al nucleation down to temperatures of the 
eutectic nucleation, depending on chemical composition and cooling rate. 

(a) (b) 

Figure 5. In (a) is a cooling curve of an A380 alloy shown. After reference [34]. (b) shows an 
illustration of grain size, primary dendrite arm spacing (DAS), and secondary dendrite arm 

spacing (SDAS). After reference [18]. 

1.4 Imperfections in Cast Aluminium 

Imperfections include defects such as intermetallics, oxides and porosity as well as the type 
and dimensions of microstructural features such the eutectic Si; the eutectic Si may affect 
tensile properties but it is not always being considered as defects. The consequence of the 
presence of imperfections is premature failure [2].  

1.4.1 Eutectic Si 

The eutectic Si can have different morphologies depending on the chemical composition 
and thermal history. In alloys without Si modifiers the cooling rate will govern the as cast 
morphology, see Figure 6(a). The 3D morphology of the Si is composed of interconnecting 
Si plates, however the connecting nodes are small compared to the size of the plates [30]. 
When a Si modifier such as Sr is added, the morphology becomes finer, as in Figure 6(b). 
The 3D morphology of the modified Si is fibrous and interconnected. However, by solution 
treatment the Si interconnections, in both un-modified and modified morphologies, 
disintegrate and the Si grow in size [30]. The eutectic Si are possible initiation sites for 
fracture, therefore their morphologies and distribution in castings are of importance. 
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(a) (b) 

Figure 6. Images of (a) a non-modified EN 46000 alloy and (b) a Sr modified EN 46000 alloy. 

 

1.4.2 Fe-rich intermetallics 

Intermetallics form due to low solubility of Fe in the solid. Fe, which generates the most 
common intermetallics in recycled casting alloys, has a solubility in solid aluminium of 
about 0.03-0.05% at 655°C and even lower at room temperature [27]. Together with Al and 

-Fe -Al5FeSi) which are complex 3D plate structures, see Figure 7(a). On a 
-Fe have the shape of needles and are therefore at times 

incorrectly called -Fe intermetallics have a detrimental effect on 
mechanical properties; tensile testing has shown that they primarily reduce ductility, which 
is accompanied by a reduction in UTS [36, 37]. There are two ways of altering the shape of 

-Fe: changing chemical composition and/or altering the thermal history. Addition of Mn 
-Fe -Al15(FeMnCr)3Si2), which are 

considered as less detrimental to mechanical properties [38]. More about the effects of Fe-
rich intermetallics on mechanical properties are found in section 1.5.3. The commonly 
accepted Mn content needed to promote -Fe depends on the Fe content and the ratio Fe/Mn 
should be below 2:1. For a given Fe/Mn ratio, a slow solidification rate will form primary 
p -Fe, sometimes referred to as sludge, see Figure 8(a). When the solidification 

-Fe may grow as coupled eutectic 
and form Chinese script, see Figure 8(b) [39]. For intermediate cooling rates the 
intermetallics may end up like in Figure 7(b), having a polyhedral crystal at the centre and 
convoluted arms connected to it [40]. 
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(a) (b) 

Figure 7. Three- -Fe, Al5FeSi platelets and (b) -Fe, 
Al15(Fe,Mn)3Si2 [40]. 

(a) (b) 

Figure 8. -Fe with different morphologies, (a) primary polyhedral intermetallics and (b) 
Chinese script in a quenched sample. 

Problems with -Fe is experienced in casting and machining, especially in high 
pressure die casting foundries striving for low furnace temperatures and when the 
temperatures in the furnaces are fluctuating. The high specific gravity makes them settle at 
the bottom of furnaces, which reduces their capacity and during casting they can restrict the 
metal flow [41, 42]. They are hard and brittle [43], and when machining, tool life will be 
reduced [44].  
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The sludge factor takes the Fe, Mn, and Cr contents into account in order to determine 
whether -Fe (sludge) will precipitate at a given temperature. The equation for the 
sludge factor expressed by Dunn [45] is:  

Sludge factor = wt.%Fe + 2×wt.%Mn + 3×wt.%Cr  (1) 

A figure with temperature versus the sludge factor then shows what temperature is sufficient 
to avoid precipitation of -Fe. Figure 9 presents the results from Jorstad [41] and 
Gobrecht [46].  

Figure 9. The temperatures requ -Fe as a function of the sludge 
factor according to Jorstad [41] and Gobrecht [46] (the dotted line is an extrapolation.) 

Fe-rich intermetallics have been suggested to increase porosity, and there are two major 
theories. One is that the they act as nucleation sites for porosity, as porosity has been 
observed -Fe [47] -Fe blocks feeding to the 
interdendritic regions, causing shrinkage porosity [47]. However, from observations of 
porosity in a polished sample it is hard to distinguish between cause and effect.  

1.4.3 Oxides in cast aluminium 

Aluminium alloys oxidize readily, forming an oxide (Al2O3) layer on both solid and liquid 
surfaces in contact with the oxygen in the air. Oxides grow from the surface, and as the layer 
becomes thicker the growth rate becomes slower, because the oxygen must diffuse through 
the oxide layer. However, the growth rate of oxides increases with temperature and will 
therefore be faster on liquid surfaces than on solid [48]. When casting, if the liquid metal 
flow is too fast during filling of a mould, (>0.5 m/s [18]) there is a risk of wave generation 
on the surface. If this surface turbulence becomes too intense, waves peaks may fold over 
the surface and entrain the surface oxides into the bulk, see Figure 10. The oxides will retain 
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their bonding to the liquid, but between the two dry surfaces there is no bonding and the 
entrained oxide will act as a crack in the melt [18]. The illustration in Figure 10 shows a 
thicker raptured oxide and sections of it is about to become entrained into the liquid while 
new liquid surfaces are quickly growing new oxides. The growth is initially fast; it takes 
only about 0.01 seconds to form an oxide layer [18]. This means that oxides form and 
become entrained in virtually all casting situations during mould filling. Once entrained, the 
oxides tend to stay suspended in the melt, due to the similar specific gravity as the molten 
aluminium [49]. Oxides inside the melt or casting are referred to as bifilms due to their fold-
over nature. Bifilms have been reported to nucleate porosity [50, 51], Fe-rich intermetallics 
[52, 53], and the eutectic Si [53].  

 

 
Figure 10. Entrainment of surface oxides [18]. 

 

To keep the amount of bifilms as low as possible in relatively slow casting methods such as 
gravity casting, a clean melt should be delivered to the mould and it should fill up the mould 
cavity in a calm manner. This is achieved by a proper design of the gating system and mould 
cavity [54]. However, in HPDC short mould filling time is desired to avoid premature 
solidification. Short filling times may render issues with air entrapment, a problem which 
could be reduced by evacuating air from the mould with a vacuum assistance system [55]. 
It is difficult to evaluate the effects of actions taken to reduce bifilms because they are hard 
to quantify. Dispinar and Campbell have proposed a method for measuring bifilms, called 
the bifilm index [56]. The bifilm index is measured as the sum of the largest Feret-diameter 
of each pore in a cross-section of a sample solidified under reduced pressure, more about 
the technique in section 2.3.3. However, Dispinar and Campbell have concluded that, even 
though the elongation was reduced at a higher bifilm index, the UTS was increased, which 
is contradictory to the assumed degrading influence of bifilms on mechanical properties 
[56]. 
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1.4.4 Porosity 

Porosity in cast aluminium has three major causes: trapped hydrogen, solidification 
shrinkage and entrapped air [55, 57]. Hydrogen is the only gas that has any significant 
solubility in aluminium, foremost in its liquid state, the hydrogen solubility is much lower 
in the solid, see Figure 11. During solidification, this causes the hydrogen content to increase 
in the remaining liquid. If it cannot escape the casting the hydrogen level will likely exceed 
the solubility limit, which will assist in porosity formation [58]. The large solubility drop 
shown in Figure 11 is unique for aluminium in comparison to, for example, Fe, Mg, and Cu. 
Pure gas pores normally end up as isolated quite round pores, because the growth has been 
without restrictions in the liquid, see Figure 12(a) [59]. 

Figure 11. Hydrogen solubility in pure aluminium and two of its alloys [58]. 

Shrinkage pores on a polished 2D sample are normally observed as empty interdendritic 
regions, see Figure 12(b) [59]. When cast aluminium alloys solidify the density increases 
and shrinkage occurs; in an alloy with 8.9 ± 0.2% Si the solidification shrinkage is 5.2 ± 
0.13% [60]. As regions of the casting start to solidify, the shrinkage must be fed by liquid 
from neighbouring volumes through the interdendritic channels. If the volumes are not fed, 
the built-up tension due to shrinkage will be released by forming porosity. A majority of the 
porosity in castings are due to a combination of both gas and shrinkage.   
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(a) (b) 

Figure 12. Image (a) shows a gas porosity, having no immediate neighbours and (b) shows 
shrinkage porosity, arranged as a group of irregularly shaped pores [59].  

 

1.5 Mechanical Properties 

Estimations of mechanical properties of a material which is defect-free render properties 
much higher than what is measured during tensile testing. This is because there are no 
materials that are perfect, all manufactured materials will contain imperfections. These 
imperfections will cause stress concentrations which locally increase the stress above the 
UTS. Imperfections can be of different types and scales. They can be crystal imperfections 
such as dislocations, twins and stacking faults [61]. They can also be on a larger scale and 
related, but not exclusively, to the chemical composition and the casting process such as the 
imperfections discussed above, eutectic Si, Fe-rich intermetallics, oxides, and porosity. All 
of these are potential initiation sites for fracture. 

