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Sammanfattning  
 

Denna litteraturstudie är en etapp av projektet ”High performing aluminium cast 
components”. Studien syftar dels till belysa inverkan av smälthantering, process, 
stelning och defektbildning på de mekaniska egenskaperna hos Al-Si legeringar, 
dels att kartlägga tillgängliga legeringar som används i högtemperaturbeständiga 
komponenter. Studien kartlägger och rekommenderar ett antal olika sätt att arbeta 
förebyggande i syfte att uppnå högre duktilitet och belyser tillgängliga 
kommersiella legeringar med en uttalad hög duktilitet samt legeringar som anses 
vara varmhållfasta.  

   

Summary 
This literature review is one of the stages in the project ”High performing 
aluminium cast components”. The study aims at highlighting the impact of 
melting handling, processing, solidification, post solidification and defect 
formations on the mechanical properties of Al-Si alloys, and to map available 
alloys used in components for elevated temperature usage. The study identifies 
and recommends a number of routes to work proactively to achieve higher 
ductility and highlights available commercial alloys with a pronounced high 
ductility and alloys that are considered to be able to serve and are stable at 
elevated temperatures.  
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1 Background  

The use of light metal components in various applications has increased during 
the last decade, partly as a result of the increased amount of light metals being 
used for transportation purposes. One advantage is weight reduction and, thus, 
reduced energy consumption. Another advantage, from an environmental point of 
view, is the fact that aluminium components may be recycled with relative low 
energy demands. Due to defects generated during a variety of processes along the 
production and manufacturing chains of melts and castings, the performance of 
aluminium components may vary substantially leading normally to oversized 
designs that compensate for these uncertainties and properties variations. In order 
to realize even lighter components and save mother earth additionally, means to 
reduce defect generation have to be highlighted, understood and implemented. As 
a colleague summarizes it: 

 

“Where the means for minimized defect have been applied, improvements in the 
reliability of castings have been substantial. This review is not intended to educate 
readers in the application of the rules but merely to raise their consciousness to the 
fact that humankind’s oldest metal-working process is finally finding a scientific 
voice to help its practitioners achieve better results.“(Mark Jolly). 

  

2 Introduction 

The mechanical properties, and especially ductility, are affected to a great extent 
by initial melt quality, chemical composition, process and post solidification 
treatments employed. If the melt quality is high and filling system is designed to 
prevent damage to the liquid metal, the castings are free of major structural 
defects such as pores and oxide bifilms and thus the mechanical properties are 
high.  In reality, and especially when employing secondary alloys, cast aluminium 
components, regardless of casting method, contain defects such as gas and 
shrinkage porosity, often in combination with other defects such as oxide films, 
slag, intermetallic phases, entrapped air bubbles, etc. The morphology, size, 
distribution of defects etc. determine how well these cast components will 
perform in service. One thing is clear; the defects will significantly influence the 
static load capacity and fatigue life. They cause premature fracture in tension and 
fatigue, resulting in low elongation, tensile strength and fatigue life. Moreover, 
the presence of major structural defects increases variability in mechanical 
properties. Yield strength, however, is almost unaffected by the presence of 
defects because the material at and around the largest stress concentration yields 
before the rest of the material, flows plastically and work-hardens, making up, at 
least partially, for the loss in resistance to deformation. Consequently, specimens 
with the same alloy composition and processing history but with different defect 
sizes and morphologies can be expected to have approximately the same yield 
strength but different tensile strength and ductility.  

So in order to realize improved mechanical performance, means for minimized 
level of defects as well as knowledge on the influence of a certain type of defect 
on a particular mechanical parameter has to be identified and explained. 
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3 Objectives and target 

This part of the project is aiming at highlighting the influence of defect levels on 
the strength and ductility of Al-Si cast alloys, mapping available alloys used in 
highly ductile components as well as alloys considered high performing at 
elevated temperatures. The objectives are accomplished partially through 
elucidating the interaction between the variety of parameters involved in the 
production chain of aluminium castings and partially through collecting 
information and data for alloys considered being highly ductile. This stage is also 
targeting to find high performing aluminium alloys at elevated temperatures. The 
latter is not only focusing on cast alloys but on all aluminium alloys for high 
temperature usage. 

4 Parameters influencing the ductility and the 
performance at room and elevated temperature of cast 
Al-Si alloys 

Due to the increasing utilization of recycled aluminium cast alloys from 
components such as car cylinder heads, gear boxes, window frames etc., the 
necessity for strict microstructural control arises to remove the deleterious impact 
of impurity elements; which is considered to impair the overall properties of 
aluminium-silicon based casting alloys and mainly the elongation to failure. By 
implementing proper alloying and process technologies, the mechanical properties 
such as ductility will therefore be radically enhanced, leading to larger application 
fields of complex cast aluminium components such as safety details. 

Generally, the mechanical and microstructural properties of aluminium cast alloys 
are dependent on the composition, melt treatment conditions, solidification rate, 
casting process and any post-solidification treatment. The mechanical properties 
of Al-Si-Mg and Al-Si-Mg-Cu alloys depend, besides the Mg and Cu-content, 
more on the distribution and the shape of the silicon particles. Alloys in which the 
silicon particles are small, round and evenly distributed are usually highly ductile. 
Alloys in which the silicon particles are faceted and acicular are usually much less 
ductile but exhibit slightly higher strength.  

The theoretical development will enlighten and assess the influence of molten 
metal reactions products, porosity and iron along with its neutralizers on the 
microstructural and mechanical performances of cast Al-Si alloys and propose 
what can be done to minimize the undesirable effect; summing up with some 
guidelines helping the aluminium casters promoting as friendly cast components 
as possible. 

4.1 Introduction and overview – Al-Si based alloys 
Nobody disagrees on the fact that aluminium and its large number of alloys have 
affected our lifestyle in many ways due to the lightness, strength, ductility, 
conductivity, corrosion resistance etc. offered by these materials. Being the third 
most widespread metal and not older than 100 years, this metal has already been 
penetrated in sectors such as transportation and construction, food and chemical 
industries, machine and power engineering, aerospace, telecom, sport and jewelry 
etc.   
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Al that contains a maximum of 1% wt. of both Fe and Si is generally called pure 
Al. Pure Al is a very soft and ductile material, why its use is quite limited. 
Alloying pure Al with other elements, the properties can be tailored remarkably 
and the application fields enhanced. Al alloys are classified into two groups: 
wrought and cast alloys. Furthermore, each of these groups is then divided into 
classes according to the composition. Al cast alloys, foundry alloys that have Si as 
the major alloying element, are the most important commercial alloys due to their 
superior casting characteristics such as low melting points and excellent fluidity, 
rapid solidification, dissolves only hydrogen, which nowadays can be controlled, 
corrosion resistance, good weldability and machinability and are easy to recycle. 

In order to fulfill the varied demands on Al alloy products, a great number of 
alloys have been developed over the years. Designation systems and alloy 
nomenclature for aluminium casting alloy are not internationally standardized; 
there exist a number of national systems; Figure 1 Classification of Al casting 
alloys according to a) EN 1780 and b) EN 1706.Figure 1 illustrates the European 
Nomenclature system. Besides the major alloying element Si in foundry alloys, 
EN AC 4XXXX series, considerable amounts of Cu, Mg, Fe and Mn are also 
found in Al castings.  

 

a) b) 

Figure 1 Classification of Al casting alloys according to a) EN 1780 and b) EN 1706.  
Reproduced by permission of DIN Deutsches Institut für Normung e.V. The definitive version for the implementation of 
this standard is the edition bearing the most recent date of issue, obtainable from Beuth Verlag GmbH, Burggrafenstraße 6, 
10787 Berlin. 

During the solidification of alloys within the EN AC 4XXXX series, where the Si 
content is below 12.7%, see Figure 2a, Al-dendrites (almost pure Al) solidify first. 
The spaces between these dendrites are then filled with Al-Si eutectic, 
intermetallics and defects based upon alloying and processing conditions. The 
distance between these dendrites is identified as the Secondary Dendrite Arm 
Spacing, SDAS, see Figure 2b, which is related to local solidification time. At 
levels above 12.7% of Si, the solidification sequences start with precipitation of 
primary Si particles. Increasing the solidification rate the dendrite cells become 
smaller and subsequently leading to a refinement of the eutectic structure.  
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Figure 2 a) Illustration of the Al-Si phase diagram while b) shows the SDAS in a typical Al-Si 
microstructure. 

4.1.1 The Relationship between Process, Microstructure and Mechanical 
Properties 

 
Generally speaking, the microstructure and mechanical properties can be tailored 
by controlling the following three key sets of variables: 
 

 Melt treatment and processing variables, which include molten metal 
treatment, mold filling behaviour, molding materials and their 
parameters, local solidification time etc.  

 System and metallurgy variables, which include chemical 
compositions incl H, level of modification, grain refinement etc. 

 Post-solidification/-process variables, which include solution heat 
treatment, quenching, ageing, hot isostatic pressing etc.   

4.1.1.1 Melt treatment and processing variables 

Al castings can be manufactured by almost all casting processes such as high- and 
low pressure die-, gravity die- and sand casting processes incl. lost foam etc. 
Different manufacturing processes offer different casting qualities and soundness 
due to the mold filling behaviour and solidification conditions. By solidification 
condition it is meant the local solidification time, cooling rate, heat transfer 
coefficient and the heat diffusivity in the mold material. In this sense, permanent 
mold castings will exhibit a short SDAS in comparison to sand casting processes. 
While high pressure die casting processes are associated with turbulent flow, air 
entrapment and oxide films which are adversely influencing the mechanical 
properties, the processes of low pressure, permanent mold gravity die and sand 
casting enable a smooth and controlled mold.  

 

Generally, the mechanical properties of Al-Si are governed to a large extent by the 
amount and fineness of the eutectic in the microstructure. This comparison yields 

a) b) 
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only if the materials are processed under similar conditions. The distance between 
the secondary dendrite arms, SDAS, which defines the coarseness of 
microstructure in Al-Si based alloys, depends on the solidification conditions incl. 
type of process applied, and the geometry, specially the thickness of the castings, 
see Figure 3a. A short distance between these dendrite arms are generally 
accompanied with finer eutectic structure and intermetallic compounds which 
altogether realize higher quality and sounder castings see Figure 3b. The 
coarseness of microstructure and type of phases and defects are fundamental to 
the material behaviour. 

a) b) 

Figure 3 a) The relationship between wall thickness and SDAS and b) illustrates the influence of 
SDAS on the mechanical properties of an Al-7%Si-0.4%Mg alloy. 
 

4.1.1.2 System and metallurgy variables 

Besides the cooling rate and processing conditions dependency, the microstructure 
and mechanical properties are widely dependent on the actual composition incl 
level of H, metal treatment such as degassing, molten metal protection etc., and 
formation of defects at mold filling and solidification. 

 

Increasing the Si content the hardness, ultimate tensile strength, UTS, and yield 
strength, YS, will be enhanced on the expense of lowering the elongation. The 
characteristics of Al-Si can be altered furthermore by the addition of alloying 
elements such as Mg and Cu. Besides the effect of natural hardening, these 
elements allow a thermal treatment of castings. It can be looked at the Mg content 
in a variety ways, Mg in Al alloys makes up in some alloys as the principal 
alloying element, but in other alloys it can be regarded as an impurity. The 
solubility of Mg in Al reaches a maximum of 17.4 wt. % at 450. The Mg content 
in Al is limited since its strong tendency to react with other elements forming 
inclusions. In Al-Si foundry alloys, and as heat treatment is applied, Mg gives Al-
Si based foundry alloys a very strong response to mechanical performance, if 
added in proper amounts i.e. 0.3 to 0.7 wt. %. 

In Al alloys, Cu is found partially soluble in -Al solid solution, with a maximum 
equilibrium solubility of 5.65 wt.% , or forming intermetallics such as Al2Cu 
which will be solidified in two forms after the main Al-Si eutectic reaction: one 
massive or blocky and the other as fine eutectic form. The main purpose by 
adding Cu (up to 3-4%) to Al-Si alloys is to enhance their strength. The higher the 
content of Cu is the higher level of hardness and strength, see Figure 4 , will then 

d 
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be achieved. Increasing the Cu content beyond 6% the castability appears to 
improve, but the specific gravity of the alloy and porosity formation increase 
considerably. The strength and ductility of these alloys depend on whether the Cu 
is present in solid solution as evenly distributed particles, or as intermetallics in a 
variety of complexity. As for Cu being dissolved in the Al matrix in solid solution 
and/or precipitates in the matrix, the alloys will have the largest increase in 
strength and retain significant ductility, see Figure 4. On the other hand, if the Cu 
is only present as intermetallics on a microstructural level, any appreciable 
increase in strength will not additionally be realized, but a loss of ductility. 

 

Figure 4 The tensile test curves reveal the positive influence of Cu on the 0.2% proof stress and 
ultimate tensile strength of Al-7%Si-0.4%Mg alloys, which are on the expense of ductility. While 
a) shows the tensile behaviour for samples with SDAS ~ 10 µm; b) and c) illustrate the influence 
of Cu on samples with SDAS of ~25 µm and ~50 µm respectively. A=0%Cu, B=0.6%Cu, 
C=1%Cu, D=1.5%Cu, E=1.7%Cu, F=2.5%Cu, G=3%Cu and H=5.4%Cu. 

 

Fe in Al alloys has to be controlled carefully as it can cause a number of 
limitations. No one disagrees and literature is in agreement that this element is 
considered as the most deleterious element to the corrosion resistance and 
mechanical performance due to precipitation of brittle Fe-rich intermetallics with 
a variety of shapes and complexity. The morphology and size of the Fe-bearing 
phases in Al castings depend on the alloy composition especially the Fe level, 
melt treatment, casting conditions and cooling rate; and in Al-Si foundry alloys, 
they may appear as small or large platelets called β phase with a stoichiometry of 
Al5FeSi, Figure 5a. Due to the sharp edges of theses platelets, a severe stress 
concentration is likely introduced to the alloy's matrix. Due to this fact, these 
phases are recognized as the most detrimental to the casting's mechanical 
properties, especially the ductility, Figure 5b and Figure 6. 
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a) b) 

Figure 5 a) The crack-like morphology of the β phase while b) shows the relationship between Fe 
content, cooling conditions in terms of SDAS and ductility of Al-Si based alloy. 

