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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. 
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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. 
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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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