 

 
Figure 13. Stress-strain curve, constructed from a tensile test of a cast aluminium alloy. 
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Figure 13 shows a stress-strain curve and the effect of imperfections in a cast aluminium 
sample. There are two main sections of the curve, one initial straight section and a curved 
second section. The straight initial section is the elastic part and the second part is the plastic 
part of the stress-strain curve. The slope of the curve in the elastic region defines the stiffness 
of the material. It is the atom bonding in the material that is the main contributor to stiffness. 
Hence, the stiffness of an alloy is in general not significantly affected by e.g. heat treatment. 
When the material reaches the plastic region, irreversible deformation is initiated by 
shearing. Shearing occurs when shear stresses activate motion of dislocations, by which a 
part of the crystal moves relative to the opposite part on the so-called slip-planes. In 
materials with few obstacles, dislocation slip becomes relatively easy and large plastic 
deformations occur. On the contrary, obstacles such as atoms in solid solution, grain 
boundaries, precipitates etc. strengthen the material by hindering the motion of dislocations. 

Fatigue can be divided into three stages, initiation, propagation, and final fracture. 
Depending on the material it is either the initiation or the propagation phase that governs 
the fatigue properties. In brittle materials, the initiation phase is the most critical, while the 
propagation phase might be the most crucial in ductile materials. Fatigue cracks are initiated 
where the stress is at its maximum and the strength is at its minimum. The location of 
maximum stress is related to the geometry of the casting and the load condition and the local 
strength depends on the microstructure. Because of a higher stress intensity factor for a 
crack located at the surface, the origin of a fracture is almost always at the surface. 
Therefore, imperfections at the surface such as porosity and bifilms are discontinuities often 
observed to initiate fracture [62, 63]. However, discontinuities can also improve the 
properties at low fatigue stresses by redirecting crack propagation [64].  

1.5.1 Strengthening mechanisms 

The strength of an alloy is related to its ability to hinder dislocation motion. In Al-Si alloys 
the strengthening mechanisms are related to grain size, solute atoms and precipitates. The 
improved mechanical properties for casting with smaller grains is indirect and primarily 
because of a better distribution of second phases [31]. Solute atoms, either at interstitial or 
substitutional positions in the parent lattice, generate stress fields that impede dislocation 
motion. Precipitates for strengthening purposes are normally produced by solution treatment 
and quenching that is followed by ageing. In the ageing process, at some elevated 
temperature, the atoms in solid solution precipitates, and these precipitates will hinder 
dislocation motion. In addition to the above, alloys can be strengthened by additions of 
dispersions (hard particles). By having minimal solubility in the alloy, dispersions will 
restrict growth and stay small even at elevated temperatures, in comparison to precipitates 
that may grow and coarsen at elevated temperature. Also, particles larger than the 
precipitates and dispersions mentioned above can be added for strengthening purpose. Doel 
and Bowen [65] luating tensile 
properties of the so-called metal matrix composites (MMCs). In this type of strengthening 
the mechanisms are different in comparison to the strengthening caused by smaller particles. 
The strengthening mechanism in MMCs can be divided in two categories, direct and indirect 
strengthening. Direct strengthening refers to load transfer from the weaker matrix to the 
stiffer reinforcement. Indirect strengthening relates to thermal mismatch between the matrix 
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and the reinforcement. Normally the reinforcement has a lower thermal expansion which 
results in formation of dislocations during solidification in the surrounding matrix, which 
strengthen the material [66]. 

1.5.2 Effect of Si  

In Al-Si alloys fracture can be initiated by cracking of the eutectic Si [67, 68]. Yeh and Liu 
[67] calculated a fracture stress of 564 MPa for the eutectic Si. This fracture stress was much 
higher than the true global stress in the tested samples. From this and optical investigation 
of slip bands in the matrix the authors concluded that dislocation pile-up caused a high local 
stress that fractured the eutectic Si. In in-situ tensile testing of Al-Si-Mg alloys by Chen et 
al. [69] they observed that elongated unmodified eutectic Si showed a greater tendency to 
crack whereas cracking of (modified) small round eutectic Si was delayed. This is often 
related to the higher probability of a larger particle to contain crystal defects, which lowers 
the fracture stress. Chen et al. [69] observed crack initiation in an A357 alloy tested in three 
different conditions, as-cast, Sr modified, and T6 heat treated. The Si morphology in the 
three conditions were different, but in all three the fracture was initiated in cracked eutectic 
Si. The fracture mode in Al-Si-Mg alloys with different eutectic Si size and morphology has 
also been studied by Wang and Cáceres [70]. They observed intergranular and transgranular 
crack paths depending on the Si morphology. For the un-modified alloy, lower cooling rates 
rendered larger SDAS and coarser eutectic Si, see Figure 14. In samples with the coarsest 
SDAS  and the coarsest eutectic Si the final fracture tends to propagate 
intergranularly at the cell boundaries. For the finer SDAS , i.e. finer eutectic Si, 
the fracture became partially intergranular. For the modified alloy, the same type of trend 
was observed, microstructures with coarser SDAS (>50 d transgranular while 
the finer SDAS (<50 had sections of intergranular fracture. The transgranular fracture 
was explained by the large number of eutectic Si at the cell boundaries, which then is the 
most significant obstacle to slip bands. Pile-up of slip bands near the cell boundaries 
increased the stress, which fractured the eutectic Si and propagated the fracture. In un-
modified alloys with smaller SDAS the eutectic Si was finer while the size of modified 
eutectic Si was independent of SDAS. Hence, crack linkage in the un-modified alloy became 
easier with large SDAS because the larger eutectic Si hindered slip bands more efficiently. 
However, for both un-modified and modified alloys the eutectic Si becomes more evenly 
distributed with finer SDAS. The improved distribution of eutectic Si made the cell 
boundaries less dense and slip bands had a greater tendency to pile-up towards the grain 
boundaries instead. This increased the stress at the grain boundaries and caused 
intergranular fracture.  
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(a) (b) 

Figure 14. Deep etched samples of un-modified samples with different SDAS, (a) SDAS 
and (b) SDAS [70]. 

 

1.5.3 Effect of Fe-rich intermetallics 

The effects of Fe content on tensile properties in Al-Si alloys are not easily established as 
can be understood from the results presented in a review paper by Couture [71]. In the 
review, several studies with different Fe contents, cooling rates, and chemical compositions 
were surveyed. Couture concluded that there was no unanimous agreement on the degree of 
the effects of Fe on mechanical properties due to unexplained or uncontrolled factors, 
foremost in differences in cooling rates. In the review, relations between the microstructure 
and the mechanical properties are missing. Fe-rich intermetallics may form different 
morphologies, depending of chemical compositions and cooling rate, which will affect 
mechanical properties. This was highlighted in a review by Mboya [72].  

-Fe on tensile properties have been studied by Ma et al. [37], among others. 
I -Fe caused lower ductility and strength of the alloy, 
but the strength could not be linked directly to the wt% Fe, most likely because of 
inconsistent cooling rates. The cooling rate is a key parameter governing the -Fe. 
Similar results for ductility and UTS have been achieved by Seifeddine and Svensson [36] 
in an A380 type of alloy. However, the two studies differ in the results of the YS. While Ma 
et al. -Fe, Seifeddine and Svensson observed an 

-Fe. Ji et al. [73] studied the effect of Fe on tensile properties in 
high pressure die cast Al-Mg-Si type of alloys and they found decreasing UTS and ef with 
increased Fe content. When Ji et al. made Mn additions, UTS and ef were slightly improved. 
In the study by Seifeddine and Svensson, a small improvement in strength was observed 
while the ef was not improved when Mn was added. A decrease in ef with Mn addition was 
also observed by Ceschini et al. [74] in samples with small SDAS. It is also worth noting 
that in the study by Ceschini et al. [74] the ef and UTS results were more scattered when 
Mn was added.  

Zahedi et al. [75] measured tensile properties of Al-5Si-3Cu-1Fe-0.3Mg with a fixed 1% Fe 
content and variation of Mn additions. The samples were cast in an iron Y-block and the 
samples were tested in the as-cast condition. With an addition of 0.6% Mn to the alloy, 
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tensile properties were improved. But when the addition was 0.9% Mn the tensile properties 
were reduced. The changes in tensile properties following the Mn additions were related to 
the change -Fe -Fe and to the area percent of the intermetallics. The addition of 
0.6% Mn rendered an area percent of 2.09% -Fe and the 0.9% Mn addition rendered an 
area percent of 3.43%. Worth noting is that in the alloy without Mn addition the area percent 
intermetallics were 3.09%, i.e. higher than in the alloy with 0.6% Mn addition. Ferraro et 
al. [76] set out to study the effect of -Fe on mechanical properties and observed 
that the intermetallics were segregated towards the centre in high pressure die cast samples. 
They concluded that the content of -Fe can be predicted by the sludge factor, 
however the sludge factor cannot be used to predict the mechanical properties. These two 

-Fe may shift throughout the samples and therefore 
they could be hard to quantify and difficult to relate to mechanical properties evaluate. 

There is a consensus on the negative effects of -Fe on foremost ef, but also UTS, and that 
-Fe reduce the properties more than smaller. However, the effect of Mn additions 

are not as unanimous. Studies have shown both improved and reduced properties when Mn 
is added and that properties scatter more. 

Ceschini et al. [74] studied the effects of Fe and Mn in an Al-10Si-2Cu alloy on fatigue 
properties and found that an increase of Fe and Mn reduced fatigue life in the long lifetime 
regime (>106 cycles) and increased lifetime in the short regime (<106 cycles). The same 
results were observed by Yi et al. [77] for an A356 alloy. Yi et al. -Fe 
was promoting crack initiation, -Fe may retard crack propagation of small 
cracks by redirecting the crack. Effects of primary -Fe on fatigue properties is still under 
investigation, however, effects of other particulates have been studied. By addition of hard 
SiC particulates in the size range 40- -12Si alloy, Kaynak and Boylu 
[78] showed that the fatigue resistance increased in the low cycle fatigue (LCF) regime and 
the high cycle fatigue (HCF) regime. In the LCF regime the increase was assessed to be due 
to increased YS. In the HCF regime the particles stopped or deflected the cracks, which 
slowed down the propagation rates. Hence, increasing the SiC content increased fatigue life. 