 

That is why efforts should be dedicated to developing means of controlling their 
precipitation, growth and morphology. In addition, the morphology of these 
platelets might block the interdendritic feeding channels during the solidification, 
of course if they are precipitated as primary or during the eutectic reaction 
depending on the Fe level in the melt, leading to an increase level of porosity.  

 

 

Figure 6 Illustration of the influence of Fe on the stress-strain behaviour of Al-9%Si-3%Cu alloy 
with a variety of SDAS. 

 

β-Al5FeSi 

Cu-bearing particle  
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In order to enhance the overall properties such as tensile, fatigue and corrosion 
properties, the morphology of the β –phase, Figure 7a, in a platelets shape can be 
altered to a more compact, less harmful intermetallic compounds such as Al15(Fe, 
Mn)3Si2  when adding Mn, see Figure 7b. Other modifiers that are frequently used 
for that purpose are also Cr, Co, Sr, Be and Ca. When alloying with Mn and Cr, 
caution has to be taken in order to avoid the formation of hard complex solid 
component sludge, intermetallic inclusion. These intermetallic compounds are 
hard and can adversely affect the overall properties of the casting and can be 
avoided if the melt are produced properly. Sometimes, Fe is added intentionally, 
during the melting operation, in order improve the resistance to hot tearing and to 
decrease the tendency for die sticking or soldering. 

Figure 7 a) Micrograph showing the morphology of Fe- rich needle and b) is illustrating the Fe 
containing Chinese script due to Mn additions. 

 

Mg, Cu and Fe, if they are present in Al-Si alloys, promote the formation of 
different kind of coexisting intermetallics. In the occurrence of Mg, the  phase-
Al8FeMg3Si6 can form as Chinese script and/or as globules. Mg may also form 
complex intermetallics with Cu, precipitating as Cu2Mg8Si6Al5. In Al-Si alloys, 
when Cu is present, the Al- Al5FeSi -Si eutectic forms as thin needles or platelets. 
Other phases that Fe form when Cu is present is the needle like Al7FeCu2-phase.  

 

All Al alloys contain in fact different amounts of impurities like Ni, Cr and Zn. 
By impurities it is meant any species of foreign elements which have a 
detrimental influence on the castability, fluidity, mechanical and physical 
properties, corrosion resistance etc. Elements that dissolve in the Al may have a 
minimal influence on alloy properties. Under some conditions, certain elements, 
considered impurities, might have appreciable effects on the alloy properties, due 
to formations of intermetallic compounds. Further control and 
improvement/refinement of the microstructure and mechanical properties of Al 
castings, can be achieved by grain refiners and modifier agents. It is worth to bear 
in mind is that the SDAS is not related to the grain size.  

Grain refinement is a chemical process in which nucleating agents are added to 
the melt to promote the formation of fine, uniform and equiaxed grain structure, 
Figure 8. This process of adding grain refiner to the melt is also known as 
inoculation. The grain size of the alloy has inverse relationship with the number of 

  

a) b) 

Al15(Fe, Mn)3Si2 

Al5FeSi 
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nuclei present in the liquid; the greater number of nuclei will allow more grains to 
form and hence smaller grain size. The most commonly used grain refiners are Al-
Ti, Al-Ti-B and Al-B master alloys.  

 

 

 

 

 

 
 
 

Figure 8 Schematic illustration of the role of grain refinement where a) is an unrefined and b) 
grain refined (Courtesy of Arne Dahle) 
 

Some of the benefits of exhibiting finer grains in Al-Si castings are: 

 Improved feeding 

 Improved castability 

 Reduced and evenly distribution of shrinkage porosity 

 Better distribution of intermetallics 

 

All these benefits that grain refiner adds to Al-Si castings will promote 
improvements of the mechanical properties; it is therefore worth to bear in mind 
that in Al-Si alloys, the mechanical performance is not solely enhanced by grain 
size reductions. In order to realize higher ductility, the microstructure of Al-Si 
alloys, and mainly the Si particles, has to be modified. Besides its brittleness, the 
morphology of Si acting as internal stress raisers results in early fracture of 
casting as it is exposed to load. Modification is the process in which the 
morphology of the Si particles is changed from brittle acicular shape into fine 
fibrous form, see Figure 9.  

a) b) 

Figure 9 The role of modification where a) is unmodified and b) is modified structure of Al-7%Si-
Mg alloy. 

 

a) b)
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Among available modifiers, Na and Sr are mostly utilized; also by very rapid 
solidification, modification of Si is achieved. If a well performed modification is 
realized, the ductility will be at least doubled. High pressure die castings, once 
they got modified, enhanced their ductility from 2-3% up to 7-8%. Besides 
distributing porosity and intermetallics, Sr modification will have a great impact 
on the formation of Fe-rich intermetallics that tend to get refined when Sr is 
added. The degree of their refinement depends on the Sr as well as the iron levels 
in the alloy. 

4.1.1.3 Post-solidification/-process variables 

The heat treatment process that is commonly applied on Al-Si based cast 
components consists of solution heat treatment, quenching followed by nature 
and/ or artificial ageing.  

 

The soluble phases that have been formed during solidification, such as Mg- and 
Cu- rich phases, can be re-dissolved into the Al matrix. Solution heat treatment 
has also the characteristic of changing Si crystals morphology, from needle to 
spherical shape promoting the coarsening of these particles and homogenizing the 
distribution of alloying elements. This process is initiated because of the 
interfacial instability between two different phases, driving to reduce the total 
interfacial energy. The spheroidisation that is achieved compensates to the micro 
stresses created by the formation of precipitates, thereby affecting the ductility. 
The time and temperature, at which the solution treatment is conducted, depends 
upon the alloy composition and the melting point of intermetallic phases formed 
(Sjölander, 2011). 

To avoid grain boundary melting, the restrictive solution temperature for Al-Si 
with Cu containing alloys should be limited to 525°C for 1 wt. % Cu, and 495°C 
for more than 2 wt. % Cu. This treatment does not produce optimum mechanical 
properties for these alloys because it neither maximizes the dissolution of Cu-rich 
phases, nor able to sufficiently change the Si morphology. Modification with Sr is 
also recommended as it increases the melting point by 5°C raising the eutectic 
temperature of Cu-rich phases. AlSiMg alloys permit higher solution temperatures 
when compared to AlSiCuMg alloys. Due to turbulent flow of melt when high 
pressure die casting is employed, components may contain a large number of air 
entrapments that may expand and blister at elevated temperatures, making the 
application of heat treatment inappropriate.  

 

The second step of major importance is the quenching which is defined as cooling 
of the alloy from the high to room temperature, after solution treatment. This 
cooling, if done at a faster rate ensures better mechanical properties, while 
retaining the supersaturated solute and quenched in vacancies at maximum level 
in the matrix. The improvement of the strength properties such as hardness and 
tensile strength are obtained during the ageing process (Sjölander, 2011). 

 

The final step, ageing, allows the control of precipitate formations. Ageing takes 
place at room temperature (natural ageing) or at an elevated temperature in the 
range of 150-210°C (artificial ageing). The objective of ageing is to obtain a 
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uniform distribution of small precipitates, which give a high strength. The high 
level of supersaturation and the high vacancy concentration after quenching cause 
rapid formation of Guinier-Preston (GP) zones, which are clusters that contain a 
high fraction of solute atoms. These clusters are very small and finely dispersed in 
the matrix, because diffusion is limited at room temperature. The clusters are 
coherent with the matrix, but elastic stresses are induced around the clusters due 
to the difference in size between the solute and the solvent atoms. Coherent 
precipitates are formed because they have a small interface energy which gives a 
smaller critical radius that makes them precipitate relatively easy. The GP zones 
and the stress field around them hinder the dislocation motion, resulting in an 
increase in strength. 

Alloys containing Mg harden fast at room temperature, see Figure 10a. An 
increase in hardness is seen after about 1 h and a hardness plateau is reached after 
about 100 h, where no further increase in hardness occurs. The hardness that can 
be reached depends on the composition of the alloy; a higher Mg concentration 
(<0.7 wt. %) should normally results in a higher hardness. Al-Si-Cu alloys harden 
slowly at room temperature. If a small concentration of Mg is added, the alloy 
responds quicker to natural ageing, see Figure 10b. 

 

  

a) b) 

Figure 10 Natural ageing curves for a) a SSM HPDC A356 alloy (Möller et al. 2007) and b) an Al-
9Si-3.5Cu and an Al-9Si-3.5Cu-0.5Mg alloy (Reif el al 1997). 

 

Artificial ageing, similarly to natural ageing involves precipitation, but at an 
elevated temperature, normally in the range 150-210°C, at different times 
depending on the strength level required (Sjölander, 2011). At these temperatures 
atoms can move over larger distances and the precipitates formed during artificial 
ageing are normally much larger in size than GP zones.  

 

The initial events that take place within the components, exposed to ageing after 
quenching, starts with the GP zones formations followed, with time, by metastable 
precipitates that are either coherent or semi-coherent with the matrix. The 
metastable precipitates, when reaching a critical size, may nucleate on the GP 
zones, homogeneously in the matrix, or heterogeneously on dislocations or other 
lattice defects. The metastable precipitates grow upon further ageing by diffusion 
of atoms from the supersaturated solid solution to the precipitates. As the 
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supersaturation decreases, the precipitates continue to grow in accordance with 
Ostwald ripening. The process is driven by a reduction in surface energy, meaning 
that the larger precipitates coarsen as the smaller ones dissolve. As the precipitates 
grow, with time, they become non-coherent with a direct negative impact on 
strength but an increase in ductility might be obtained. Loss in coherency is then 
the last stage in the precipitation sequence. The precipitation procedure does not 
necessarily have to follow the abovementioned sequence, it can also start at a 
certain stage, i.e. an intermediate stage, depending on the thermal history of the 
component or tested material (natural ageing, artificial ageing temperature, 
heating rate etc.). A variety of tempers are recommended based on the desired 
demands; the following are the most common: 

 

O= Fully annealed 

T4= Solution heat treated and naturally aged 
T5= Cooled from elevated temperature, after removal from the dies and 
artificially aged (at elevated temperature) 
T6= Solution heat treated, quenched and artificially aged 
T7= Solution heat treated, quenched and artificially overaged. This heat treatment 
improves mechanical properties to a large degree, stabilizes the castings, and 
usually results in slightly lower UTS and YS but an increased elongation value 
compared to the T6. 

4.2 How to reach improved ductility – Materials related 
parameters 

 

Defects in castings, in the form of gas and shrinkage porosity, cold laps, misruns, 
dross, oxide films, inclusions, core gas, hot tears, entrapped air bubbles and/ or 
unwanted phases such as the deleterious Fe-rich particles, Al5FeSi, sludge etc can 
all act as initiation sites of cracks and as propagation paths. The presence of 
defects in Al castings promote a wide scattering and lowering of the strength and 
ductility, precluding any predictions of the tensile behaviour. The reproducibility 
of mechanical behaviour is quite limited especially the ductility. The literature 
presents huge amount of data on commercially utilized alloys with both 
similarities and contradictories in mechanical behaviour, once again mainly the 
ductility; which is due to the complexity and all interactions between melt 
treatment, processing, alloying etc. For instance, an Al-7%Si based alloys with 
0.4%Mg may show a variety in elongation to failures if the literature is compared. 
Since aluminium alloys are highly ductile and potential is not realized in castings, 
means and efforts have to be devoted to reach closer in terms in soundness and 
high integrity offered by these materials.  

 

4.2.1 Oxide films 

The anti-corrosive characteristic that makes aluminium alloys highly desirable is 
due to the formation of an impermeable layer of alumina that prevents further 
reactions with the liquid metal.  

The reaction of molten aluminium with the surrounding environment produces an 
alumina layer which initially has an amorphous structure having a thickness in the 
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range of nm referred to as young oxide film, Figure 11a (Jeurgens et al. 2002,a). 
The diffusion of oxygen into the layer allows for the nucleation of a crystalline 
layer of γ-Al2O3 having the range of few mm. (Bergesmark et al. 1989; Jeurgens 
et al. 2002, a). Saunders et al. (2008) reported that the reaction of metal with 
water vapour encourages the formation of hexagonal γ-Al2O3, and the interaction 
of dry oxygen encourages the formation of cubic γ-Al2O3. Moreover Bergesmark 
et al. (1989) observed that in dry environments a (1-2 µm) layer of alumina grew 
on the surface and the growth of MgO crystallites were observed afterwards in the 
presence of Mg in the aluminium alloy. And in wet environments the growth of 
the thin layer of oxide films was followed by the growth of branchlike mounds of 
oxides.  

Temperatures above 750°C are responsible for transforming cubic γ-Al2O3 to 
orthorhombic α-Al2O3 (Narayanan et al. 1994). This structure change increases 
the slow reaction rate until it decreases finally. Jeurgens et al. (2002,a) describe a 
threshold temperature at which Al rich oxide is formed and achieves 
stoichiometry.  

    

a) b) 

Figure 11 a) SEM showing a new “ young”  oxide film defect and b) SEM showing an old film 
defect (Nyahumwa et al. 2004). 

 

At a temperature less than 573 K an amorphous limited thickness oxide film is 
formed, while at a temperature greater than 673 K an amorphous Al rich oxide is 
formed rapidly achieving stoichiometric composition of alumina and attains 
crystallinity (Jeurgens et al. 2002,a; Jeurgens et al. 2002,b).   
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Being formed, no matter their state, oxide films will enter the bulk liquid if the 
surface happens to fold or by droplets forming and falling back into the melt, see                     
Figure 12 . As has been proved, these entrained folded oxide films that remain in 
the melt become the largest defects in the final cast component, leading to leakage 
path defects and structural weakness in castings requiring strength, ductility and 
fatigue resistance.  

These folded films can be unfurled, opening, growing and swelling due to the 
hydrogen in solution, shrinkage during solidification, Fe in the melt and large 
grain size. Worth to remember, this unfurling procedure will be suppressed if the 
casting is solidified quickly; castings with longer solidification times will exhibit 
higher levels of swelled gas- as well as shrinkage porosity and also larger amounts 
and coarse Fe-rich particles which are supposed to nucleate and grow on the outer, 
wetted surfaces of the oxide films. But the oxide films are not only evil, if they 
continue to stay on the surface of the melt, they will offer a valuable protection 
layer from catastrophic oxidation. 

4.2.1.1 Characteristics of oxide films 

Oxide films present in aluminium casting are classified according to the period of 
formation, thickness and amount of oxygen present in the aluminium oxide film. 
Young oxide films are formed rapidly during the pouring in less than a second and 
possess an amorphous structure with a thickness of nanometres (Fuoco et al. 1994, 
Cao and Campbell, 2005, Nyahumwa et al. 2001) having 5.53 wt.% oxygen (Park, 
2009). 