-Fe intermetallics may be beneficial for fatigue properties. 

1.5.4 Effect of oxides 

By relating measurements of inclusions and oxides/bifilms with the Porous disc filtration 
apparatus (PoDFA) technique [79] to tensile test results, Liu and Samuel [4] concluded that 
bifilms were much more deleterious to tensile properties than other inclusions. The bifilms 
were said to act as fracture initiation sites and that cracks were initiated at the oxide-matrix 
interface, which caused fast crack growth and early fracture. By generating two different 
melt velocities, one below and one above 0.5 m/s,  using two different heights of the runner, 
Eisaabadi et al. [6] expected two levels of bifilm inclusions. Because, above the critical melt 
velocity 0.5 m/s the surface become unstable and surface turbulence will entrain oxides into 
the melt [18]. The melt with lower velocity showed higher UTS and ef, which was 
accompanied by lower standard deviations compared to the melt with higher velocity. After 
analysisin scanning electron microscope (SEM) it was concluded that samples cast with 
lower melt velocity, not exceeding 0.5 m/s, had no oxides at the fracture surfaces, while 
samples cast with melt velocities exceeding 0.5 m/s had oxide-coved fracture surfaces.  
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Campbell [53] has explained the improved mechanical properties of alloys with decreasing 
SDAS by using bifilms. The bifilms are furled due to turbulence when the melt has just 
filled the mould. Unfurling actions take time and the more time available, the more unfurled 
the bifilms become. Since SDAS is related to the local solidification time, larger SDAS 
indicate that the bifilms had longer times to unfurl. The unfurled bifilms are reducing 
mechanical properties more than crumbled ones, because they exert larger unbonded 
surfaces and act as cracks [53].  

The fatigue properties in cast aluminium are affected by the presence of oxides. For 
example, Nyahumwa et al. [80] evaluated fatigue properties of sand cast a Al-7Si-Mg alloy. 
They found that samples that were considered to be free from bifilms improved fatigue life 
by one to two orders of magnitude. In a study by Mo et al. [81] examining crack initiation 
under multi-axial loading (combining tension and torsion loading), oxides and porosity at 
or near the surface were found to be the dominant crack initiation sites. Oxides and porosity 
have also been concluded to be the main fracture initiation sites by Wang and Jones [82]. 
Casting defects such as oxides and pores have been observed by Wang et al. [62] to decrease 
fracture properties by shortening fatigue life, shorten initiation and propagation phases. 
Results showing that both oxides and porosity are two significant initiators of fatigue cracks 
has been explain by Campbell by stating that the pores are just more opened folded-oxides 
(bifilms) and because of that there is no distinct difference between oxide and pore initiation 
sites [83] 

1.5.5 Effect of porosity  

Surappa et al. [84] examined mechanical properties of a cast Al-7Si-0.3Mg alloy. The 
reduction in UTS and ef was not more than what would be expected from the reduction of 
the load bearing area, which was up to about 5%. In an examination of a low-pressure die-
cast Al-7Si alloy, Lee [85] found that the YS was relatively insensitive to the amount of 
microporosity. However, the UTS and elongation were reduced with increased amount of 
microporosity. A relatively constant YS for alloys with porosity has been explained by an 
increase of the stress in the matrix surrounding the pores that lead to work hardening due to 
local plastic deformation. The increased strength caused by the work hardening compensate 
the reduced load bearing area, keeping the YS relatively constant [18].        

Gao et al. [63] found in their study of a gravity cast A356 alloy that porosity is the defect 
that is the main factor governing fatigue properties. The most dominant pores were large 
and situated close to the surface where the stresses were the highest, hence, those pores were 
inducing the largest stress concentrations. Mayer et al. [86] observed that 67% of all fatigue 
cracks initiated at internal pores, not surface pores, in high pressure die casted Al-9Si-3Cu 
sheets. They also observed a distinct fatigue limit. However, samples surviving the 
maximum number of cycles, set to 109, were having insipient cracks at porosity but the 
cracks had not caused failure. Avalle et al. [87] studied fatigue of high pressure die castings 
from a foundry production line and found, in addition to pores, that cold fills (primary 
solidified droplets with no cohesion to the casting) were initiating fatigue failure. 
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Research approach 

Chapter Introduction 

This chapter starts with the purpose and aim of this thesis. Next, the research design is 
described, followed by a description of the material used and the experimental procedures. 

2.1 Purpose and Aim 

The purpose of this work is to study the effects of imperfections in recycled aluminium-
silicon casting alloys in general and Fe-rich intermetallics in particular. Fe-rich 
intermetallics generally degrade mechanical properties and accumulate in recycled alloys.  

The aim is to increase knowledge and understanding in a strive for improved strength and 
reliability of recycled aluminium alloys. This will facilitate a greater usage of the 
environmentally friendly recycled aluminium alloys, taking advantage of the energy savings 
in the production of the material and the long service life of castings. As a result, industries 
such as the automotive industry, currently the largest user of cast aluminium, can make 
vehicles more environmentally sustainable.  

2.2 Research Design 

2.2.1 Research perspective 

Two widespread research perspectives whereby research can be conducted are, positivism 
and interpretivism, each having their way of reasoning. While positivism is related to 
deductive reasoning, interpretivism is related to inductive reasoning. In deductive reasoning 
a hypothesis is either rejected or accepted after analysis of experimental results. While 
inductive reasoning generates a hypothesis from analysis of experimental results, without 
imposing pre-existing expectations [88]. 

The research perspective in this work combines these two ways of conducting research. 
Hypotheses were used in the design of experiments, but the results were analysed without 
imposing pre-existing expectations.  

2.2.2 Research methodology 

An overview of the research method is shown in Figure 15. It began with the topic of 
interest, which was established in cooperation with the industry in order to perform research 
for industrial purposes as well as for the scientific community. Building on the topic of 
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interest, a literature study and gathering of information were performed to increase 
knowledge and uncover the latest research in the field. Narrowing of the topic of interest 
was then necessary in order to design feasible experiments. Gathering information made it 
possible to narrow the topic of interest and pinpoint the unexplored, contradictions, and any 
areas where limited research had been performed. Design of the experiment began when the 
research issue had been pinpointed, in order to establish cause and effect between variables. 
Performing of pre-experiments was necessary in order to verify new experimental 
procedures to make sure it is possible to measure what is intended. When the pre-experiment 
were satisfactory the next step was to perform the full experiment that was followed by 
analysis of the results. The results are related to previous research and conclusions of the 
experimental outcome are drawn.  

Figure 15. Overview of the research methodology. 

2.2.3 Research questions 

Based on industrial needs and gaps in the current research the following research questions 
were formulated: 

How does liquid aluminium transportation affect melt quality?

What influences nucleation temperature and growth -Fe?

What are the relations between imperfections and tensile properties?

How do Fe-rich intermetallics influence tensile and fatigue properties?

2.3 Materials and Experimental Procedures 

Different experimental procedures and different compositions of the hypoeutectic base 
alloy, EN 46000, have been used in the seven supplements that makes the foundation of this 
thesis. Below follows a brief description of the chemical compositions and the different 
experimental procedures. For more detailed info, see each supplement, respectively.   
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2.3.1 Alloys 

The alloys used throughout this work were of AlSi9Cu3(Fe) type to which elements were 
added as master alloys to produce variation in the chemical compositions in the experiments. 
The base alloy was EN 46000, equivalent to A380; see Table 2 for the specification of the 
chemical composition of the alloy according to SS-EN 1676:2010. The key elements added 
were Fe, Mn, Cr, and Sr. See each supplement for the individual chemical compositions.  

Table 2. Chemical composition (wt%) of EN AC-46000 according to SS-EN 1676:2010 [89]. 

Si Fe Cu Mn Mg Cr Ni Zn Pb Sn Ti 

EN 
AC- 

46000 

min 8.0 0.6 2.0 - 0.05 - - - - - - 

max 11.0 1.3 4.0 0.55 0.55 0.15 0.55 1.2 0.35 0.15 0.25 

2.3.2 Sample preparation 

In laboratory experiments in supplements II - VII the material was melted in an electrical 
resistance furnace with a holding capacity of about 7 kg aluminium. Samples for tensile 
testing, differential scanning calorimetry (DSC), and in-situ observations were cast into rods 
in a preheated copper mould. These rods were subsequently remelted, under an argon (Ar) 
gas atmosphere, in a directional solidification furnace. Next, the furnace was pulled along 
the stationary samples at a constant speed, and water cooling was applied, solidifying the 
samples from the bottom and up. Thereby producing well-fed castings with a low amount 
of casting defects. Through different pulling speeds of the furnace the cooling rate of the 
samples could be controlled, thereby producing samples with different SDAS.  

Alloys for quenching experiments in supplement II were scoped from the crucible in the 
resistance furnace and poured into brine.  

T6 heat treatment in supplement V and VII was performed on test samples in order to 
dissolve Cu and Mg particles and promote precipitation of small and well distributed 
precipitates which makes the microstructure more homogenous. With a more homogenous 
microstructure the effects of Fe-rich intermetallics on mechanical properties can be studied 
with a minimum of influence by any variation caused by Cu and Mg particles. 

By hot isostatic pressing (HIP), as in supplement V and VII, the amount of porosity can be 
reduced. HIPing involves increased pressure at elevated temperature, which reduced the 
amount of porosity in the casting [90].   

2.3.3 Alloy analysis and sample testing 

Optical emission spectroscopy (OES) was used for analysis of chemical composition in all 
supplements. Certified standards were measured together with the unknown sample to 
verify the results. 