Old films are thick oxide films (Juergens et al. 2000) with a thickness that varies 
between microns to millimeters. Old films may originate from the tapping from 
the original electrolytic cells, casting of the original ingots, charges or from 
melting, holding and transferring prior to pouring (Cao and Campbell, 2005; 
Nyahumwa et al. 2001). Normally, these films are having 30-40 wt.% oxygen 
(Park, 2009). 

 

4.2.1.2 Bifilm formation  

In 1989, Bergesmark et al. found evidence of unreacted aluminium metal in the 
alumina layer outgrowths which sustained cracks and sunk into the liquid metal. It 
was explained that the sinking in the liquid metal was due to the difference in 
density between alumina and molten aluminium. It was later established that 

 

a) b) 

 

c) 

                    Figure 12 a) oxide film, b) discontinuities and c) is a droplet. 
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oxide films entrain into the molten metal and the oxide films act as defects (Green 
and Campbell, 1994; Campbell, 2003; Raiszadeh and Griffiths, 2010).  

During the process of filling and flowing of molten metal it is inevitable for the 
young oxide film of the metal to break when the velocity exceeds a certain critical 
value. Breaking the surface is characterized by Weber number at which the 
surface tension force is overcome by inertial force. When the film breaks the 
oxide film gets submerged into the liquid metal, the film is forced down into the 
liquid from both sides, imposing a double film structure to the oxide leaving the 
oxide film wrinkled and furled, often referred to as bifilm (Campbell, 2003; 
Campbell, 2006,b). 

Bifilms have the double internal side as dry unbounded surface with the outer side 
as wetted with perfect contact with the metal. The critical velocity of a flow is 
defined as the velocity at which the liquid will fold and generates flow turbulence 
(Campbell, 2003). Allowing the flow to rise above the surface level of the flow 
allowing fall back due to gravity, introduces entrapped surface films to the melt.  
A critical velocity of around 0.5m/s was defined for nearly all liquids (Green and 
Campbell, 1993; Runyoro et al. 1992).  

 

4.2.1.3 Furling and unfurling of oxide bifilms  

Furling of an oxide film occurs after entrainment of the oxide film during pouring. 
The effect of internal turbulence of the flow of liquid metal causes the oxide 
bifilms to be compacted and crumbled because of their extensive thinness and 
weakness.  Unfurling occurs after the liquid settles in the mould, the bifilm starts 
unravelling and the folds open due to several factors: 

 formation of gas porosity through diffusion of gas into the bifilm causing 
the bifilm to expand in volume forming a round shape; the growth of the 
gas sphere in the interdendritic region will block feeding and cause 
solidification porosity. 

 hydrostatic strain (negative pressure) due to solidification contraction, a 
decrease in pressure during solidification acts as a pulling force to open 
the bifilm. 

 dendrite pushing, the growth of dendrites pushes the oxide films away 
from its position and resides them on grain boundaries or inside 
interdendritic regions. (Campbell, 2006,b).  

4.2.1.4 Identification and measurement of oxide bifilms 

Until recently the existence of bifilm in castings was not detected, the thinness of 
the bifilms reaching ~nm rendered those films invisible in TEM imaging 
accounting to the probability of the presence of oxide areas in the processed area. 
Moreover experience and familiarity are needed to identify oxide bifilms using 
SEM (Nyahumwa et al. 2001; Campbell, 2006, a and b). 

Optical and scanning electron microscopy imaging are used to visually confirm 
the presence of bifilms, coupled with EDX is used to identify the existence of 
bifilms through measuring the level of oxygen in the identified location of oxide 
bifilm (Espinoza-Cuadra et al. 2007, Staley et al. 2007, Khalifa et al. 2004, Park 
2009) 
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Several techniques are used to provide a quantitative measure of the oxide films 
submerged in the bulk of the casting. Fox and Campbell (2000) introduced the 
density index, which was a measure of metal quality through measuring oxide 
films and hydrogen content. The density index was reached through comparison 
of measured density of solidified casting under reduced pressure and atmospheric 
pressure. But the density index was sensitive to randomness of the defect nature in 
the casting which rendered it unreliable. However Dispinar and Campbell (2004) 
assumed that oxide bifilms act as nucleation sites of hydrogen gas porosity in 
molten aluminium. The reduced pressure test would allow the expansion of 
hydrogen gas diffused into the oxide film during solidification.  To avoid the data 
scatter caused by the randomness of defect distribution, hundreds of samples were 
prepared nearly reaching a thousand. At low pressure applied till 10 mbar the 
theoretical data of hydrogen expansion and its influence on the density was in 
total disagreement and scatter compared to the experimental results. The authors 
explained that the fall back in the theory applied is due to a threshold volume for 
hydrogen pore formation in solidifying metal. Thus concluding that reduced 
pressure test are not ideal for metal quality measurement.  

Wannasina et al. (2007) discussed the reliability of using porous disc filtration 
apparatus (PoDFA) which supplies a quantitative measure of inclusions.  Mass of 
the molten metal is poured into a preheated crucible having a filter at the bottom. 
Vacuum applied to the lower part allows the metal to flow down the fine filter. 
Inclusions will be trapped and collected from the filter, the collected inclusions 
are identified as cake. Cake area examination defines the total inclusion which is 
given as the product of inclusion area fraction and the mean measured residue 
area divided by the filtered mass.   

Auto scanning eddy current studied by Chen et al. (2003) is suitable for scanning 
surface and subsurface of a cast material. Electric current induced at a metal 
specimen is recorded and oxide defects having different dielectric properties are 
identified if the eddy current intensity exhibits difference. Oxide defects in an Al 
matrix causes the conductivity of the matrix to decrease which will increase the 
impedance in the circuit, outputted on an oscilloscope. A limitation of this 
technique is when an oxide film nucleates porosity the eddy current scanning 
couldn’t identify the oxide bifilm.  There are also a number of other techniques 
available for checking up the quality of melts and castings, see later parts in the 
review. 

4.2.1.5 Introduction of oxide bifilms through casting processes 

During the melt preparation, degassing of hydrogen from aluminium alloys is 
done to ensure the removal of (almost) all hydrogen soluble in the melt. But the 
uncontrolled action of the rotary degassing has led to the belief that bifilm 
existence in the liquid would increase due to dross that was formed on the surface 
of the melt which was being drawn into the melt due to the vortex formed by the 
rotary action and leading to an increase in the entrained bifilms (Dispinar et al. 
2010). The use of diffusers placed in the induction furnace during fluxing and 
degassing was investigated according to the role of increase of bifilm into the 
molten metal and it was established that diffusers would decrease the number of 
inclusions but the number of diffusers isn’t of importance as it didn’t show any 
significant change (Dispinar et al. 2007).  

The design of the runner system controls the entrainment of bifilms due to flow. 
Dai et al. (2005) investigated the relationship between aluminium liquid flow 
behaviour, oxide film distribution and the effect on microstructure of casting 
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defects and their mechanical properties for different runner systems. Among three 
runner designs, the vortex runner flow was smooth no splash or folding was 
observed with the ability to maintain 0.5 m/s velocity of the flow, and the 
probability of oxide film formation was found to be on the edge of the casting. 
While in the rectangular runner a possibility of turbulence was observed, and the 
oxide film formation on the edge and near the ingate with triangular runner 
exhibits the worse behaviour among all. Hsu and Lin (2009) designed a diffusing 
runner for the control of velocity of the flow bellow 0.5m/s. Baffle geometry in 
the runner system is able to reduce the flow’s velocity. Pressure head will be 
transferred to the flow after contacting the bump in the runner would cause 
reduction in speed. A 0.6 m/s velocity was maintained in the flow after contacting 
the bump. No turbulence was permitted and no gaps leading to entrainment were 
observed.  

Pouring the metal (gravity) contributes to the population of bifilms into the metal. 
The height of the launder relative to the mould and the connection between the 
launder and the holding furnace have been proven to lead causes for the liquid 
metal to exhibit turbulent flow, thus increasing bifilms in the metal (Dispinar et al. 
2007).  

4.2.1.6 Detrimental Nature of oxide bifilms and related microstructural 
features 

The presence of oxide films in Al- melts contributes to non-load bearing areas that 
dramatically decrease the performance of castings. Besides, they have been also 
blamed (still debated) to participate in a number actions. 

 

The role of Silicon Eutectic in crack formations  

The presence of silicon in aluminium casting decreases the percentage of 
volumetric shrinkage compared to pure aluminium, attributed to the ability of 
silicon to expand upon solidification and enhance fluidity of the molten metal 
(Roy et al. 1996). Magnusson and Arnberg, (2001) reported that the addition of 
silicon to pure aluminium until 11.6% Si results in a decrease in shrinkage from 
6.6% to 4.4%. While it was measured by Awano and Morimot (2004) that the 
range of decrease of volumetric shrinkage of pure aluminium till reaching 10% Si 
is 4.3% to 3.2%.  

Growing primary Al dendrites, during solidification, witness the formation of Al 
spikes that precede the development of eutectic Si particles on Al dendrites; 
giving rise to Si-enriched spots in a doughnut shape dome, allowing for the 
segregation of Si particles. These small particles act as nucleation sites for 
eutectic Si (Cho et al. 2008 ; Liao et al. 2010, Dahle et al. 2001)  

It is improbable for Si to nucleate on primary Al dendrites, but instead it nucleates 
heterogeneously on an impurity. This was observed by Macdonald et al. 2004 at 
which Si eutectic nucleation in commercial Al-Si alloys was more abundant than 
in high purity alloys, thus suggesting that Si eutectic nucleation occurs on 
impurities. One impurity present in commercial alloys that was studied is AlP 
(Nogita et al. 2004, Samuel et al. 2000); another impurity is pre-eutectic β-
Al5SiFe needles (when iron is above 0.7 wt%) and act as nucleation site for Si 
eutectic particle that are nucleation site eutectic Al spikes (Cho et al. 2008).  

In pore free casting Campbell (2006,b) explains that Si eutectic particles nucleated 
around bifilms lead to fracture of the casting under moderate stresses and not due 
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to eutectic Si particles solely. The perfect interface between the primary Al phase 
and the Si eutectic phase, leads to a high decohesion stress which is unable to be 
induced in the ductile matrix as Al matrix. When the cast is free of defects, the 
second phase in the microstructure being Si in the absence of other intermetallics 
as Fe- rich intermetallics should not be responsible for the failure of the casting 
under moderate stresses.  

Campbell considers that Si cracking is very common and debonding of the second 
phase is plausible too, Figure 13. This is lead to believe that Si nucleating on one 
side of the bifilm is responsible for second phase debonding, and Si eutectic phase 
nucleating on both dry sides is responsible for particle cracking. Wang et al. 
(2001) observed at the decohesion spot of matrix-second phase interface pores 
associated with oxide films in fatigue fracture. Figure 13 shows both debonded 
and cracked Si particles for a fracture having ΔK 4.9 MPa √m.  

 

Figure 13 Fractography of debonded and cracked Si particles (Moffat et al. 2005). 

 

Wang (2003), Mansoor et al. (2009) and Stolraz et al. (2001) studied the fracture 
behaviour of near eutectic  alloys and the fracture was due to the development of 
internal stresses in the eutectic Si particles till the internal stresses reach fracture 
stress of the particle; causing a microcrack formation that grows and is connected 
through other microcracks. Wang (2003) didn’t observe any evidence of particle 
matrix interface debonding.  

Han et al. (2001) observed cracks initiating from the Si eutectic second phase 
interface, thus growing in different direction tracing the second phase interface 
along the microstructure. Boileau and Allison (2003) didn’t observe any cracked 
Si particles and no oxide films were present in the fracture initiation site. Buffière 
et al. (2001) found that at high levels of stress, decohesion of eutectic Si was 
connected through the Al ductile matrix by pores adjacent to critical stress 
positions.  

Gall et al. (2002) studied various factors that affect the crack initiation of Si 
particles and concluded that shape which is defined by the maximum feret length 
and alignment of the eutectic Si particle with respect to the direction of the 
loading stress, were the most important factors in causing fracture and debonding 
of Si particles.  

 

Oxide film crack nature 
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Figure 14 shows an oxide bifilms furled during solidification and taking the form 
of a pre-existing crack (Green and Campbell 1993, Wang et al. 2001).   

Nyahumwa et al. (1998) differentiated between the effectiveness of old and young 
oxide films that settle in final microstructure as a pre-existing crack. Entrained 
young oxide films formed during pouring having an internal double dry side are 
responsible for crack characteristics. Old oxide films bond to the aluminium 
matrix thus losing crack initiation characteristics. 

  

Figure 14 SEM image of entrained bifilm observed as a crack (Chen et al. 2004). 

4.2.1.7 Influence of oxides and inclusions on the mechanical properties 

 

Effect of oxide films on fatigue properties 

Oxide films are described as pre-existing cracks during solidification (Green and 
Campbell 1993, Wang et al. 2001). Fatigue induced crack during fatigue testing 
was studied by Nyahumwa et al. (2001) and fatigue fracture was caused by three 
inclusions, old oxide films, new oxide films and slip bands in hipped samples and 
pores associated with oxide films.  

When only old oxide film was observed as crack initiation site, the fatigue life 
was greater. At 150 MPa stress amplitude, the Weibull modulus was 3.5 and 
fatigue life was 388000 cycles. While in the presence of mixed old and young 
oxide films fatigue life was 299000 cycles with a Weibull modulus of 2.0. This 
was explained by the fact that old oxide films are bonded to the aluminium 
matrix. While the young oxide films lack bonding with the matrix and are more 
deleterious on fatigue life.  Oxide films are found to exist on transgranular facets 
at slip bands. One of the authors (Campbell, 2006,b) suggests that slip bands are 
caused by the straightening of the bifilm during solidification due to the dendrite 
growth.  

Jang et al. (2009) also observed oxide films on transgranular facet that caused the 
failure of 40% of the samples tested. The existence of the oxide films in these 
areas could be a preexisting film or it formed during crack growth due to fretting 
damage. When the run out samples were tensile tested similar transgranular facets 
were observed but less oxide films were detected on the oxide film. This lead the 
authors to the conclusion that oxide films form during crack growth and slip band 
cause transgranular facets and not oxide films.  Davidson et al. (2000) tested the 
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fatigue properties of A356 alloy in semi-solid, gravity and squeeze casting and 
examined the fracture surface were 20% of initiation sites were caused by oxide 
films and 80% of those films are undetectable by SEM imaging and bellow 
electron penetration depth having a thickness in the order of 0.1µm. Fatigue data 
presented in Figure 15 is compared to porosity data. Given the effect of porosity 
the effect of oxide films on fatigue data doesn’t seem to be more detrimental as 
pores and little correlation can be done with respect to its fatigue crack initiation 
and fatigue life variability. It is then suggested that fatigue crack initiation is more 
difficult to start from oxide films than from pores. 

 

Figure 15 Fatigue life and defect size for two amplitudes and three casting methods (Davidson et 
al. 2000). 

Effect of oxide films on tensile properties 

Dispinar and Campbell (2005) performed tensile testing on Al-11%Si (LM2) alloy 
samples and Al-8%Si-3%Cu-Fe (LM24) alloy samples and plotted the result as a 
function of the bifilm index which is a parameter defined as the total length of 
pores (believed formed on an a bifilm) found in the fractured sample after testing. 
Figure 16 and Figure 17 show the elongation and UTS results. A decrease in 
elongation of the metal was observed for both alloys with increasing bifilm index. 
While an increase in UTS is observed with increasing bifilm index; suggesting 
that bifilm acts as a composite metal–matrix strengthening element.  

 

 

Figure 16 Relationship between bifilm index (at 100mbar) and elongation of LM24 and LM2 
alloys (Dispinar and Campbell, 2005). 
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Figure 17 Relationship between bifilm index ( at 100mbar) and UTS of LM24 and LM2 alloys 
(Dispinar and Campbell, 2005). 
 
To summarize, the root causes for oxides inclusions are many, but a 
generalization might be made as follows: 
 

 Natural oxidation of molten aluminium 

 Excessive melt velocity and turbulence 

 Dirty return melt 

 Inadequate metal preparation; melting temperatures, oxide buildup on 
furnace walls, type of burners, stirring in furnace, moistures on 
treatments tools etc. 

 Poor metal transfer and gating systems 
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Figure 18 Illustration influence of inclusions/oxide films relationship on the elongation (Liu and 
Samuel 1998). 
 
Liu and Samuel 1998 studied the influence of oxides and inclusions on the 
elongation by pouring A356.2 (Al-7%Si-0.4%Mg) castings under different 
conditions such as fresh alloy, recycled alloy, melt with different stirring time, 
different holding time of melt and melt with and without degassing. It was 
declared that oxide films have a much more deleterious effect on the elongation 
compared to that expected from other inclusions and established a linear 
relationship between percentage elongation and log area percentage 
inclusions/oxide films as shown in Figure 18. 
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4.2.2 Porosity formation  

 

The formation of porosity is a result of many elements such as the initial gas 
content in the melt, nucleation conditions, processing conditions, Figure 19a, 
cooling rate, thermal gradient, solidification time and external pressure, the 
chemical composition of the alloy and the inclusion content etc. Mostly, the 
formation of porosity is devoted to the cooperative effect of dissolved hydrogen, 
nucleation sites, shrinkage associated, wall thickness, Figure 19b, with the 
solidification process.  

In general, the level of porosity will govern the mechanical properties; a high 
level and certain porosity morphology will promote a risk of occurrence of a 
premature failure, especially for parts with thin sections. It is generally stated, that 
the static tensile properties, such as UTS, YS and elongation to fracture, are all 
decreased with an increased degree of porosity. On contrary, according to other 
related publications, the reduction in tensile properties has almost no correlation 
with the average of volume fraction of porosity. In fact, the decrease in tensile 
properties is attributed to the length and/or the area fraction of the defects in the 
fracture surface. Regarding the fatigue strength, it is dependent on the 
combination of pores and metallurgical defects such as alumina skins, cold fills 
and dross.   

 

a) b) 

Figure 19 a) Fracture surface of an HPDC component with a clear sign of a droplet while b) 
depicts the influence of section thickness on the porosity level.  

 

In defective castings and in the presence of pores, the major cause of fatigue life 
deterioration and fracture initiation is porosity (Buffière et al. 2001; Mayer et al. 
2003; Ammar et al. 2008). Shrinkage porosity is responsible for crack initiation 
because they possess sharp radii that act as high stress concentres (Chan et al. 
2003;  Nicolettoa et al. 2010) . Campbell (2006,a) considers solidification 
shrinkage would cause the bifilm to unfurl so that to compensate for the volume 
contracted by the solid consequently a decrease in pressure during solidification 
contributes to the unfurling of the bifilm which acts as a pulling force of the 
bifilm to open. Moreover shrinkage porosity morphology is associated with late 
unfurling of oxide bifilms during solidification, forming interdendritic porosity.  
A combination of oxide films and shrinkage porosity was observed (Wang et al. 
2001; Francis and Delphine Cantin  2005).   
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4.2.2.1 Shrinkage porosity 

During solidification of cast aluminium, the casting exhibits volumetric shrinkage 
which is attributed to the alignment of atoms to ordered array of structural 
conformity during heat dissipation. Wray (1976) computed the total volume 
shrinkage of pure aluminium to be 7.14% according to three types of shrinkage, 
which the metal witnesses during the solidification process. The total volume 
shrinkage is due to the complete transformation of liquid metal into solid, in 
addition to the volume of liquid surrounded by metal in the mushy zone, at a 
temperature between the solidus and liquidus temperature and the volume change 
occurring at constant temperature associated with the complete phase change from 
solid to liquid. 

 

Porosity formation due to volume shrinkage during casting is considered having 
detrimental effects on casting quality (Buffière et al. 2001; Mayer et al. 2003; 
Ammar et al. 2008). Porosity nucleates when the outer shell of a solidifying 
casting, experiencing skin solidification, has completely solidified and possess 
considerable strength were the flow of metal is completely blocked, the 
subsequent solidification of the molten metal adjacent to the shell imposes tensile 
stress in the liquid metal due to low rate of contraction the shell has. Thus the 
volume contraction experienced by the liquid during solidification has a greater 
rate of contraction as compared to the contraction rate of the shell. In an attempt 
to maintain coherency by the liquid the tensile forces of contraction overcome 
surface tension of the boundary between solid and liquid and a pore will develop 
as shown in Figure 20 (Gohakle and Patel, 2005, Kaufman and Rooy, 2004).  

Campbell (1969) describes five feeding mechanisms for freezing alloys where a 
solid shell doesn’t form but experiences a mushy zone solidification, during which 
a mixture of solid dendrites and liquid forms.  Interdendritic feeding is the flow of 
growing dendrites with the flow of liquid through the mould. As the dendrites 
develop and coarsen the flow of liquid into the interconnected network becomes 
more difficult. Coarsening of dendrites increases pressure head and the pressure 
head of flowing molten metal must increase as well. When the solidification 
process progresses to the final stages the small channels solidify which halts the 
supply of liquid metal to the shrinkage sites. These shrinkage sites form tension 
on the liquid solid system which is relieved through forming void pores which 
have the ability to grow and coalesce from pores to arms, (Anson and Gruzleski, 
1999). 

Campbell (2006 a and b) considers the association of interdendritic pores to 
shrinkage and not to gas pores to be invalid because it provides an indication of 
the time of the pore opening either at an early stage or a late stage of freezing and 
doesn’t lead to the nature of the pore. And that the cause of shrinkage pores are 
unfurled bifilms that increase in size to compensate the contraction in the solid. A 
cluster of defects of shrinkage and oxide films was observed by other studies on 
tensile fracture sites corroborating (Francis and Cantin 2005; Cáceres  and Selling 
1996).   
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Figure 20 Large shrinkage pores located near the surface (Gohakle and Patel, 2005). 

 

Factors affecting shrinkage porosity  

Among five factors affecting shrinkage porosity in casting Gunasegarama et 
al.(2009) found that the mould coat thickness and mould flame temperature had a 
significant role in the formation of porosity because increasing the mould flame 
temperature and increasing the mould coating allow the temperature gradient to 
reduce through heat diffusion.  It’s achieved through decreasing the heat transfer 
coefficient between the casting and the mould. This shifts the location of 
shrinkage porosity from critical locations to a randomly distributed form. Factors 
as geometry of the ingate, tilt pouring mechanism and inlet temperature had no 
significant role on porosity. Although the contribution of mould coating to the 
decrease in heat transfer coefficient is limited to a maximum value of 20µm and 
becomes insignificant above this value (Hamasaid et al. 2007).  

Berry et al.(2006) studied the effect of extended pressures on porosity, and 
concluded that low pressures allow the growth of pores whereas high pressure 
levels reduce porosity levels remarkably. Hu et al.(2010) explains that the 
transformation of phase during initial stages of solidification accounts for the 
shrinkage in volume, high pressures forces the melt into poorly fed areas thus 
maintaining a constant pressure level in the liquid, prohibiting the formation of 
pores at early stages. But pressure acting on the feeding flow is not able to reduce 
the formation of late stage solidification pores because the solid is resistant to the 
force of pushing of the flow to enter the poorly fed areas.  

To avoid shrinkage leading to porosity directional solidification in the mould is 
important so that the final solidifying point is inside the feeder, which is removed 
from the solidified structure. A feed metal flow path defines the path at which the 
last point in the mould should solidify first and the last point usually in feeder 
should solidify last. Consequently any shrinkage occurring during solidification is 
compensated from the flow of liquid from upper regions (Lewis and Ransing, 
2000). Many papers have conducted studies on the optimal design for runner and 
riser system in low pressure die casting to avoid shrinkage porosity (Morthland et 
al. 1995; Carlson et al. 2002; Tavakoli and Davami 2009). 

 

Shrinkage pore characteristics  
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Porosity formed due to shrinkage of the solidified metal is observed through 
metallography as an agglomeration of pores mainly in the eutectic phase. The 
pores are distributed in a cluster form having irregular shapes. This observed 
behaviour of the pores depends on the morphology and distribution of the 
dendritic primary phase mostly in coarse dendrites. Where two dimensional 
sectioning of the porosity arms of the shrinkage experienced in the dendritic 
network only show one aspect of the shrinkage arms. (Anson and Gruzleski, 1999; 
Dietrich and  Radziejewska, 2011; Kotadia et al. 2011).  

Observing pores through SEM and measuring their length, have led to different 
characterization of pore length. Roy et al.(1996) estimated that the pore size is 
characterized by having an equivalent or a slightly larger size than a dendrite arm. 
Ammar et al.(2008) found a range of pore area that varied between 1.42 mm2 and 
0.8mm2. Using EBSD and X-ray, Buffière et al. (2001) measured microshrinkage 
pores formed at a late stage of solidification to have a size of less than 50µm.  

Nicolettoa et al. (2010) used X-ray computed tomography (X-ray CT) to study the 
shape and size of shrinkage pores because they consider examination of pore 
through metallographic observation is a random tool to assess pore length were it 
is probable that the maximum size of the pores are present in that chosen sample.  
In the X-ray CT the pores appear to be interconnected with a high probability to 
find small pores in the microstructure related to the network, so estimating the 
pore size according to metallographic imaging would decrease the accuracy of the 
measurement. 

To summarize, the possible root causes for shrinkage porosity 

 Casting designs creating isolated hotspots that are not addressed via the 
gating system or process 

 Alloy composition 

 As micro porosity is concerned, metal at the mold wall solidify rapidly 
while the metal at the  centerline of a casting takes longer time to solidify 

 Dendrite arms isolate liquid metal from feeding and the subsequent 
volumetric contraction of the liquid results in micro porosity indications. 

4.2.2.2 Hydrogen Porosity 

Hydrogen gas is the only gas that has a high solubility in liquid aluminium. Figure 
21 shows the hydrogen solubility in pure aluminium at different temperatures. The 
solubility of hydrogen in liquid decreases rapidly when the metal solidifies and 
the temperature decreases below the liquidus temperature. It is worth to bear in 
mind that alloying elements have also an effect on hydrogen solubility in 
aluminium.  

Only 10% relative humidity in air is able to introduce hydrogen into the melt 
(Monroe, 2005).  The interaction of air with the melt produces aluminium oxide 
and introduces hydrogen gas in the melt through the reaction: Al+3H2O  
Al2O3+3H2.  
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Figure 21 Solubility of hydrogen in aluminium at 1 atm hydrogen pressure (Kaufman and Rooy 
2004). 

 

In 1948, Fisher studied the phenomena of gas cavitation in the liquid state of glass 
and that theory was adopted later on to explain the homogeneous nucleation of 
gas porosity in metals. It states that a liquid will reach equilibrium after being 
under negative pressure which is defined as hydrostatic tensile stress when a 
vapor bubble forms that will allow for the system’s pressure to raise and reach 
vapor pressure. The work associated with the formation of a cavity is due to the 
product of the cavity volume and the pressure of the liquid (pV), the product of 
interfacial tension and the area of the interface between the liquid and the vapor 
(σA) and the work needed for the gas to diffuse into the cavity which is the 
product of the pressure of the reversible work of diffusion and the volume of the 
cavity (-prV). Thus the work need is the sum of all the lateral expressions.  

The developed equation of this expression is, at which the gas pore is assumed to 
be spherical, and r is the radius and is the surface tension:  

∆ 4   

After plotting the barrier energy for nucleation as a function of the radius, it is 
concluded that a critical radius of the pore exists of the survival of the pore at 
which its equation is: 

∗ 2
∆ ∗ 

Fisher (1948) faced mismatch between the measured vapor pressure of the gas 
pore and the calculated pressure needed for the fracture of the liquid, and instead 
he suggested that the gas pore nucleates at a solid substrate. Although Fredriksson 
and Svensson (1976) found that homogeneous nucleation is possible in 
interdendritic areas exhibiting pressure drop due to solidification shrinkage. 
Moreover the probability of homogeneous nucleation occurrence increases with 
increasing solidification range and with increasing hydrogen content. 
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The gas bubble forms an angle of wettability θ with the substrate which is usually 
an inclusion or an impurity. Accordingly nucleation sites decrease the pressure 
needed during homogeneous nucleation and becomes a function of the wettability 
angle θ. Factors as high gas content and low surface tension facilitates 
heterogeneous nucleation.  

Mohanty et al. (1993) proposed a heterogeneous nucleation mechanism that 
enables the insoluble gas particles rejected into the liquid metal to nucleate and 
produce a pore where the solidification front is assumed to be a planar one. The 
insoluble gas will nucleate on the non-wettable solid-liquid interface. A gas 
particle is pushed by the interface at which a thin film separates the particle from 
the S/L interface. The viscous pressure drop and the increase of gas the film 
region experiences can easily reach a pressure drop of 31,000 atm. 