Reduced pressure test (RPT) apparatus was used to evaluate melt quality in the supplements 
I and IV by means of density index and bifilm index. Where the density index, relates to the 
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ease of pore formation and bifilm index (introduced by Dispinar [91]) relates to the amount 
of bifilms [91]. The RPT apparatus eases pore formation by solidifying a cup of melt (about 
70 g of melt) at reduced pressure. Density index is the per cent density decrease in density 

RPT) compared to the density of a sample 
atm) and is calculated according to: 

Density index atm – RPT atm ×100. (2) 

Bifilm index is measured as the sum of the largest Feret-diameter of each pore in a cross-
section of a RPT sample. This measure is assumed to relate to the amount of bifilms 
(oxides), and hence related to mechanical properties [6, 92].  

Standardised tensile testing in supplements I, IV, and V fulfilled the requirements in ISO 
6892-1:2009 and ASTM B557M -07. The tensile test specimens were round and the cross-
head separation speed was constant. Both a laser extensometer and a clip-on extensometer 
with a gauge length of 20 mm were used.  

For in-situ tensile testing in the SEM in supplement VI the samples were cast in the 
directional solidification furnace. The final preparation of the contour of the samples was 
made in a CNC milling machine. Polishing was performed on samples mounted in resin. 
The tensile test was p To enable 
observations of the initial deformation were the tensile test run in steps. Between each step 
the test was stopped for high quality imaging of the evolution of the fracture.  

Thermal analysis was performed in supplement II on alloys cast into preheated stainless 
steel tubes placed inside three different cooling media to attain different cooling rates. The 
temperature during solidification was measured with the two-thermocouple method 
developed by Bäckerud et al. [34], with one thermocouple in the centre and one close to the 
wall in order to record the “heat wave” produced when new phases are formed. 

The DSC analysis (supplement II) was performed in order to obtain higher resolution of the 
exothermic reaction of -Fe compared to the thermal analysis. In the DSC, the heat 
flow between a reference (an empty crucible) and the sample (40 mg) was determined by 
measuring the heat needed to keep the reference and the sample at the very same temperature 
at different cooling rates. The required heat will be different due to the release of heat in the 
sample that corresponds to the formation of phases. DSC analysis was performed for 
different cooling rates and alloy compositions. Three or more tests were performed for each 
cooling rate and alloy, and a new sample was used in each run.  

For in-situ analysis of intermetallic growth, a setup consisting of a microfocus X-ray source, 
a directional solidification furnace and a detector were used, see supplement III. Figure 16 
shows a schematic illustration of the setup. A magnification of 10x was used throughout the 
experiment resulting in a field of view of 3.6 × 2.4 mm and a nominal spatial resolution of 

 attenuation of X-
ray photons where the dominant factor is due to variations in photoelectric absorption over 
the photon energy range employed. In the X-ray regime, photoelectric excitation concerns 
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core electrons whose energy levels follows the Z-number of the atom nucleus. The apparatus 
had a tilting system so that the sample could be positioned either horizontally or vertically. 
Experiments were performed under nitrogen atmosphere with controlled oxygen levels (< 
1%), preventing rapid degradation of the sample. There was no active cooling in the 
apparatus, thus cooling was achieved by regulating the heater powers. Analysis of the 
collected image sequences was performed with the OLYMPUS Stream Motion Desktop 
software 1.9.1. More in-depth information about the experimental setup is found elsewhere 
[93, 94]. 

Figure 16. Schematic illustration of the experimental setup for in-situ analysis of intermetallic 
growth. 

2.3.4 Materials characterization 

A stereo microscope was used to evaluate fracture surfaces and to select samples to be 
examined in the SEM and samples to be prepared and examined in the optical microscope. 
The samples for examination in the optical microscope were ground and polished, the last 
step consisted of polishing with fine colloidal silica slurry (OP-S). 10%-sulphuric acid 
(H2SO4) at 70°C [95] was used to etch Fe-rich intermetallics black when extra contrast was 
desirable for analysis and measurements.  

Energy dispersive spectroscopy (EDS) is a technique in the SEM for characterizing the 
elemental composition of the analysed volume. When the electron beam hits the sample, X-
rays are emitted from the sample. The X-rays are characteristic for the elements from which 
they are emitted. Hence, by detecting the energies of the X-rays and the number of incident 
X-rays, the elements and their proportions can be determined. 

The electrons in the beam of an SEM can be diffracted by crystalline samples. These 
electrons become footprints of the crystal causing the diffraction. Footprints that give 
information about the crystal structure and orientation from which electron backscatter 
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diffraction (EBSD) maps can be made. EBSD maps were made for analysis of grain size 
and grain morphology. 

Deep-etching -Al in a sodium hydroxide solution (NaOH) at 
50°C -Al, the -Al(FeMnCr)Si intermetallics could 
be examined in the SEM.



27 

Summary of Results and Discussion 

Chapter Introduction 

This chapter summarizes and discusses the main results of the supplemented papers. 

3.1 Liquid Aluminium 

A foundry needs a melt with good quality in order to produce high quality castings. Liquid 
aluminium transport could be a way of both reducing energy consumption and cleaning the 
melt. To analyse this, material was collected from a thermos at the supplier and after 
transportation (8 hours later), in Y-shaped moulds and RPT cups. Analysis of chemical 
composition, see Table 3, evaluation of RPT samples, see Figure 17, and tensile testing, see 
Figure 18, were performed.  

The levels of Fe, Mn, and Cr were not significantly different at the foundry, compared to 
the levels measured at the supplier. This is indicating that there was no significant nucleation 
and sedimentation of Fe-rich intermetallics during transportation. The lack of nucleation 
and sedimentation is likely related to the relatively high temperature of the melt, which was 
708°C in the centre of the thermos at the foundry, together with an anticipated natural 
convection. 

Results of density index and bifilm index measurements in Figure 17 show no significant 
differences before and after transportation. Hence, the melt handling and transportation does 
not seem to have any significant effect on the ease of pore formation or the bifilm index, 
which has been related to the amount of bifilms [91]. This has been linked to the thick oxide 
layer forming on the surface of the melt, which is an obstacle for hydrogen penetration [18]. 
It is also assumed that the thick surface oxide layer obstructs folding actions. 

Table 3. Chemical composition (wt%) of the examined alloy. 
Si Fe Cu Mn Mg Cr Sr Al SF3 Fe/Mn 

Sup.1 9.40 0.81 2.87 0.36 0.23 0.03 N/A Bal. 1.61 2.3 
Fou.2 9.42 0.83 2.82 0.37 0.22 0.03 N/A Bal. 1.64 2.3 

1Supplier, 2Foundry, 3Sludge factor 
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(a) (b) 

Figure 17. Results from analysis of RPT tests, (a) shows the density index and (b) shows the 
bifilm index. Error bars show 95% confidence intervals. 

Tensile samples were machined from the Y-shaped castings. Analysis of tensile test results 
was made using a quality index, Q [96], according to: 

Q = UTS + 0.4 × K × log10(ep × 100) (3) 

where K is the strength coefficient in the Hollomon equation and ep is the plastic elongation; 
both parameters were extracted from the tensile test data. The quality index results are given 
in Figure 18, which shows a tendency of increased quality index for the foundry samples; 
however, the results are not conclusive. In addition, optical examination of the 
microstructure and Weibull analysis of the UTS and ef was performed, see supplement I. 
When gathering the results, it could be concluded that there was no significant change in 
the melt quality after the transport of liquid aluminium.  

Figure 18. Average quality indices for the samples collected at the supplier and the foundry. 
Error bars show 95% confidence intervals. 
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3.2 Initial Solidification 

3.2.1 Nucleation of primary Fe-rich intermetallics 

For evaluation of the effects of cooling rate on nucleation of primary -Fe intermetallics 
(sludge), four alloys with different levels of Fe, Mn, and Cr were examined, see Table 4.  

Table 4. Chemical composition (wt%) of alloys A to D. 
Si Fe Cu Mn Mg Cr Sr Al SF1 Fe/Mn 

A 8.39 0.75 2.60 0.23 0.26 0.02 N/A Bal. 1.3 3.3 
B 8.19 1.25 2.40 0.27 0.25 0.02 N/A Bal. 1.9 4.6 

C 7.72 1.32 2.28 0.58 0.24 0.14 N/A Bal. 2.9 2.3 

D 7.88 1.62 2.15 0.79 0.22 0.16 N/A Bal. 3.7 2.1 
1Sludge factor 

The alloys were analysed in a DSC. Typical heat flow curves for alloy D at cooling rates of 
0.5, 10, and 40 °C/min are shown in Figure 19. In supplement II, results for additional 
cooling rates of 2, 5, and 20 °C/min are reported. The release of heat was observed to 
increase with higher sludge factor and higher cooling rates, which describes an increase in 
the volume fraction of -Fe. The volume increase following a higher cooling rate 
is mainly due to an increased number of intermetallics, since nucleation is promoted by 
higher a cooling rate [97]. Furthermore, the DSC curves show that an increase in cooling 
rate lowers the nucleation temperature. The curves also show that the nucleation of 
intermetallics is related to the chemical composition; an increase of the sludge factor is 
shifting the nucleation towards higher temperatures.   

Figure 19. Solidification curves of alloy D, run at different cooling rates. The numbers at each 
reaction refers to the reactions reported in Table 5. 
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Table 5. Reactions during solidification of 380-types of alloys [34]. 
No. Reactions 

1 Precipitation of primary -Fe (sludge) 
2 -Al dendritic network 
3 Precipitation of pro-eutectic Fe-rich intermetallics 
4 Main eutectic reaction involving precipitation of Si 
5 Precipitation of Mg2Si 
6 Precipitation of Al2Cu 
7 Formation of complex eutectics, containing Al2Cu and Al5Mg8Si2Cu2 

The nucleation temperatures of -Fe in the four alloys, at different cooling rates, 
were compared to results reported by Jorstad [41], Gobrech [46] and Warmuzek [98], see 
Figure 20. The figure shows a lower precipitation temperature of -Fe in the DSC than for 
experiments conducted by Jorstad and Gobrecht in larger furnaces. However, Warmuzek 
used a DTA equipment, which is similar to the DSC, and a cooling rate of 3.3°C/min and 
received results similar the current study. The difference between the DSC analysis and 
analysis of -Fe nucleation in larger furnaces has been ascribed to a cleaner melt with less 
nucleation sites in the DSC samples.  