However Kubo and Pehlke (1985) consider that a gas bubble nucleates 
heterogeneously at the end of a growing dendrite early in the solidification 
process and the high pressure needed for pore nucleation. Fisher (1948) described 
that it is not required to break the barrier energy and so during the growth stage of 
the gas pore is able to overcome the interfacial energy and gain buoyancy to 
detach from the dendrite.  

Atwood et al. (1999) performed a statistical analysis using the approach 
developed by Charbon and Rappaz (1993) that considers that heterogeneous 
nucleation occurs according to a normal distribution of sites as a function of the 
undercooling of the metal.  Using a thermal gradient of 4.7ºC to 6.3ºC and Al-7Si, 
Atwood et al. (1999) compared the experimental data to their fitted equations 
according to the normalized Gaussian distribution. The results didn’t match. The 
authors explain that the mismatch between the experimental and fitted results is 
because after a few pores have nucleated the hydrogen gas diffuses into those 
pores decreasing the amount of hydrogen in the liquid metal and decreasing the 
nucleation activity of gas pores. 

 

Considering homogeneous pore nucleation was impossible Campbell and 
coworkers (Fox and J. Campbell, 2000; Dispinar and Campbell, 2004; Dispinar 
and Campbell, 2011) have studied the possibility of bifilms being the nucleation 
point of pores where the pressure needed for pore formation becomes negligible. 
Griffiths and Raieszadeh (2009) proposed a three stage growth of the pore by 
hydrogen diffusion into bifilms. First a slow stage of growth because hydrogen 
diffusion is limited initially into the bifilm. The second stage the bifilm is ruptured 
by a reaction of the atmosphere inside or convection of the fluid flow inside the 
melt which allows a rapid diffusion of hydrogen into the bifilm until the ruptured 
bifilm is sealed. The third stage is the consumption of any atmosphere other than 
Ar and hydrogen (as O and N).  

4.2.2.3 Influence of porosity on the mechanical properties 

Effect of porosity on fatigue properties 

Porosity is the most detrimental element to fatigue life; the shape of the pore plays 
an important role on fatigue crack initiation. Shrinkage pores act as stress 
concentrators due to its complex shape facilitating crack initiation and 
propagation depending on fatigue stress level. This detrimental effect increases 
with increasing size. (Nicolettoa et al. 2010).  
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Chan et al. (2003) differentiated the effect of gas and shrinkage pores on the crack 
behaviour of Al-Si based alloys. In produced A356 alloy (Al-7%Si-0.4%Mg) 
specimens, only large round gas pores and small shrinkage pores existed, while in 
B319 alloy (Al-7%Si-3%Cu-0.4%Mg) specimens shrinkage pores with sharp radii 
curvatures existed. The authors made a distinction between the characteristics of 
shrinkage pores that exist in A356 and B319 that the ones in A356 didn’t possess 
the crack-like features of B319. Making crack initiation in A356 more difficult 
resulted in an increasing fatigue life; 400,000 cycles for A356 compared with 
100,000 cycles for B319. 

 

To study deterioration of fatigue life due to porosity Ammar et al. (2008) 
performed fatigue tests on A356 and A319 specimens and examined the initiation 
site, Figure 22. The fatigue life for each sample shown in Figure 23 a and b was 
plotted as a function of the pore area observed on the fractographic image of the 
sample. The fatigue life decreased as a pore area increased. At the same time the 
authors mention that the fatigue life variability was also a function of the stress 
level applied. The samples were tested at different stress levels ranging from 
54MPa to 86 MPa.  The identified types of pores  in the A356 samples were gas 
pores whereas the pores present in the B319 samples were shrinkage pores, 
although B319 samples had larger pores than A356 samples but the fatigue life of 
B319 samples were better than A356. It is thought that small pores will propagate 
cracks at a longer period than that of bigger pores, and the crack needs more 
propagation path through the matrix between small pores and maybe hindered by 
any microstructure present.  

 

 

Figure 22 Porosity near the surface being the initiation site of a fatigue induced crack of an A356 
alloy specimen at low and high magnifications (Ammar et al. 2008). 
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Figure 23 a) Number of cycles to failure as a function of pore area in B319-F samples and b) in 
A356-T6 samples (Ammar et al. 2008). 

 

High cycle fatigue tests were used to characterize the effect of porosity on fatigue 
life by Yi et al. (2006); different defects were observed on the fracture surface of 
the failed specimens as microcells which the author defines as eutectic Si particles 
distributed around the α-Al, oxide films large (>100µm) and small pores 
(<100µm). The authors consider that the fatigue life is closely related to the crack 
initiation cause, and a statistical analysis shows that pores are the most 
detrimental on fatigue life between the three types included in the microcell 
definition. The effect of small pores on fatigue life is more evident in long fatigue 
lives bellow 106, Figure 24, and also beyond that point at which the fracture is 
more dependent on the on the crack initiation phase than propagation as pointed 
out by Ammar et al. (2008). Small pores seem able to increase the induced stress 
level locally and increase the damage in short cycle damage, moreover, in long 
cycle damage small pores are able to initiate cracks. 

 

 

Figure 24 Crack initiation sites of failed samples under fatigue testing (Yi et al. 2006). 
  

a) b) 
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Effect of porosity on tensile properties 

Lee (2007) measured the trends of tensile properties as a function of fractographic 
porosity, depending on Gohakle et al. (2002) that concluded that fractographic 
porosity is a more reliable parameter to relate to tensile properties trends than 
volumetric porosity; which varied between 2 and 20% in the studied fracture 
surfaces. Data in Figure 25 indicates that UTS decreased from 310 to 220 MPa in 
the range of (2-20%) porosity while elongation decreased from 8-0.5% having an 
inverse parabolic trend line. On the contrary, YS didn’t show dependence on 
porosity and remained almost constant.  

 

Figure 25 Tensile properties of Al-7%Si-0.4%Mg as a function of fractographic porosity (Lee, 
2007). 

 

The data Lee (2007) recorded are in accordance to the data of Surappa et al. 
(1986) and the modeled data of Caceres (1995). The experiments account for the 
maximum dimension of the pore and recorded tensile data as a function of the size 
of porosity and not the volumetric porosity.  

Ma et al. (2007) use the same manner to study the effect of porosity on tensile 
properties using the maximum pore length. Testing samples from alloy 319.2, see 
Figure 26 for alloy specification, the authors were unable to produce consistent 
elongation data for the same maximum pore size driving the authors to the 
conclusion that maximum pore size is not a significant parameter in the trend of 
elongation. While YS was observed to form a band around 40 MPa stress range, 
but with a general trend of decreasing with increasing maximum pore area as 
shown in Figure 26a. In 356.2 samples highly scattered data were recorded and no 
trend can be resolved as shown in Figure 26b. 

 

To summarize, the possible root causes for gas defects in aluminium is  

 The moisture in the air (varies during the year) 

 Alloy additions 

 Combustion gases 

 Furnace refractories 

 Foundry tools 

 Fluxes 
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 Crucibles 

 Core gases due to binders and curing 

As the gas defects are a result of a number of actions, they can be identified as 
follows: 

1. Hydrogen gases are normally round in shapes and have small sizes (0.05-
0.5 mm) and may be uniformally distributed 

2. Core gases are spherical/irregular in shape with a shiny internal surface 
and normally located by cores areas. Their sizes are between 3 – 10 mm. 

3. Entrapped air that normally are round in shape with a dark grayish in color 
and located near surfaces. Sizes have been measured between 1-5 mm. 
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a) b) 

Figure 26 Tensile properties of 319.2 in a) and for 356.2 in b) as a function of maximum pore area 
(Ma et al. 2007). EA=Al-6%Si-3%Cu0.1%Fe and IA=Al-6%Si-3.5%Cu-0.4%Fe, and C=Al-7%Si-
0.3%Mg-0.1%Fe. S denotes modified alloys with Sr. 

 

4.2.3 Fe-rich intermetallics 

Fe in aluminium alloys is considered as an impurity which is inevitably 
introduced to recycled aluminium. Recycled cast aluminium scrap contains 
maximum 1.2% - 2.0% Fe while recycled wrought aluminium scrap contains a 
maximum of 0.6% - 0.7% Fe (Das, 2006). Understanding the behaviour of Fe in 
aluminium alloys is crucial to determine its influence of the properties of castings. 
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Fe forms many intermetallic phases in Al-Si alloys at various temperatures along 
with Si and its content under equilibrium conditions. Mondolfo (1976) identified 
several equilibrium phases that will be present in commercial alloys to be Al6Fe, 
Al3Fe, α-(AlFeSi), β-(AlFeSi), γ-(AlFeSi) and δ-(AlFeSi). In addition to those 
phases Khalifeh et al. (2003) detected the presence of others in pure Al-6%Si 
alloy as of AlmFe, AlxFe, and δ-β composite. 

4.2.3.1 Introduction of Fe intermetallics due to die soldering 

The die soldering effect has been reported to produce various Fe-rich intermetallic 
phases which can be introduced into the melt. This interaction between molten 
aluminium and the steel die was explained to be due to the forming of a layer 
which initiates as intermetallic pits that grow and coalesce. In a study, three 
intermetallic phases were detected, Al8Fe2Si, Al5FeSi and Al12Fe5Si, due to the 
continuous diffusion and dissolution of Fe and Al after reaching the critical level 
after each growth step, (Nazari et al. 2009).  

 
Figure 27 Microstructure of the interface of H13 tool steel and A380 (Al-9%Si-3%Cu-1%Fe-
0.4%Mg) aluminium alloy at a variety of time at T=680C.  

 

The micrographs presented in Figure 27 show the progress of the interfacial 
reaction between un-coated H13 tool steel with A380 aluminium alloy (Al-9%Si-
3%Cu-1%Fe-0.4%Mg) at different immersion times at 680°C. In both cases, the 
thickness of intermetallic layer increases continuously with increasing the 
immersion time from 0.5 to 2.5h. Figure 27a shows the formation of intermetallic 
compound inside a pit on the surface of H13 steel. Figure 27b shows an increase 
in the number of pits on the H13 surface. It is observed that H13 steel and 
soldered aluminium are separated by a gap. When the immersion time of the 
samples in the melt increases, pits grow in depth and width and coincide with 
each other and eventually coalesce Figure 27c. Then the intermetallic layer 
continues to grow until the end of the reaction as shown in Figure 27 (d–f). 

Whereas it was proposed that die soldering is interface controlled process and 
exhibited two buildup processes, initial and gradual buildup of layers which 
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contain α(Al), Si and other intermetallic phases. In the initial buildup β-Al5FeSi 
was observed to form in two different forms, a blocky particle near the interface 
and platelet needle particle away from the interface (Chen, 2005). Other phases 
identified at different distances from the interface layer were Fe2Al5 αH-Fe2SiAl 
and αbcc-(FeSiAlCrMnCu) in the presence of Mn, Cr and Cu (Chen et al. 1999).  

4.2.3.2 Formation of Fe intermetallics 

β-Al5FeSi Fe phase having needle shaped platelets is extensively studied due to its 
detrimental effects on the mechanical properties of Al-Si based alloys (Wang, 
2003; Ma, 2008, Seifeddine, 2006). The formation and morphology of β-Al5FeSi 
is controlled by alloy composition, cooling rate, modifiers and oxide bifilms, 
etc., which have been studied and discussed widely along the years in an attempt 
to control the formation of this phase.  

Alloy composition 

The formation of primary β-Al5FeSi is controlled by the amount of Fe present in 
the alloy. Exceeding 0.7%, it precipitates prior to eutectic reaction at 581°C in the 
form of large needles or platelets, and if the Fe content is below 0.7%, β-Al5FeSi 
it precipitates after the eutectic reaction at 565°C having fine needle shape (Lu et 
al. 2005, Liu et al. 2009, Cho et al. 2008, Samuel et al. 1998). Samuel et al. (1996) 
stated that the pre-eutectic reaction may or may not happen. While other studies 
consider that β-Al5FeSi only forms in a ternary reaction post eutectic at 
temperature 570°C (Wang et al. 2009), 567.8°C (Gowri et al. 1994) which was 
considered as an invariant reaction at 576°C (Mondolfo, 1976). Formation of the 
β-Al5FeSi phase in a pre-eutectic reaction is only possible if Fe content exceeds 
0.7%, a level in which most of the studies mentioned above exceeded while 
proving that an increase in Fe percentage increases size and amount of Fe.  

It is generally agreed that increasing amount of Fe would increase the amount and 
size of the β- needles, (Lu et al. 2005, Wang et al. 2009, Liu et al. 2009, Samuel et 
al. 1998, Samuel et al. 1996, Moustafa et al. 2009, Gowri et al. 1994, Ma et al. 
2008). Although not all studies agree on the formation of β- needles in a pre-
eutectic reaction, but utilizing this reaction in determining the effect of increasing 
Fe content in Al-Si alloy present an explanation for the reason of increasing Fe 
increases the amount and size of β-Al5FeSi. β-Al5FeSi nucleates prior to the 
eutectic reaction forming a plate like face, the diffusion of Fe from primary Al-Si 
to the plates after the eutectic reaction allows thickening of the plates. In the 
presence of other alloying elements as Mg and Cu, the formation of Al2Cu and 
Mg2Si rejects Fe from the compounds formed before and allows more thickening 
of the plates (Samuel et al. 1998; Warmuzek et al. 2005).  

An amount of Mg in the alloy above 0.4% was found to increase the size and 
volume fraction of Fe rich intermetallics. It was observed that the increase in Mg 
favors the formation of π-Al9FeMg3Si as opposed to the formation of β-Al5FeSi. 
Mg induces the potential of occurrence of a peritectic reaction transforming β-
Al5FeSi to π-Al9FeMg3Si. This phase transformation decreases elongation as 
well, noticed by Wang (2003). Caceres et al. (1999) reported that at low level of 
Mg the volume fraction of intermetallics (mainly β-phase) was 0.5% and at high 
Mg level the volume fraction of intermetallics (mainly π-phase) was 1.4%, which 
decreases the ductility of the alloy and decreases the effect of Mg in the 
strengthening process.  
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Cooling rate dependency 

The effect of cooling rate on the size of β-Al5FeSi phase was studied 
quantitatively by Samuel et al. (1996) and Seifeddine (2006) in an Al-Si alloy 
containing more than 1% Fe through measuring only single straight segments of 
β- needles. At high cooling rates (SDAS=15µm) the average length of a needle 
varied between 0-25 µm, at intermediate cooling rates (SDAS=52µm) the average 
length of a needle ranged between 20-50 µm with equal amounts of 0-25 µm and 
50-100 µm needles and at low cooling rate (SDAS=95µm) the average length of 
the needle ranged between 100-150 µm and equal amount of 50-100 µm and 150-
200 µm was observed with small amount of needles  with average length between 
450-500 µm. Thus, concluding a trend of increasing β-phase needle length with 
decreasing cooling rate. Comparable observations have been made by Seifeddine 
(2006), see Figure 28. 

 

0 0.4 0.8 1.2 1.6
Iron content (%)

0

100

200

300

400

A
l5F

e
S

i-
N

e
e

d
le

 l
e

n
g

th
 µ

m

SDAS= 8,4 µm

SDAS= 23,4 µm

SDAS= 70,1 µm

 

 Figure 28 The β-phase needle length as a function of Fe content and SDAS (Seifeddine 2006).  

 

Modification of these harmful platelets 

The modification of β-phase through the addition of elements can either transform 
the β-phase into other phases or reduce its detrimental characteristics. Mn addition 
to Al-Si alloy containing Fe transforms harmful β-Al5FeSi having a 
orthorhomobic structure to a neutral α-Al15(Fe,Mn)3Si2 having bcc structure 
observed as polyhedral or Chinese script like shape (Hwang et al. 2008, 
Seifeddine, 2006); see also Figure 29. Dinnis et al. (2005) serial sectioned Al-
9%Si-1%Fe and Al-9%Si-1%Fe-0.5%Mn alloys to identify the three dimensional 
shape of the α-phase and β-phase. β-Al5FeSi has a complex interconnected 
network of large platelets formed before the eutectic reaction and small platelets 
during the ternary reaction. α-Al15(Fe,Mn)3Si2 had two distinctive morphologies 
that were sectioned. The first is a blocky polyhedral structure formed as a primary 
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phase before the formation of the α-Al. The second is the outer region having a 
convoluted three dimensional branched structure formed after Al dendrites begins 
solidifying. Several combinations of Fe and Mn have been proposed to transform 
all β-phase intermetallics to α-phase. Similar observations were recorded by 
Warmuzek et al. (2005).  

 

 

a) b) 

Figure 29 Fe-rich intermetallics observed in 1% Fe and b) Fe-rich intermetallics observed in 1% 
Fe + 0.6% Mn (Zahedi et al. 2007). 

 

As a rule of thumb, in permanent and sand casting, Fe to Mn ratio should be 
maintained 2:1 which is only applicable when Fe percentage exceeds 0.45.  
Another ratio established was based on a trial basis of varying amount of Mn 
added with a constant Fe at 0.5 % in Al-6.7%Si-3.75%Cu alloy; adding 0.3 % Mn 
both phases coexist in the microstructure, at 0.65% only α-phase with a Chinese 
morphology existed and at 0.85% Chinese morphology particles were observed 
with several polyhedral particles. So it was determined that to transform all β-
Al5FeSi phase to α-Al15(Fe,Mn)3Si2 the ratio should be maintained at Mn:Fe 1.2, 
exceeding this limit would increase the volume fraction of α-phase which 
increases brittleness (Hwang et al. 2008).   

But others suggest that adding high amounts of Mn would not completely deplete 
all β-Al5FeSi phase reaching a level above the ratio of Mn:Fe to be 2:1. It was 
observed that adding 0.68% Mn to Al-7%Si-0.3%Fe would not convert all β-
phase to α-phase but is able to reduce the size of the needles. The morphologies 
were present as Chinese like script, star like and polyhedral shape. But at 1% Mn 
all β-phase needles are suppressed (Seifeddine el al., 2008). Zahedi et al. (2007) 
performed digital analysis on the Mn modified 319 alloys having a fixed 1% Fe 
composition; the authors did not found any evidence of the existence of β-phase at 
0.6 % Mn and at 0.9% Mn. Instead they observed α- and polyhedral star like 
particles at 0.6% Mn and only polyhedral star like particles at 0.9% Mn.  

If Cr is present in the alloy coarse α-phases collected at the bottom of the melt 
may form, consuming Mn and not leaving enough for conversion of the needles to 
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Chinese script-like phases (Gowri et al. 1994). These particles are known as 
sludge. Based on findings, a sludge factor was defined as: SF = l(wt%Fe) + 2(wt% 
Mn) + 3(wt%Cr) which is known as the 1:2:3 where the allowable SF must be 
near 1.8 to avoid sludge formation. It is worth to bear in mind that the sludge 
formation process is a temperature depending process as well. Depending on the 
alloy, above certain temperatures, sludge will not form, (Jorstad, 1986 and 
Gobrecht, 1975). 

 

Ashtari et al. (2005) examined the influence of K additions to Al-Si alloys 
targeting to refine both Fe-phases and Si-eutectic. Several concentrations of K 
were used to identify an optimum amount added to refine the microstructure but 
not coarsen the formed particles. Along with high cooling rates, close to 2% K in 
the alloy was determined to be a proper amount. Just below this value β phases 
were not observed and Si eutectic particles are refined. But at this level α-
Al8Fe2Si was observed having a very fine spherical structure. Moreover Si 
eutectic particles are converted to fibrous form. Above 2% coarser α-Al8Fe2Si 
compounds and coarser Si eutectic are observed. 

 

Nucleation mechanisms – Oxide films 

Surface turbulence entrains formed oxide on the front of the melt and introduced 
double oxide films to the melt. Early research detected the growth of Fe particles 
on oxide films at γ-Al2O3 formed by wet atmosphere. It was also noticed that the 
sample was more susceptible to crack (Bogg, 1977). Later work by Khalifa et al. 
(2005) observed that α-Al2O3 are the most potent sites among the ones studied for 
the nucleation of Fe intermetallics as α-AlFeSi, β-AlFeSi and δ-AlFeSi, but this 
potency decreases with increasing alloying elements as Si and Fe. Nucleation of 
Fe intermetallics occurred more densely in the interdendritic region and less in the 
α-Al. Similar behaviour was identified with γ-Al2O3 but with a high potency for 
the nucleation of Chinese script α-AlFeSi among other intermetallics present, 
Figure 30. Zahedi et al. (2007) state that Sr can give the impression that it 
fragments Fe phases, but it increases the density of these phases by poisoning 
nucleation sites and allowing competing on them. The refining effect of Sr on the 
β-phases was also proposed by Cho et al. 2008, meaning that Sr additions 
gradually decreased the β-phases nucleation temperature and the formation of β-
phases being suppressed by the presence of Al2Si2Sr.  

 

Figure 30 Two Fe phases nucleating on a bifilm (Cao and Campbell, 2003). 
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However, Cao and Campbell (2003) correlated the presence of oxide bifilm to the 
nucleation of Fe rich-intermetallic phases and claimed that the brittle effect and 
crack initiation sites of Fe intermetallics normally attributed to Fe are actually dry 
sides of the double oxide film and in fact two Fe phases form on the wetted sides 
of the oxide film. They corroborate their argument by questioning crack 
propagation during solidification and cooling while a ductile aluminium matrix 
should blunt the crack. Figure 30 shows the microstructure of the experiments 
performed under violent conditions to introduce bifilms to the melt. In the images 
it is reasoned that the opening in the Fe phase is not a crack because the pieces 
don’t connect which indicates that two intermetallic phases are formed on the 
same bifilm. 

Miller et al. (2006) examined the phenomenon studied by Cao and Campbell 
(2003 and 2004) concerning the nucleation of Fe phases on the wetted side of 
double oxide films. Three trials were implemented to observe the nucleation 
behaviour of Fe phases. First trial was careful preparation of the sample so no 
additional bifilms are introduced to the melt. The results show that there is 
domination of β-Fe but they do not contain any cracks and they are defect free. 
These findings are in agreement to Lu and Dahle (2005) and Cho et al. (2008) 
were at normal conditions no oxide films were introduced due to normal 
experimental conditions and defects correlated to the Fe-phases were not 
observed.  

The second trial was to increase oxide film entrainment in the metal; a violent 
preparation of the metal was done by pouring the melt violently to the preheated 
furnace, not skimming the surface and stirring periodically. In 20 β-phases 
examined in the microstructure a large number of β-particles contained crack like 
defects. To confirm the nucleation of β-phases bifilms an XEDS showed high 
concentration of oxygen in the crack’s position; indicating presence of oxide 
within β-Fe. However it was not sufficient proof to the authors to confirm 
nucleation site. It was suggested that the cracks could be caused by cooling and 
the detection of oxygen in the crack is due to oxidation and contamination of the 
fractured surface. In addition it was observed that α-Fe was formed closest to the 
substrate while β-Fe is connected to α- Fe. This could be an indication that α-Fe 
has oxide films as a preferential site of nucleation and β-Fe nucleates at α-Fe, 
which confirms observation of  Cao and Campbell (2004) and (Gustafsson et al. 
1986) where the primary Fe phases nucleate Fe phases formed at a later stage. 
Primary α- phase nucleates on oxide films and this phase may nucleate script α-
Fe, platelet β-Fe and script π-Fe. Another explanation may be that β-Fe plates 
were observed to be in contact with α-Fe because it has been nucleated above or 
below the plane and was impinged by α-particles. 

The third trial was to add oxides into the melt as MgAl2O4 and Al2O3. It was 
observed that Fe-phases have grown on the surface of (Al+ α-Al2O3) agglomerate. 
Moreover, β-Fe nucleated on MgAl2O4 and the plate contained many cracks. 
Cracks could be plate containing oxide films or the cracks occurred during 
polishing. 

4.2.3.3 Influence of Fe and Mn on the mechanical properties 

Effect of Fe rich intermetallics on tensile properties 

The effect of Fe β- needles on the tensile properties of 319.2 alloy and 356.2 alloy 
having 0.1%, 0.2% and 0.45% Fe content is presented. Tensile properties were 
plotted as a function of average β-platelet length. Increase in the length of Fe β -
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platelet decreased elongation and UTS, but no apparent trend was observed in 
relation to YS, Figure 31 a and b.  

In the 319.2 alloys, between the size interval of 0-100 µm of β- platelet size, the 
UTS decreased rapidly; beyond this point the decrease becomes less apparent and 
a change in the size of the platelet does not affect the strength significantly. 
Similar trends of UTS in 356.2 alloys as 319.2 alloys were observed in a size 
range of β- platelets of 0-70 µm. A decrease in the elongation for both alloys was 
noticed with increasing length. Sr modified samples resulted in higher trend lines 
than the unmodified alloy for elongation, indicating that β-platelets control the 
elongation of the alloys together with the Si-phases. 

Regarding the YS, no correlation could be drawn with regard to the size of the β –
particles; a scatter in data resulted from the four alloys studied. The best 
combinations of stress and strain behaviour of the alloy is maximum at low Fe and 
high cooling rate; whereas the minum is at high Fe and low cooling rate  (Ma et 
al. 2008, Seifeddine 2006). 
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Figure 31 Tensile properties of 319.2 in a) and 356.2 in b) samples as a function of beta-platelet 
average maximum length (Ma et al. 2007). EA=Al-6%Si-3%Cu0.1%Fe and IA=Al-6%Si-3.5%Cu-
0.4%Fe, and C=Al-7%Si-0.3%Mg-0.1%Fe. S denotes modified alloys with Sr. 
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Effect of Mn addition on Fe rich intermetallics 

The addition of Mn into the alloy to refine the microstructure, mainly the iron rich 
compounds, can cause deterioration in mechanical properties if an excessive 
amount is added. Increase in Mn content can introduce blocky intermetallic 
phases as well as porosity (Hwang et al. 2008).    

Zahedi et al. (2007) studied the effect of all intermetallics present upon 
modification by Mn and Sr in Al-5%Si-3%Cu-1%Fe-0.3%Mg alloy. 0.6% Mn 
increased the UTS from 200MPa to 215MPa while 0.9%Mn showed no 
improvement in properties than unmodified samples, Figure 32. Comparing the 
microstructure of 0.9% Mn samples to 0.6% Mn showed an increasing volume 
fraction of blocky polyhedral intermetallics as a function of Mn which acted in a 
counterproductive manner and thus decreasing the tensile properties than the ones 
achieved at the optimum value of Mn addition. Worth to notice the scatter in data 
as well! 

 

Figure 32 Effects of increase in Mn (Zahedi et al. 2007). 

 

Hwang et al. (2008) observed a similar trend of effect of Mn in 319 alloy having 
0.5% Fe. The UTS and elongation increased when the Mn content increased till 
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0.65%. But beyond the value of 0.65% Mn in the alloy, the UTS decreases 
slightly because of the increase of the α- phase volume fraction in the alloy from 
2.9% α- phase to 3.4% α- phase while β -phase for the two alloys is nearly 0%.  

Effect of Fe rich intermetallics on fatigue 

Yi et al. (2004) performed fatigue tests on A356-T6 (Al-7%Si-0.4%Mg) at low Fe 
and high Fe (0.06%, 0.57%) content. Two groups of specimens were extracted, St 
and Sb, corresponding to the samples taken from the top of the chill and to the 
bottom of the chill. The authors concluded from the fatigue data that a critical 
stress level exists, Figure 33; if the applied stress is above this critical level, the 
high Fe content increases the fatigue life slightly; this critical stress is 
approximately 130–140MPa for these castings. 

 

Figure 33 Fatigue life for and low content Fe samples in A356-T6 alloy, a) for St and b) for Sb (Yi 
et al. 2004). 

 

The induced crack initiation site is seen to be a microcell at the surface. At low Fe 
level the microstructural features were easily resolvable indicating the occurrence 
of plastic deformation of the α-Al leading to the fracture of the Si eutectic 
particles. At high Fe levels the same observations were recorded but Fe 
intermetallics also were to crack and grow along with the crack or the decohesion 
of the Si particles.  

Fatigue data of Al-10%Si-2.3%Cu denoted A with 0.1%Fe and 0.05%Mn, B with 
0.5%Fe and ~0%Mn and C with 0.5%Fe and 0.25%Mn, is presented in Figure 34, 
Ceschini et al. (2009). The numbers 1 and 2 refer to the dendrite arm spacing of 
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10 and 50 µm respectively. Only alloy A showed mere reproducible data due to 
the low Fe content. Because of the difference in Mn and Fe content along with α-, 
π- and β- phases, the authors concluded that all intermetallics have similar effect 
on fatigue crack nucleation and propagation. 