Figure 20. Precipitation -Fe as a function of the sludge factor by predecessors, and 
cooling rate for the alloys studied in the current study. (The dotted line for Gobrechts results is 

an extrapolation.) 
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The nucleation of the -Fe was confirmed by thermal analysis and quenching 
experiments. The alloys were quenched at four different temperatures and examined in the 
optical microscope, confirming the nucleation temperature of -Fe detected by 
the DSC, see supplement II for more info about the thermal analysis and micrographs of 
quenched structures.  

3.2.2 Growth and morphology of primary Fe-rich intermetallics 

Growth and morphology of nucleated Fe-rich intermetallics were studied in an X-
radiographic experiment in combination with deep etching. The Al-Si alloy studied, 
contained 1.19 wt% Fe, 0.60 wt% Mn, and 0.11 wt% Cr. For a detailed chemical 
composition, see supplement III. Figure 21 shows X-ray images of the growth of two 
primary Fe-intermetallic crystals at cooling rates of 0.5°C/s and 1.0°C/s, respectively. Both 
intermetallics are hopper crystals, however also massive versions were observed, see 
supplement III. The diameter of the intermetallic when  but 
the distinction between hopper and massive types could first be made when the size of the 

 The distinction could not be made on smaller crystals due to 
limitations in spatial resolution and faint contrast within the crystals. After reaching ~70 

intermetallic crystals were observed to change morphology from hopper to massive 
or vice versa. However, in deep-etched samples, hopper intermetallics with diameters of 30 

see Figure 22(a).  
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Figure 21. Growth of two intermetallics, (a) hopper crystal at 0.5°C/s and (b) elongated crystal 
at 1.0°C/s. 
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In Figure 22 are images of deep etched samples, both pristine (not used in the X-ray 
experiment) and samples used in the experiment shown. The intermetallics observed in the 
deep etched samples were related to observations in the X-ray analysis. The intermetallic 
crystal in Figure 22(a) could be related to the morphology observed in Figure 21(a), and the 
morphology in Figure 22(b) could be related to the crystal in Figure 21(b). The crystal 

-Al(FeMnCr)Si intermetallics is body-centered cubic (BCC) [99]. In a BCC 
crystal, the {110} planes have the highest density and therefore represent the slowest 
growing facets, which leads to the growth of rhombic dodecahedrons. This is in agreement 
with observations in the in-situ experiments and of the deep-etched samples.  

(a) (b) 

(c) (d) 

Figure 22. SEM images of deep-etched samples. Images (a) and (b) are pristine samples not 
used in in-situ experiment. Images (c) and (d) are from samples used in the in-situ experiment. 

The intermetallics in Figure 22(c) and (d) have visually flat surfaces, this flat surface is 
facing towards the former oxide covered surface of the sample removed by the etching. To 
better understand the morphologies, a 3D rendering software was used to build models of 
rhombic dodecahedrons, both massive and hopper, see Figure 23. The models in Figure 
23(a) and (c) show that the perimeter of cross-sections of rhombic dodecahedrons can be 

{110} 

<111> 

 Si 

Square 

<100> 
(growth 
direction) 

Hexagonal 
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either hexagonal or square. The model in Figure 23(c) can also be linked to the intermetallic 
observed in Figure 22(c).  

(a) (b) (c) (d) 

Figure 23. Rhombic dodecahedrons, massive and hopper models sectioned in halves. The model 
in (a) corresponds to formations observed in Figure 22(d), while (b) is the same model observed 
from the opposite side. (c) shows a cross-section of a hopper model along with its opposite side 

in (d) corresponding to the crystal in Figure 22(c). 

Hopper intermetallics are formed due to higher growth rates at corners and edges. The 
reason is that as the intermetallics grow, rejected atoms diffuse more easily into the 
surrounding liquid from corners and edges compared to the diffusive transport taking place 
from the more central regions of the faces into the liquid [100]. Therefore, edges and corners 
becomes richer in Fe, Mn, and Cr, which are the elements limiting growth of the 
intermetallic crystal, whereas Al and Si are considered to be easily available. Hence, the 
constitutional undercooling becomes higher towards corners and edges compared to the 
faces. In addition, impurity atoms at the faces may lead to retardation of growth of the face 
which generates hopper crystals [101]. Li et al. [101] have proposed a growth pattern for 
octahedral primary Mg2Si in an aluminium liquid which involve re-emerging hopper 
formations. The corners and edges of massive octahedral Mg2Si were proposed to grow 
faster than the faces creating hopper morphologies. As the growth proceeds the hollow 
channels were gradually filled and become smaller to finally disappear. This pattern is 
reproduced with each growth step, and the size of the octahedron gradually increases. In the 
present study, intermetall were observed to not alter 
between hopper and massive types, as proposed for Mg2Si.  

The size, measured as the diameter of a circumscribing circle, of the rhombic dodecahedrons 
was traced during growth. Figure 24 shows growth and the final morphology of four 
intermetallics. The growth can be divided into two sections where the initial section shows 
free growth while the second shows coarsening. Growth was measured for twenty 
intermetallics at cooling rates of 0.5°C/s and 1.0°C/s, ten hopper and ten massive crystals. 
The growth rates, in the section of free growth, were higher for hopper crystals compared 
to massive ones at both cooling rates. At a cooling rate of 0.5°C/s the growth rates were 3.5 
± ±  hopper and massive crystals, respectively. At a cooling 
rate of 1.0°C/s the growth rates were 3.2 ± ± 
massive crystals, respectively. In Figure 24(a), in the section of coarsening the diameter 
increase at a much slower rate for both hopper and massive morphologies. In the section of 
coarsening, Ostwald ripening is contributing to the growth of the crystals. In the process of 
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Ostwald ripening, smaller crystals dissolve and deposit onto larger crystals because the 
larger crystals are more energetically favourable. The diameter increase of the crystals was 
proportional to t1/n where 1/n = 0.16 ± 0.04. This could be compared to studies by Shahani 
et al. [102] and Marquis and Seidman [103]. Shahani et al. studied the coarsening of primary 
Si at constant temperature and measured 1/n to be 0.29 ± 0.03 [102]. Marquis and Seidman 
examined the evolution of Al3Sc precipitates in Al-Mg-Sc alloys and fond the growth to be 
proportional to t1/3 at constant temperatures [103]. 

(a) (b) 

Figure 24. (a) Measurements of -Al(FeMnCr)Si intermetallic growth with time at a cooling 
rate of 0.5°C/s. The measurements stopped when dendrites were observed in the field of view. 

(b) Images of the four intermetallics that were studied to obtain the data in (a). 

The local nucleation frequency was studied in experiments with results like the ones in 
Figure 25. The two images are showing two consecutive experiments, No 1 and No 2, 
conducted with the same sample at the same cooling rate. After the first experiment the 
intermetallics were fully dissolved (visually) by setting the temperature in the furnace to 
715°C or higher and keeping the temperature constant for at least 2 minutes before the 
second experiment. By studying the images it can be observed that the nucleation frequency 
in areas with massive intermetallics often is higher than the nucleation frequency in areas 
with hopper crystals. Hence, the nucleation frequency appears to determine the crystal type. 
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Experiment No. 1 Experiment No. 2 

1.
0°

C
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Figure 25 -Al(FeMnCr)Si intermetallics at a cooling rate of 
1.0°C/s. The intermetallics were fully dissolved (visually) between experiment No 1 and No 2. 

In order to achieve a higher cooling rate the regulation of the heater powers was turned off, 
which generated a higher non-controllable cooling rates (Reg. OFF). At these higher cooling 
rates the majority of the intermetallics were either star-shaped with straight arms extending 
in either three or four directions or having a dendritic morphology. Only few intermetallics 
were more compact, without extending arms. In Figure 26(a), growth of a star-shaped 
intermetallic is shown, and in Figure 26(b) an intermetallic with dendritic morphology. The 
star-shaped morphology can be related to the intermetallic in the deep-etched sample in 
Figure 27(a). The intermetallic shows a rather flat surface where the three arms connect. 
This is most likely the site of nucleation; hence, the outer oxide surface appears to act as a 
nucleation site, but not as a substrate on which the elongated intermetallic crystal grew. The 
symmetry of the crystal and the fact that the arms do not grow in one plane around a central 
nucleation site makes twinning on facets of a rhombic dodecahedral seed nucleating on the 
oxide highly plausible [104]. 
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Figure 26. Growth of two intermetallics in the fastest cooling rate. (a) shows a star-shaped 
intermetallic extending in three directions and (b) shows a dendritic morphology. 
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(a) (b) 

Figure 27. SEM images of deep-etched samples previously used in the in-situ experiments. (a) 
shows a three-armed star-shaped intermetallic. (b) shows an intermetallic with a dendritic 

morphology where the marked area highlights elongated massive rod-shaped morphologies. 

-Al(FeMnCr)Si intermetallic shown in Figure 27(b) has a dendritic structure and can 
be linked to the elongated morphology observed in-situ shown in Figure 26(b). The shorter 
dendritic arms highlighted in the magnified view in Figure 27(b), were observed to have 
filled facets as the model in Figure 28(c), while the longer secondary arms have the same 
morphology as single rod intermetallics; i.e. four-fold tip with non-filled facets, as the model 
in Figure 28(d).  