 

 

Figure 34 Fatigue data showing high scatter Ceschini et al. (2009). 

 

Yi et al. (2004) and Ceschini et al. (2009) reported similar observations 
concerning the fatigue induced fracture but with different initiation sites at which 
Ceschini et al. (2009) found the site to be shrinkage porosity near the surface, 
Figure 35.  

 

Figure 35 Fatigue fracture surface in a large SDAS specimen: nucleation site at casting defects 
with fatigue striations, Ceschini et al. (2009). 

 

4.3 How to reach improved ductility – Process related 
parameters 

 

It is worth to bear in mind the casting design and its related contributions to the 
soundness and quality of the final casting. Casting design is not a part of this 
review but remember that the casting geometry plays also a certain role on the 
quality of the casting. During cooling, the material contracts and the mold and die 
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will commonly restrict the motion of the part. In the case of a restricted motion, 
this will either result in residual stresses or cracking. In high pressure die casting 
this is partly controlled by the cooling time; where an early die opening reduces 
stress, but increases warpage and may as such create tolerance problems. In low 
pressure die casting processes and gravity driven processes this can also to some 
extent be used but the effect is not as dramatic as for high pressure die-casting due 
to the higher cooling rates in the latter. In all cases it is important that the 
appropriate allowance for thermal shrinkage is made. 

 

4.3.1 Gravity casting 

For gravity driven processes, the melt is poured into a cup, or weir bush, filling up 
the tapered sprue and transported through the runner and the gate into the cavity 
consisting of the part, feeders and risers. The purpose of the gating system is to 
generate a calm flow with a minimum of temperature loss. A successful casting 
can be achieved if Campbell’s Ten Commandments are properly followed, 
Campbell et al. (2003): 

 Clean metal, is primarily managed during melting and melt 
treatment, but filtering and mold cleanliness help to avoid 
unnecessary gas pick-up and inclusion generation/entrainment 
 

 No meniscus damage, damage is caused by front break-up, which is 
governed by a balance between inertial forces (filling speed and 
viscosity) and surface forces (surface tension), characterized by the 
dimensionless Weber number 

 
 No liquid metal front stopping damage, “at no time during the 

filling should the liquid metal front stop moving”. This is caused by 
large flat surfaces and by sudden dimensional changes. There is to 
some extent the design of component that controls this defect, but 
melt temperature and the possibility to cast large flat surfaces on 
inclined plane make the control of this factor primarily a filling 
related matter. 

 
 No bubble damage, is related to entrainment of gas into the melt is 

all about melt turbulence and inappropriate taper of the sprue and 
flawed dimensioning of the runner and gating system. Entrainment 
comes partly at the filling front but may also occur at sharp corners as 
a consequence of aspiration. A measure of the degree of turbulence is 
the dimensionless Reynolds number that describes the balance 
between inertial forces (density and flow speed) and viscous forces 
(viscosity)  

 
 Reduce core blow damage, damage is achieved by controlling gas 

emission from sand cores and is all about venting during filling. 
Venting is partly related to the design of the venting system, but 
requires a filling pattern that allows for venting and does not block 
venting path. Similar defects may occur in pressure die casting and 
even in coreless processing. In thin-walled casting inserts segments 
and ejector pins serve as vents. 
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 No shrinkage damage, is related to feeding. To avoid shrinkage 
defect it is essential that all feeding is made in the direction of gravity 
as uphill feeding is impossible. Casting design and mold lay out 
dominated this defect and affect filling but is not affected by filling. 

 
 Avoid convection damage, is a difficulty for larger casting and is a 

thermal siphoning effect. The gating system of a large casting is such 
that the thermal gradients act with, rather than against, gravity. 
Sometimes the best solution is to roll over the casting after pouring, 
but requires a complete rethinking about the risers and feeding of a 
casting. 

 
 No un-planned segregation damage, is again related to large 

castings and directional casting that is slow and uncommon in most 
casting processes. It is not affected by filling but sensitive to casting 
layout and solidification conditions. 

 
 Controlled residual stress, residual stress is generated by restricting 

part contraction during solidification and cooling and/or during the 
quenching operation when heat treating. This is determined by the 
part design and by runner and gating, locking motion during 
contraction. 

 
 No machining damaged, is related to the way a casting is solidifying 

and as such related to the melting process and the melt treatment 
made. Commonly there is a cast surface layer that is sound in terms 
of porosity but 1 to 2 mm below the surface porosity may be found. 

 

“Since the early 1990s, a number of foundries around the world have started to 
apply the Campbell rules to make better castings. The methods for transferring 
metal, cleaning, measuring melt quality, and the design of running systems that 
deliver quiescent metal into the mould cavity are presented in Campbell’s books 
and summarized by the author in various publications. Where the rules have been 
applied, improvements in the reliability of castings have been substantial. This 
review is not intended to educate readers in the application of the rules but merely 
to raise their consciousness to the fact that humankind’s oldest metal-working 
process is finally finding a scientific voice to help its practitioners achieve better 
results“(Mark Jolly). 

4.3.2 High pressure die casting 

Taking a look at the high pressure die casting (HPDC) process, and referring to 
the aforementioned information, there are no doubts considering this process as a 
“defect generating process”. In the filling stage of HPDC, extreme conditions are 
established due to a variety of reasons: complexity of components leads to 
complex dies, and required high production rates (up to 120 shots/h) lead to very 
high filling velocities for the molten alloy (up to 40 m/s) with strong generation of 
turbulence in the flow. The potential of HPDC will be completely utilized only 
when the melt quality and process parameters are perfectly optimized. 

Defects have been classified regarding the sources and their effects. Two of them 
are presented in Table 1 by Cocks (1997) which focuses on pressure casting 
processes and highlights role of surface defects, and another approach by 
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Campbell which is mainly aimed at describing defects typical for gravity casting 
processes and focused on solidification defects, Table 2. According to Campbell, 
in HPDC process gas porosity has two main sources: gas in solution which is 
mainly hydrogen gas and gas entrapment which is mostly air. 

 

Table 1Classification of defects according to Cocks (1997). 

 

  

Table 2 Classification of defects according to Campbell. 

 

 

Gas entrapment 

Gas entrapment porosity is the most frequent defect found in HPDC products. Air 
bubbles can form in turbulent liquid metal vein or in the shot sleeve, in filling 
channels or inside die cavity, Figure 36. Also the gases from burning of lubricant 
which usually consist of hydrocarbons can be entrapped. The gas entrapment 
porosity consists of small cavities due to air bubbles trapped inside of the liquid 
metal. The porosity morphology appears as spherical or ellipsoidal cavities 
characterized by relatively smooth surfaces on which a thin oxide layer (due to the 
high-temperature interaction between air and the liquid metal) could be found. 
The final distribution of cavities within the casting depends on the path of the 
metal. The size of the air entrapment porosity is 10-2000 μm and it can be 
detected by radiography, ultrasonic inspections or metallographic tests. 
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Figure 36 Air entrapment during HPDC process. 

4.4 Summary of the relationship between Process, 
Microstructure and Mechanical properties 

Any departure from expected casting quality is related to a number of measures 
that might control a certain property. Gas and shrinkage porosity, cold fills, dross, 
oxide films, inclusions, unwanted phases due to reactions with refractories or 
tools, are attributed to the melt cleaning practices. A majority of these undesired 
features can be avoided if proper cleaning guidelines are implemented such as 
degassing, slag removal including fluxes, refractory and crucible care etc. The 
presence of defects in Al castings is the reason that promotes a wide scattering 
and lowering of the strength and ductility, precluding any predictions of the 
tensile behaviour. As for oxide film formations and entrainments , the surfaces of 
aluminium melts are mostly comprising oxide films which will enter the bulk 
liquid if the surface happens to fold or by droplets forming and falling back into 
the melt. These entrained folded oxide films that remain in the melt become the 
largest defects in the final cast component, leading to leakage path defects and 
structural weakness in castings requiring strength, ductility and fatigue resistance. 
These folded films can be unfurled, opening and growing like a balloon due to the 
hydrogen in solution, shrinkage during solidification, Fe in the melt etc. Worth to 
remember, this unfurling procedure will be suppressed if the casting is solidified 
quickly. Castings with longer solidification times will exhibit higher levels of gas- 
as well as shrinkage porosities and also larger amounts and coarser of Fe-bearing 
phases as well as coarser Si eutectic. Each and every parameter, as well as, which 
normally is the case, the combinations and interactions between these parameters 
are affecting the mechanical behaviour of Al-Si based alloys, mainly the ductility.  
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4.5 Ductile alloys – commercially available 
 

Today’s requirements on cast parts, especially for automotive components, have 
raised the need for new alloys with superior mechanical properties. Among these 
properties the ductility is crucial. For crash relevant parts ductility (elongation) 
more than 12 % is desirable.  

It is worth remembering that the ductility is governed by a variety of factors, such 
as alloying elements, Si, Cu, Mg, and alloy purity and heat treatment. Another 
factor is the casting process that forms the casting. No matter what conditions are 
given, if defects are being introduced during melting or casting, the mechanical 
properties will be drastically reduced.  

Several ductile cast alloys have been developed in Germany in close cooperation 
with the automotive industry. One way to achieve the requested levels of 
elongation in for instance a high pressure die casting is to employ low iron content 
and heat treat the parts to a T4 (solution treatment) or T7 (over-aged). However 
there is always a risk for distortion and blisters at the temperature level for 
solution treatments. If the Al-Si alloys are cast in permanent moulds, they may 
reach an increased ductility, but on the expense of a decreased YS. With a suitable 
heat treatment the properties can be tailored further.  

Another option is to use alloys from the Al-Mg family. These alloys do not need 
any heat treatment, but they might be more difficult to cast. Due to higher 
shrinkage, consideration has to be given to the gating design with, for example, 
larger drafts. As Sr is generally added to improve the ductility in Al-Si alloys, in 
some Al-Mg alloys, Ti additions significantly improves the ductility (Shouxun et 
al. 2013). 

 

4.5.1 Producers 

Producers of aluminium alloys with high ductility are primarily found among 
manufacturers of primary metals, such as Rheinfelden GmbH and Rio Tinto Alcan 
Aluminium. Rheinfelden GmbH and Trimet al.uminium AG also manufacture this 
type of alloys from recycled raw materials.  

 

4.5.1.1 RHEINFELDEN 

 

A number of ductile alloys have been developed along the years and below a 
number of these are summarized: 

Alufont 

Alufont-47, see Table 3, Alufont-48 and Alufont-52 are high-strength alloys for 
sand and gravity die casting. They are suitable for heat treatment and the 
mechanical properties can be controlled by varying the artificial ageing 
parameters, see Table 4. They are also suitable for welding and have good 
machinability. However, they are not recommended when corrosion resistance is 
needed, because of the high Cu content. 
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Table 3 Alufont-47 (AlCu4TiMg) corresponds approximately to EN AB-2100. 

Si Fe Cu Mn Mg Zn Ti 

0,15 0,15 4,2-5,0 0,10 0,20-0,35 0,07 0,15-0,25 

 

Table 4 The mechanical performance of Alufont-47 as a function of process and temper. 

Casting 
method 

Temper  
designation 

YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Hardness 
HBW 5/250-30 

S T4 220 - 280 300 - 400 5 - 15  90 - 115  

S T6 240 - 350 350 - 420 3 - 10  95 - 125  

GC T4 220 - 300 320 - 420 8 - 18  95 - 115 

GC T6 260 - 380 350 - 440 3 - 12  100-130 

 

Anticorodal®-04 

Anticorodal®-04 is an alloy with very low Si-content, which makes it a bit more 
difficult to cast, Table 5. The alloy exhibits excellent mechanical properties, 
electric conductivity and corrosion properties, Table 6. 

 

Table 5Chemical composition of Anticorodal®-04 (Huttenaluminium product sheet). 

Si  Fe Cu Mn Mg Zn Ti 

0,3- 0,6 0,8 0,01 0,01 0,3-0,6 0,07 0,01 

 

Table 6 The mechanical performance of Anticorodal®-04 as a function of process and temper. 

Casting 
method 

Temper  
designation 

YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Hardness 
HBW 5/250-30 

S F 60 - 100  90 - 130 15 - 50  35 - 40  

S T7 160 - 180 190 - 210 3 - 5  70 - 75  

GC F 80 - 120  100 - 140 18 - 22  40 - 45  

GC T7 170 - 190 200 - 220 3 - 6 70 - 80  

D F 80 - 120 100 - 140 7 - 12 40 - 45 
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Castasil®-37TM 

Castasil-37 is manufactured from primary aluminium and is used in high pressure 
die casting components. The alloy, see Table 7, is easy to cast and provides a high 
elongation, even in as-cast condition. The alloy can be heat treated to obtain a 
further increase in ductility. The description of the alloy specifies strength values 
at different thicknesses, see Table 8. The thinner the goods, the higher tensile and 
yield strength. The alloy contains a fairly high percentage of Mn, which is used to 
compensate for the low Fe content in order to decrease die soldering. 

 

Table 7Chemical composition of Castasil-37 (AlSi9Mn). 

Si Fe Cu Mn Mg Ti Sr 

8,5-10,5 0,15 0,05 0,35-0,60 0,06 0,2 0,006-0,025

 

Table 8 The mechanical performance of Castasil-37 as a function of wall thickness. 

Casting 

method 

Temper 

designation 

Thickness 

(mm) 

YS 

(MPa)

UTS 

(MPa)

Elongation 

(%) 

Hardness 

HBW 5/250-30

D F 2 - 3 120 - 150 260 - 300 10 - 14 60 - 75 

D F 3 - 5 100 - 130 230 - 280 10 - 14 60 - 75 

D F 5 - 7 80 - 110 200 - 250 10 - 14 60 - 75 

 

Peraluman-30  
Peraluman-30, see Table 9, together with Peraluman-50 (AlMg5) and Peraluman-
56 (AlMg5Si) possesses exhibit very good resistance to chemicals and is highly 
resistant to corrosion, beside their values of elongation; the alloys may be sand or 
gravity die cast, as shown in Table 10. 

 

Table 9 Chemical composition of Peraluman-30  (AlMg3); corresponds approximately to EN AB-
51 100 (Huttenaluminium product sheet). 

Si Fe Cu Mn Mg Zn Ti others 

0,45 0,15 0,02 0,01-0,4 2,7-3,5 0,10 0,01-0,15 Be 

 

Table 10 The mechanical performance of Peraluman-50 as a function of process and temper. 