(a) (b) (c) (d) 

Figure 28 -Al(FeMnCr)Si 
intermetallics; (a) massive rhombic dodecahedron, (b) hopper rhombic dodecahedron, (c) 

elongated, rod shaped, rhombic dodecahedron, and (d) elongated, rod shaped, hopper rhombic 
dodecahedron. 

Experiments for investigation of the nucleation sites were performed. In one experimental 
setup the samples were held in a vertical position during solidification and in another 

-Al. The initial 
-Fe were not affected by either the vertical position or pushed by the 

-Al, for additional analysis, see supplement III. 
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3.3 Imperfections and Mechanical Properties 

3.3.1 Effects of imperfections on tensile properties 

Imperfections will form during solidification, some imperfections can be linked to the melt 
quality while others are related to the solidification. Measurements of imperfections and 
tensile properties in material tested in supplement IV are shown in Table 6. The chemical 
composition was similar to the two alloys in Table 3, for exact composition see supplement 
IV. 

Table 6. Table of the features and parameters measured in supplement IV. 
Process quality measures Min Max Average 

Density index 3.9 8.3 6.3 
Bifilm index (mm/cm2) 6.5 17.1 10.8 

Sludge factor 1.29 1.78 1.51 

Microstructural features 

Porosity (area %) 0.04 1.19 0.29 
Secondary dendrite arm spacing, SDAS (μm) 15.6 41.7 25 

Si-length (μm) 7.5 75.6 42.1 

Fe-rich intermetallics (area %) 1.06 3.30 2.51 

Output parameters 
Ultimate tensile strength, UTS (MPa) 140 281 213 

Elongation to fracture, ef (%) 0.42 4.19 1.42 

RPT samples were collected to examine correlation between bifilm index, density index, 
and sludge factor and the tensile properties. The RPT samples (for bifilm index and density 
index) and samples for chemical analysis were collected at the same time, from the same 
melt, as samples for tensile testing. Figure 29 shows fairly large variations in tensile strength 
for each bifilm index and sludge factor. Similar results were found for the density index; 
hence, no correlations were found between the process quality measures and tensile 
properties in our samples.  

Our results, where bifilm index is correlated to UTS, are assessed to be in line with results 
presented by Dispinar and Campbell [56], who show results with very limited variation in 
UTS for different bifilm index values.  
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(a) (b) 

Figure 29. Graphs relating UTS to (a) bifilm index and (b) sludge factor. 

The microstructure of the tensile tested samples was examined, and their features were 
measured. Porosity was measured and related to UTS; however, no correlation could be 
observed, which is in agreement with results by Herrera and Kondic [105].  

A weak correlation was found between SDAS and UTS, see Figure 30(a). A significantly 
stronger correlation was found between the length of the eutectic Si (Si-length) and UTS, 
see Figure 30(b). The relationship between UTS and Si-length was supported by the 
observed crack propagation path, which was primarily along the eutectic Si, see Figure 31. 
The SDAS is believed not to have a direct influence on tensile properties, but it relates to 
the local solidification time which affects the time available for the eutectic Si to grow. 

(a) (b) 

Figure 30. Correlation between UTS and (a) SDAS and (b) Si-length. 
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Figure 31. Fracture profile. The thin arrow indicates decohesion while thick arrows indicate a 
-Fe, Chinese script shaped, intermetallics. Etched with H2SO4. 

In the samples, Fe-rich intermetallics with two types of morphologies were found, Chinese 
script, see Figure 31 and -Fe, see Figure 32. The proposed stoichiometry for 
these two morphologies is Al15(Fe,Mn,Cr)3Si2, this was confirmed by EDS analysis, see 
supplement IV for details. The surface area of Fe-rich intermetallics was measured and 
related to the UTS and ef, but no correlation was observed.  

Figure 32. Primary -Fe intermetallics (sludge). Etched with H2SO4. 

The unmodified eutectic Si was observed to have a pronounced effect on the tensile 
properties, hence in supplement V the eutectic Si was modified to study effects of Fe-rich 
intermetallics. Chemical composition and denotations of four new alloys for testing and 
evaluation are shown in Table 7. The samples were cast in the directional solidification 

High Fe/Mn ratios in 
alloys E and F produced -Fe. Fractures in the two -Fe were observed to 

-Fe in a similar mode as the fractures along the eutectic Si 
observed earlier, see Figure 33. Consequently, -
Fe, shifted the propagation path of the fracture, from the eutectic Si to the -Fe. 
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Table 7. Chemical composition (wt%) of alloys E to H. 
Si Fe Cu Mn Mg Cr Sr Al SF1 Fe/Mn 

E 9.30 0.74 2.79 0.25 0.05 0.03 0.022 Bal. 1.3 3.0 
F 9.40 1.17 2.77 0.25 0.05 0.03 0.027 Bal. 1.8 4.7 

G 9.23 1.29 2.65 0.53 0.04 0.15 0.025 Bal. 2.8 2.4 

H 9.30 1.59 2.64 0.80 0.04 0.18 0.029 Bal. 3.7 2.0 
1Sludge factor 

(a) (b) 

Figure 33. Microstructure and fracture surface (towards the right) of a sample from (a) alloy E 
SDAS 25 and (b) alloy F SDAS 25. Etched with H2SO4. 

-Fe length in alloys E and F was performed to evaluate the difference 
in Fe content between the two alloys -Fe in 20-30 examined areas were 
measured. The results and the corresponding UTS and ef are shown in Table 8. The table 

-Fe length as 
for alloy F SDAS 10, which was having a faster cooling rate and higher Fe content. These 

-Fe length had comparable UTS and ef. Hence, it appears to be a 
direct correlation between the elongated particles -Fe, and tensile 

-Fe, and Fe-rich intermetallics in general, are 
generally considered the more elusive of the two; hence, further studies were conducted on 
the effects of Fe-rich intermetallics on mechanical properties. 

Table 8. -Fe length and standard deviations with corresponding UTS and ef. 
Alloy E Alloy F 

SDAS 10 SDAS 25 SDAS 10 SDAS 25 
 -Fe length (μm) 40 ± 12 79 ± 26 74 ± 19 160 ± 45 

UTS (MPa) 297 ± 14 258 ± 24 262 ± 50 228 ± 9 
ef (%) 7.5 ± 2.6 3.4 ± 1.1 3.5 ± 2.4 1.1 ± 0.1 

Area fraction (%) 1.12 ± 0.24 1.21 ± 0.58 2.08 ± 0.27 2.91 ± 0.57 
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3.3.2 Effect of Fe-rich intermetallics on tensile properties 

The effects of -Fe (alloys E and F) -Fe (alloys G and H) on tensile properties were 
investigated for both as-cast and HIPed samples in supplement V. Figure 34 shows the UTS 
and ef for as-cast samples. The two alloys containing -Fe have the lowest UTS and ef, 
which could have rendered an increase in tensile properties, owing to more compacted -Fe 
compared to plate-like -Fe. However, fracture surface analysis in the stereo microscope 
showed that the average area covered by oxides and porosity were higher in the -Fe 
containing alloys compared to the -Fe, for details see supplement V.  

 

  
(a) (b) 

Figure 34. Tensile test results for the alloys E to H of as-cast samples (a) UTS and (b) ef. The 
error bars are showing standard deviation. 

 

Typical tensile test curves for as-cast samples with SDAS 10 are shown in Figure 35. The 
alloy -Fe was showing the highest YS. The YS was 169 ± 5 MPa 
being between 11-20 MPa higher than the other alloys. Comparing the YS of the two alloys 

-Fe, alloy F with the higher Fe content had on average about 12 MPa higher 
YS. This difference was attributed to the larger intermetallics and larger area fraction -
Fe intermetallics -Fe are expected to have significantly higher YS than the matrix 

-Fe have a micro-harness of 650 ± 60 HV compared 
to the aluminium matrix with a hardness value of 74 ± 5 HV [106]. The higher YS of alloy 
F is therefore assumed to be due to secondary particle strengthening where the matrix 
transfer a portion of the load onto the complex 3D structures of the -Fe [107]. In addition 

-Fe and the matrix phase will cause 
dislocation formation that will strengthen the material [108].   
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Figure 35. Stress-strain curves for the four alloys with SDAS 10. The alloys are having the 

following sludge factors; E=1.3, F=1.8, G=2.8, and H=3.7. The samples are in as-cast 
condition. 

 

The fracture profiles showed t -Fe can provide a preferred crack path. It has been 
suggested that the crack propagates along the intermetallic-matrix interphase [109]. In 
additi -Fe separate towards the centre, because they 
grow on the outer surfaces of bifilms, and the centre of the bifilms becomes a “pre-cracked” 
surface [52]. The fracture surfaces were examined in the SEM. Figure 36(a) and Figure 
36(c) show opposite sides of a -Fe -Fe and dendrite arms were identified 
using EDS (acceleration voltage 20keV), see Figure 37. At higher magnification, as in 
Figure 36(b), river marks, indicating cleavage, were observed. On polished samples, see 
Figure 36(d), secondary cracks propagating towards the centre of the -Fe were observed. 
These observations show that the -Fe predominantly fractures through cleavage, not by 
intermetallic-matrix decohesion or separation of folded bifilms.  
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(a) (b) 

  
 (c) (d) 

Figure 36. (a) and (c) show opposite fracture surfaces of -Fe. In (b) a fracture surface of a -
Fe with river marks is shown and (d) shows cleavage of -Fe in a polished sample. 
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surface 



 

44 

 
(a)  

 
(b) 

 
 (c) 

Figure 37. (a) indicates the areas for EDS analysis on the fracture surface. (b) Fe was detected 
-Fe and (c) mainly Al and Cu was detected in the aluminium dendrite.  

 

Figure 38 shows influence of -Fe orientation. The intermetallic oriented parallel to the test 
direction has multiple cracks, while the transversely oriented is un-cracked. The cracks of 

-Fe parallel to the test direction confirm deformation in the area. The deformation 
would be expected to have caused a visible separation of an existing “pre-cracked” surface 
(as in the case of growth -Fe on bifilms) within the transversely oriented -Fe because 
of the lack of bonding between oxide surfaces, this was not observed. 

 

 
Figure 38 -Fe away from the fracture surface.  

Test direction 
-Fe 

-Fe 
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Alloys G and H, both with a lower Fe/Mn ratio, had Fe-rich intermetallics mostly in the 
form of primary -Fe. The fractured -Fe were examined in the SEM and in the optical 
microscope. Opposite sides of typical appearance of a fracture involving -Fe are shown in 
Figure 39. The -Fe were having multiple fractures and this can also be observed in the 
micrograph. The micrograph in Figure 39(b) shows that cracks in the -Fe are mainly 
oriented parallel to the fracture surface, i.e. cracks appear to be related to the load direction 
and not to a predetermined “pre-cracked” surface. 
 

  
(a) (b) 

 

 

(c)  

Figure 39 -Fe are shown in (a) and (c). (b) a fracture profile of 
alloy H SDAS25, observed in the optical microscope, etched with H2SO4. 

 
  



 

46 

After tensile testing, the density of the as-cast and HIPed samples was measured and related 
to the mechanical properties. In order to focus on the effects of the two different 
morphologies alloys E and F -Fe) were grouped and alloys G and H -Fe) were grouped 
for analysis. The relations between the density and the UTS and ef are shown in Figure 40(a) 
and (b), respectively. 

 

  
(a) (b) 

Figure 40. Effect of HIPing on mechanical properties of alloys E and F combined (containing 
-Fe) and alloys G and H combined -Fe). (a) is relating UTS to density and (b) is 

relating ef to density. 
 

HIPed samples of alloys -Fe had similar density as as-cast samples. Hence, the 
porosity in these alloys was relatively low already in the as-cast condition. The analysis of 
the fracture surfaces of the -Fe containing alloys showed that as-cast samples had 
significantly higher amount of porosity compared to the HIPed; the area of porosity was 
reduced from 7.4% to 1.5% by HIPing. The higher level of porosity in as-cast samples made 
the effect of HIPing more pronounced in -Fe containing alloys, in terms of density, as 
observed in Figure 40. It is believed that the primary formed -Fe may act as nucleation 
sites for hydrogen porosity and/or hinder pores to escape. In terms of UTS and ef, the 
differences between the alloys -Fe were less pronounced. The UTS was not 
improved -Fe containing alloys by the HIPing process; however, the ef showed an 
indication of improvement, from 1.1% to 1.8% after HIPing. 

-Fe had a higher number of samples with thick oxides on the fracture 
surface compared to -Fe containing alloys. Therefore, to improve the evaluation of the 
effect of HIPing, only samples without visible oxides on the fracture surfaces were 
compared to each other, see Table 9. When excluding samples with thick oxides on the 
fracture surfaces the same trends were observed; HIPing cause a slight improvement of the 
ef in alloys -Fe alloys but the UTS was not improved. It can therefore be 
concluded that the lower UTS and ef in alloys -Fe, compared to alloys 

-Fe, is mainly linked to the different Fe-rich intermetallics and not to thick 
oxides or porosity. 
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Table 9. Mechanical properties with standard deviation of samples not having any visible oxides 
at the fracture surface. 

 Alloys E and F Alloys G and H 
 As-Cast HIPed As-Cast HIPed 

UTS (MPa) 295 ± 14 273 ± 19 221 ± 22 229 ± 14 
ef (%) 6.4 ± 2.5 7.0 ± 3.1 1.6 ± 0.6 2.6 ± 0.8 

 

An in-situ tensile test study was performed to deepen the understanding of the influences of 
sizes, orientations, and distributions of - -Fe intermetallics on crack 
initiation, see supplement VI. Sr and TiB2 were added to the base alloy for modification and 
grain refinement, respectively. Mn and -Fe platelets 

-Fe. For details of the chemical composition and the experimental set up, see 
supplement VI. Two levels of Mn, one lower and one higher, gave the nomenclature to the 
two alloys tested, L-Mn and H-Mn. EBSD maps overlaying backscattering images revealed 
the distribution of the intermetallics in relation to the grains. EBSD maps for the two alloys 
are shown in Figure 41, it can be observed that the intermetallics were well distributed in 
relation to the grains in both alloys. The area fractions of the intermetallics were, 2.7% and 
5.2% in L-Mn and H-Mn, respectively.             

 

  
(a) (b) 

Figure 41. EBSD maps with backscattering images in the background showing Fe intermetallics 
in white. Image (a) show -Fe in L-Mn and image (b) shows -Fe in H-Mn.  

 

The largest Feret-diameter of the intermetallics were measured and for the -Fe in H-Mn 
also the cross-section areas were measured. The most common Feret-diameter -Fe 
was in the 5 – -Fe in the 5 – range, see histograms in Figure 
42. The most common cross-section areas -Fe were between 5 – 2. For 
histogram of the cross- -Fe containing alloy, see supplement VI. Figure 
43 shows stress-strain curves of two tested samples. The stress-strain curves for the two 
alloys follow each other until failure of H-Mn, which has a significantly lower ef. 

 

Test direction Test direction 
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(a) (b) 

Figure 42. Histograms of the Feret-diameters of (a) the -Fe in L-Mn and of (b) the -Fe in H-
Mn. 

 

-Fe intermetallics in L-Mn start to fracture in the range 1.2 – 2.4% of elongation. The 
first intermetallics to crack during the tensile test were -Fe having an average length of 
20.6 ± le towards the tensile direction of 1.0° ± 16.7°, based on 
measurement of 49 intermetallics. The cracks were all oriented transverse to the test 
direction. As the strain increases additional cracks were formed along the intermetallics. 
These transversely oriented cracks in the -Fe intermetallics have been proposed to be due 
to folds in the oxide film on which they grow. The folding was proposed to occur when the 
oxide is squeezed between crystals nucleating and growing on the same oxide [52]. If oxide 
folds would have caused the cracking -Fe, cracks would be expected to happen 
simultaneously, because of the lack of bonding between oxide folds. However, the cracking 
was in sequence, which indicate that oxides were not influencing the cracking.  

 
Figure 43. Stress-strain curves of alloy L-Mn and alloy H-Mn. The marked area shows the 

region where the initial cracking of intermetallics occurred.  
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The first transversely oriented -Fe were observed to crack between 3.7 – 5.3% of 
elongation. From the onset until just before final fracture only a few transversely oriented 

-Fe cracked, compared to the number of cracked parallel oriented intermetallics. However, 
in connection to the final fracture, multiple -Fe intermetallics 
cracked.  

-Fe has been reported to have three different crystal structures, tetragonal, orthorhombic, 
and most commonly monoclinic structure. The three reported crystal structures are versions 
a of stretched cubic lattice [110]. The crystals have the shape of a rectangular prism with 
two or three different lengths of its axes. The difference between two axes in the rectangular 
prism has been reported to be up to 7.4 times [111]. The highest growth rate -
intermetallics is expected to be the on the crystal plane with the lowest density. Because the 
face with the longest axis has the lowest density, the extension of the plate-like -Fe 
intermetallics are dominated by rectangular prism shaped crystals stacked with their longest 
axis parallel to each other. Intermetallics oriented parallel to the test direction are therefore 
taking up load in the orientation in which the atom distance is the shortest and the crystal 
therefore the strongest. -Fe -Fe that are 
oriented in a crystallographic weaker orientation. This is explained by the smaller cross-
section perpendicular to the test direction of the parallel oriented intermetallics compared 

-Fe that reduced the required force to crack the intermetallics.  

Figure 44 shows the evolution of a macrocrack during the tensile testing of L-Mn. The first 
-Fe oriented parallel to the test direction and the 

crack is indicated with arrow in (b). In (c) additional cracks are observed and in (d) the 
transversely oriented section start to crack. It can be observed that it was the crack in the 
transverse section that initiated the macrocrack in the matrix.  

(a) (b) (c) (d) 
1.2% elongation 2.4% elongation 3.7% elongation 5.3% elongation 

(e) (f) (g) (h) 
7.2% elongation 9.1% elongation 11.2% elongation 13.6% elongation 

Figure 44. Fracture progression in L-Mn as the elongation of the sample increases. Test 
direction is left-right. 

As in L-Mn also in H-Mn a few pre-cracked intermetallics were observed prior to in-situ 
tensile testing. In the strain range 0.6 – 1.3 -Fe was initiated. Hence, the 

Test direction 
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-Fe cracking occurred at lower elongation in comparison to the L-Mn alloy. 
The average cross- -Fe in H-Mn was 168 ± 2. 
Comparing this to the most common cross-section area of 5 – 2 it shows that the first 

-Fe with larger cross-section areas, 
it was observed that intermetallics in clusters and those with an extension parallel to the test 

-Fe in L-Mn) were among the first intermetallics to crack. The 
cause for cracking of larger intermetallics may be due to a decrease in strength as the size 
increase, because as the size becomes larger the probability of flaws in the crystal increases. 

Figure 45 shows the evolution of a macrocrack in H-Mn. At 1.0% elongation, there are no 
-Fe. The first crack in the area is observed at 1.3% elongation, this 

crack is marked in (b). As the elongation increases the neighbouring intermetallics crack as 
can be observed in (c) and (d). In (e) and (f) it can be observed that the matrix in the space 
in-between the intermetallics is deforming. It is plastic deformation in the form of stretching 

- -Al sink into the bulk. This shows the greater 
-Al compared to the deformation of the eutectic regions. In (g) 

and (h) the cracks in the intermetallics are starting to link into a macrocrack through the 
matrix. This was how the majority of the observed macrocracks were initiated. Only a few 
macrocracks -Fe intermetallics. 

 

    
(a) (b) (c) (d) 

1.0% elongation 1.3% elongation 2.1% elongation 2.8% elongation 

    
(e) (f) (g) (h) 

3.7% elongation 4.2% elongation 5.0% elongation 5.9% elongation 

Figure 45. Fracture progression in H-Mn as the elongation of the sample increases. Test 
direction is left-right. 

 

The elongation when cracking of intermetallics was initiated was about 1% point higher in 
- -Fe, however the difference in 

ef was more pronounced, see Figure 43. The reduced ef -Fe containing alloy 
indicated an increased level of imperfections. The higher level of imperfections consisted 

Test direction 
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-Fe, which practically always results in a larger reduction in load bearing area 
compared to initially -Fe. This makes the stress concentrations in the 
surrounding matrix higher when the -Fe cracks. Another key difference is the significantly 
higher area fraction of -Fe compared to -Fe, which relates to the difference in chemical 
composition and the nucleation temperature. The addition of Mn and Cr will increase the 
volume fractions of intermetallics and primary -Fe is nucleating earlier in the solidification 

-Fe, as observed in supplement II. The earlier nucleation lead to 
significantly different distributions of the intermetallics in the casting. Because the -Fe that 
have nucleated -Al will have a higher risk of becoming more unevenly distributed 
in the casting. Since casting was performed in the directional solidification furnace in which 
the rods were being cast in an up- -Fe intermetallics were concentrated 
towards the bottom of the rods. This caused shorter nearest neighbour distances between the 
intermetallics, which have been observed to be initiation sites for macrocracks. This could 
be compared to -Fe that is nucleating later, which have a greater chance to become 
more evenly distributed.  

3.3.3 Effect of Fe-rich intermetallics on fatigue properties 

Fatigue properties of the four alloys in Table 7 were tested in order to study the effect of 
increasing amounts of Fe, Mn, and Cr in Al-Si casting alloys. Two alloys were containing 

- -Fe. The samples were cast in the directional 
solidification furnace, HIPed and T6 heat treated before testing. For details about the 
experiment, see supplement VII.  

Figure 46(a) summarizes the average Vickers microhardness and fatigue resistance of the 
investigated alloys. The alloy with the lowest area fraction of Fe-rich intermetallics 
presented the lowest microhardness (100 HV0.5), while alloys F, G and H, with higher 
amounts of Fe-rich intermetallics -Fe or -Fe), were characterized by similar and higher 
microhardness values (~110 HV0.5). Microhardness profiles was carried out on longitudinal 
sections of the samples, see Figure 46(b). They show that scattering in the microhardness 

-Fe containing alloys compared to the -Fe containing alloys. This was 
related to the less homogeneous distribution and the larger cross sections of the -Fe 
intermetallics in alloys G and H compared to the -Fe intermetallics in alloys E and F. 

Results from the fatigue testing are presented in Figure 46(a). The increase of Fe, Mn and 
Cr content (i.e. the sludge factor) led to a decrease in fatigue strength. The most significant 
difference in fatigue streng -Fe (E, F) and the 
alloys containing -Fe (G, H). Fracture surface analysis enabled establishment of a relation 
between microstructure and fatigue strength: in -Fe containing alloys the most frequent 
initiation sites were oxides and superficial/sub-superficial pores remaining after the HIPing 

-Fe, the -Fe intermetallics were the dominant crack 
nucleation site. In view of their brittle nature and the stress concentration induced by 
dislocations piling-up at the intermetallic-matrix interface, -Fe located at the surface of 
fatigue samples present a high probability of fracture, becoming frequent initiation sites. 
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(a) (b) 

Figure 46. (a) f , microhardness (HV0.5), sludge factor, and % content 
-Fe in the investigated alloys. (b) microhardness profiles along the samples of the four 

alloys. 

 

In the case of a low applied stresses, the fatigue behaviour is mainly controlled by the crack 
nucleation stage; as a consequence, the presence of coarse and brittle intermetallic 
compounds are expected to significantly reduce the fatigue resistance, as reported in the 
literature [62, 112, 113] -Fe and 

-Fe were observed, see Figure 47(c). It was assessed, the -Fe -Fe fractured 
perpendicular to the load direction in front of the propagating crack, as observed for -Fe 
and eutectic Si in a study by Yi et al. [77]. It is worth noting that alloys containing -Fe 
were visually assessed to have higher area fraction covered by intermetallics in comparison 
to -Fe containing alloys, which may have favoured crack propagation and linkage. 

 

 
(a) (b) 

Figure 47. SEM images of a fracture surface of alloy G, showing (a) crack nucleation due to a 
-Fe and in (b) the final fracture region. 

 

As a result of the investigation, increasing Fe, Mn and Cr content (thus the sludge factor) in 
an A380 allo -Fe -Fe phases. 
Moreover, increasing Fe, Mn and Cr content shifted the initiation sites from oxides and 
pores to -Fe, which resulted in a decrease of fatigue strength. The presence of a high 

-Fe causing crack 
nucleation 
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amount of brittle and large -Fe is also thought to favour crack propagation, thus 
contributing to a reduction in fatigue life.   
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Concluding Remarks 

Chapter Introduction 

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

Transportation and holding a melt for an extended period of time (8 hours) did not lead to 
any significant changes in tensile properties, density index or bifilm index. This suggests 
that transport of liquid aluminium, which is beneficial for the environment, does not 
considerably alter the melt quality.  

The nucleation temperature -Fe is closely related to the Fe, Mn, and Cr contents, 
i.e. the sludge factor. Increasing the cooling rate decreases the nucleation temperature of the 

-Fe. The findings -Fe nucleation will assist foundries in setting the metal 
-Fe in holding furnaces and plunger systems. 

Oxides surfaces are strongly suggested to act as nucleation sites for primary -Fe 
intermetallics. The primary -Fe growing in the liquid were observed to have four basic 
morphologies; rhombic dodecahedral, hopper and massive; and elongated rod-shaped 
rhombic dodecahedral, hopper and massive. The growth conditions determined the crystal 
type; higher nucleation frequency promotes lower growth rates and massive crystals; while 
lower nucleation frequency promotes higher growth rates and hopper crystals. At higher 
cooling rate, star-shaped three-fold and four-fold morphologies can form.  

Melt quality measurements in the form of RPT, which has been proposed to relate to the 
pore formation through the density index and to bifilms through the bifilm index, could not 
explain variations in tensile properties in our experiments.  

A decrease of the length of the eutectic -Fe has been observed to improve tensile 
properties, where shorter eutectic Si -Fe foremost increase the ef. SDAS can be an 
indirect measurement relating to tensile properties, because it is linked to the local 
solidification time and is therefore related to the time available for the eutectic -Fe 
to grow.  

Fe-rich intermetallics, predominantly, fracture through cleavage. Fracture patterns show 
that there has been a physical bonding between surfaces of the fractured Fe-rich 
intermetallics. The crack orientation in the intermetallics were mainly oriented parallel to 
the fracture; this indicates that there is no preferred, pre-determined, crack path within the 
intermetallics. 
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In tensile testing of alloys containing -Fe, large intermetallics oriented parallel to the test 
direction cracked first. Later, at larger strains, -Fe oriented more transverse to the test 
direction cracked and generated macrocracks. In alloys containing -Fe, the largest 
intermetallics cracked first. Due to the difference in the morphology and higher fractions of 

-Fe, the initially -Fe generated a larger reduction in the load bearing area 
compared the reduction in load bearing area when the initially -Fe cracked. This generated 
higher -Fe containing samples, which causes degradation in ef. 
In addition, -Fe in clusters are more likely to initiate macrocracks than those which are 
more isolated. In fatigue, by altering - -Fe the initiation sites shifted 
from oxides and pores to -Fe, resulting in a decrease in fatigue strength. The presence of a 
large amount of -Fe is also thought to favour crack propagation, thus contributing to a 
reduction in fatigue life.  

-Fe nucleating in the liquid compared 
-Fe nucleating a - -Fe nucleating in the liquid before 

casting increases the risk of un-even distribution in the casting due to turbulent flow or 
settling, for example. This can make mechanical properties in castings containing primary 

-Fe hard to predict. 



57 

Future Work 

Chapter Introduction 

In order to increase and expand the use of recycled aluminium into applications with higher 
demands on strength and reliability, further research is required. Below follow ideas of work 
to be performed in pursuit for improved properties of recycled aluminium. 

It is known that properties of the final casting depend on both melt quality and the casting 
process, therefore methods for melt quality measurements that are reliable and easy to use 
would be of great help for the casting industry. It has been shown in this thesis that 
correlation between melt quality, in terms of RPT, and tensile properties is not 
straightforward. Therefore, future studies should involve analysis of available methods and 
development of new methods for analysing melt quality.   

-Fe. Better knowledge about the 
nucleation could in the future lead to improved control of primary intermetallics. 
Knowledge that could be used -Fe, avoiding their negative 
effects and perhaps even strengthen the castings. It would be of great interest to study 
additions of aluminium oxide nano-particles (Al2O3) for a possible refining of -Fe 
by increasing the number of nucleation sites. The aluminium oxide particles are suggested 
as a potential nucleation sites because, in the thesis, oxides surrounding the samples were 
strongly sug -Fe and aluminium oxide particles have been 
suggested to -Fe [114].  

For future studies, tensile testing monitored by a Computed X-ray Tomography (CT) system 
would be of interest to increase knowledge about the effects of the sometimes very complex 
3D structures of Fe-rich intermetallics. As an extension of the CT analysis, the 3D images 
can be processed by a digital volume correlation (DVC) software to calculate displacements 
and strain maps within the volume. The usefulness of DVC to study an Al-Si alloy during 
deformation has been shown [115].  
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