Casting 
method 

Temper  
designation 

YS 
(MPa) 

UTS 
(MPa) 

Elongation
(%) 

Hardness 
HBW 5/250-30

S F 70 - 100 170 - 190 4 - 8  50 - 60  

S T6 140 - 160 200 - 240 6 - 8  65 - 75  

GC F 70 - 100 170 - 210 9 - 16  50 - 60  

GC T6 140 - 160 240 - 260 15 - 20  70 - 80  
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SilafontTM-36 
SilafontTM 36 is an alloy used for high pressure die casting made from primary 
aluminium. The alloy is based on AlSi9MgMn and it is refined with Sr, see Table 
11. Compared to similar alloys in the European standard the tolerances for the 
alloy content are very tight. Special attention has been paid to the Mg content, 
0.1-0.5%. By choosing different levels within the tolerance, different strength 
values are achieved. Low levels of Mg provide a ductile material suitable for 
crash relevant components, while high Mg levels promotes higher tensile and 
yield strength, and impact strength. The alloy can be heat treated in various ways, 
see Table 12. Enhanced properties can be achieved by varying the time and 
temperature for solution treatment as well as artificial ageing. The high Si content 
of the alloy promotes good mold filling ability and workability. Fe content is kept 
low to reduce the harmful Fe phases, max 0,15 %. In order to reduce the soldering 
on the die, a higher content of Mn, 0,5-0,8 %, is used. 

Silafont-13 (AlSi11), is an alloy for sand- and gravity die casting with moderate 
strength, but high elongation values. 

 

Table 11 Chemical composition of SilafontTM-36 (AlSi9MgMn) (Huttenaluminium product sheet). 

Si Fe Cu Mn Mg Zn Ti Others 

9,5-11,5 0,15 0,03 0,5-0,8 0,1-0,5 0,10 0,15 Sr 

 

Table 12 The mechanical performance of  SilafontTM 36 as a function of process and temper. 

Casting 

method 

Temper  

designation 

YS 

(MPa) 

UTS 

(MPa) 

Elongation

(%) 

Hardness 

HBW 5/250-30

D F 120 - 150 250 - 290 5 - 11 75 – 95 

D T5 155 - 245 275 - 340 4 - 9 80 - 110 

D T4 95 - 140 210 - 260 15 - 22 60 - 75 

D T6 210 - 280 290 - 340 7 - 12 90 - 110 

D T7 120 - 170 200 - 240 15 - 20 60 - 75 

 

4.5.1.2 TRIMEt aluminium SE 

 

Trimal®-37 

Trimal®-37 is an alloy with very good castability. The iron level is kept low to 
avoid Fe -bearing phases, see Table 13. Mn and Mo protect the melt from sticking 
to the die. The strength of the material is enhanced by Cu, Zr and Mn, which also 
give the alloy strength at elevated temperatures, see Table 14. 
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Table 13 Chemical composition of Trimal®-37   (TRIMET Data sheet). 

Si Fe Cu Mn Mg Mo 

8,5-10,5 0,15 0,1-0,2 0,3-0,6 0,08 0,08 

Zr Zn Ti V Other  

0,1-0,3 0,07 0,06 0,03-0,10 0,15  

 

Table 14 The mechanical performance of  Trimal®-37  as a function of temper. 

 

Trimal®-05    
Another alloy from TRIMET is the Trimal®-05 that due to the high Si-content the 
castability is excellent, Table 15. It can be Sr-modified and the alloy is weldable 
with all common methods and exhibits very good response to ductility, see Table 
16. 

Table 15 Chemical composition of Trimal®-05   (TRIMET Data sheet). 

Si Fe Cu Mn Mg Zn Ti others

9,50-11,00 0,25 0,05 0,4-0,7 0,1-0,4 0,07 0,03-0,12 0,2 

 

Table 16 The mechanical performance of  Trimal®-05  as a function of temper. 

4.5.1.3 RIO TINTO ALCAN 

Alcan has developed the alloy Aural-2®, with low Fe content compensated with 
Mn to improve solder resistance, see Table 17. Aural-2® was used for the thin 
walled and complex shaped castings of Audi A2. Samples above are taken from 
Audi A2 B-pillar. 

Aural-2® and Aural-3® are recommended for thin wall castings, requiring 
ductility and pressure tightness. To obtain the highest ductility, the castings need 
to be heat treated according to Auraltherm®, see Table 18. This special heat 

Casting 
method 

Temper  
designation 

YS 
(MPa) 

UTS 
(MPa) 

Elongation
(%) 

Hardness 
HBW 5/250-30 

D F 120-140 250-290 8-15 80-90 

D O 100-120 200-240 10-18 65-75 

Casting 
method 

Temper  
designation 

YS 
(MPa) 

UTS 
(MPa) 

Elongation
(%) 

Hardness 
HBW 5/250-30 

D F 120-150 240-290 5-12 72-100 

D T5 160-220 280-320 4-10 85-110 

D T4 100-140 190-250 13-18 60-75 

D T6 200-270 290-350 6-13 85-110 

D T7 120-170 200-250 10-16 70-80 
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treatment method, developed by Alcan, was used with a solution treatment at a 
lower temperature than usual solutions treatment, but still at a level to spherodise 
the Si-particles, followed by air-quenching and an age hardening to a slightly 
overaged temper.  If a common heat treatment practice is applied, problems with 
distortion in thinner sections of the cast part may occur.  

 

Table 17 Chemical composition of Aural-2® (Alcan, product sheet). 

Si Fe Mn Mg Ti Sr 

9,5-11,5 0,25 0,3-0,6 0,1-0,6 0,1 0,01-0,018 

 

Table 18 The mechanical performance of  Aural-2® as a function of temper. 

 

4.6 Techniques for soundness and melt quality measurements 
Based on the previous findings that the mechanical behaviour is solely dependent 
on the microstructure (which in turn is dependent on process parameters) and its 
defects that could be inclusions, oxides, dross and/or any undesirable intermetallic 
or unmodified particle, there are today quality and process methods available that 
should be used in order to measure the quality of melt as well as soundness of 
castings. The quality method for melts and castings evaluations may be divided 
into non-destructive and destructive evaluation methods. Among the non-
destructive covers: 

 Visual –Used for surface inspections of the casting related to filling, 
solidification  and stress related defects 

 Liquid (dye) penetrant – A fluorescent or liquid dye applied to the 
casting in a spray for surface inspection 

 Film radiography – for exposing internal defects, most commonly 
porosity/shrinkage  

 Real time radiography – for exposing internal defects, most commonly 
porosity/shrinkage  

Casting 

method 

Temper 

designation 

YS 

(MPa) 

UTS 

(MPa) 

Elongation 

(%) 

D F,  6 days of 

natural ageing

app. 140 app. 310 app. 8,6 

D T5, 170°C / 2h 189 308 8,8 

D T5, 170°C / 2h 182 303 8,5 

D T5, 170°C / 4h 219 326 8,5 

D T5, 170°C / 4h 230 339 8,0 

D Auraltherm® 131-137 202-206 13,4-20,9 
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 Computed tomography – for exposing internal defects, most commonly 
porosity/shrinkage  

 Leak testing – Pressurizing the casting or the environment with air, 
helium or liquid to detect defects such as shrinkage porosity, oxides, 
casting distortion, cracks etc. 

 Ultrasonic – Used for detection of position and size of defects such as 
inclusions in castings, surface finish, cleanliness of liquid “on-line” etc. 

 Casting process simulations – Once knowing the root causes for defects, 
simulation enables the prediction of possible sizes and positions of defects 
as well as relating them to metal and process parameters settings. 

Among the method available for the melt and casting control of a “destructive” 
character, it can be mentioned:  

 Sectioning of castings 
o Visual fractography 
o Scanning electron microscopy 

 Mechanical and physical property testing  

 Microstructural  
o Grain size 
o Phases and intermetallic compounds 
o Secondary dendrite arm spacing (SDAS) 

But before the casting operation, it is recommended to apply some technologies 
for process control purposes. Among the available process control methods: 

 Optical emission for measuring the level of elements added. Remember 
that the level of Sr for silicon modification and/or TiB levels for grain 
refinement need thermal analysis! 

 Thermal analysis for measuring the cooling conditions/thermal history 
and assessment of the effect of grain refinement and modification. 

 Hydrogen detection by the use of Reduced Pressure Tests (RPT), density 
measurements and real time hydrogen detection 

 Melt Quality by the use of RPT, Qualiflash, PoDFA, LiMCA, K bar mold 
etc. 

The intention of this section is to present available research that has been 
performed  in testing and measuring  melt cleanliness and its impact on 
mechenical properties, mainly the ductility, of cast aluminium alloys.  

 

4.6.1 Reduced pressure test 

 

RPT is usually used to investigate gas content of the melt, but can also provide a 
measure of the material's propensity to develop pores due to oxide films, so-called 
bifilm Index, BI (Dispinar et al. 2004, 2007, 2011). 

When RPT is used, a sample from an aluminium melt is poured into a sample cup. 
The sample is solidified under reduced pressure, 80 mbar, thereafter a cross-
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section of the sample is analysed Figure 37 a and b. Another type of evaluation 
can be done by taking an additional test, which may solidify at atmospheric 
pressure. The density of two samples then is used to calculate a density index, DI. 
This is a common method used by foundries today. 

 

  

a) b) 

Figure 37 a) Test chamber for reduced pressure test and b) sectioned surfaces from samples taken 
from RPT samples. 

4.6.2 Qualiflash 

When using Qualiflash a given amount of melt is poured through a filter, into a 
step-shaped mould, Figure 38. The index takes into account pouring temperature 
and alloy type. The equipment is simple to use and evaluation of the results can be 
made once the melt solidified. 

 

Figure 38 Qualiflash equipment. 

4.6.3 PoDFA 

PoDFA (Porous Disc Filtration Apparatus), a method developed by Alcan and 
commercialized by ABB, see Figure 39a, and LAIS (Liquid Aluminium Inclusion 
Sampler) developed by Union Carbide´s Linde Division are two examples of 
analysis equipment where the melt in a controlled manner is drawn through a 
ceramic filter. In tests with PoDFA a given amount of liquid aluminium is poured 
in a crucible. With the help of vacuum the melt is drawn through a metal filter. 
After solidification inclusions collected in the filter, are analysed 
metallographically. The analysis provides both a quantitative and qualitative 
interpretation of the material. Different types of inclusions are identified, 
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thereafter the fractions of inclusions with different chemical composition 
calculated. The unit used in the measurements is mm2/kg.  

 

  
 

a) b) 

Figure 39 The principals for PoDFA in a) while in b) the principle of measurement with LiMCA. 
 

4.6.4 LiMCA 

LiMCA is an on-line detection for small particles in liquid metals. In LiMCA 
(Liquid Metal Cleanliness Analyzer) the molten aluminium passes a capillary that 
is connected to a DC source, Figure 39b. The presence of non-metallic particles, 
such as aluminium oxides, modifies the voltage and thereby the number and 
volume of non-metallic inclusions can be measured. Measurements are made once 
every minute and the results are presented in a graph in real-time. Since LiMCA 
uses an orifice with a diameter of 0.5mm or less, through which the melt is 
pumped, it has little ability to detect particles larger than 100μm without being 
blocked. Moreover, the LiMCA machine is very expensive.  

 

4.6.5 K-Mold 

K-mould is a method in which an impact test sample is cast into a mould. The 
sample is an elongated rod with a flat underside and with four grooves on the top, 
Figure 40. These grooves act as predetermined breaking points at the impact test 
and in addition they serve a gathering place for oxides and other inclusions. After 
impact test the amount of inclusions are visually evaluated in the fracture 
surfaces. The number of fracture surfaces with inclusions are divided by the 
number of investigated fracture surfaces, whereas a low value thus shows a low 
inclusion content. 

Figure 40 Illustration of the K-mould. 
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4.6.6 Linkage between analytical results and mechanical properties 

 

In literature there are a large number of articles linking the various methods for 
measuring the melt purity, with the fluidity or defect formation. But articles which 
link the measurement of purity, using any of the aforementioned methods to 
mechanical properties, particularly elongation, are few. The most frequent 
methods, in this study, to measure the melt quality is RPT (incl. Bifilm index) and 
PoDFA. 

Dispinar et al. 2007 have examined three different alloys which melts were 
handled differently before being evaluated using RPT. The first melt was 
subjected to excessive temperatures, and the RPT samples were taken at 700, 800 
and 900°C. The second melt was poured into moulds with two different ways, 
quietly without turbulence, and turbulent flow respectively. After solidification 
the alloys were melted at 700°C before samples were taken. The third melt was 
treated by rotary degassing equipment so that three different hydrogen levels were 
achieved. The rotation formed a ”vortex” which pulled down surface oxides in the 
melt, causing an increase in bifilm index. RPT samples were sectioned and 
examined metallographically with regard to the BI and the form factor (the pore 
length-width ratio where the value 1 is a perfectly circular pore). The results show 
that the tensile strength decreases linearly with increasing BI, Figure 41a, while 
elongation decreases exponentially, Figure 41b.  

a) b) 

Figure 41 Bifilm-index changes with a) ultimate tensile strength and b) elongation in A356 
(Dispinar et al. 2007). 

 

Another article from Dispinar 2010 shows that it is difficult to nucleate hydrogen 
pores without the presence of bifilms. The tests have been evaluated by the RPT 
samples examined with respect to BI. By, in various stages, up-gassing and 
degassing the aluminium melt using an impeller, they reached different hydrogen 
levels. The samples were compared to samples from a melt where gas content had 
remained constant. It was shown that the hydrogen content played a minor role 
compared to bifilms in the formation of pores. The rotor degassing treatment has 
contributed to bifilms drawn down under the surface. Tensile strength and 
elongation shows a clear decrease with increasing Bifilm Index, but no difference 
between the different gas concentrations. 

Ludwig et al. 2012 investigated three melts with different amounts of returns, 10, 
25 and 50 %, and compared it to a reference melt from clean ingots. The melts 
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were held at a constant level of H and was cast in a stepped mould. Melt quality 
was investigated by PoDFA and RPT. It is found that although the melt contained 
different amounts of oxides, no significant increase in BI was revealed, possibly 
because BI does not indicate the total amount of oxides, just the thin, small oxide 
films. Complementary measurements of the amount of pores should have been 
performed in order to get an explanation for the changes in mechanical properties, 
Figure 42, which anyhow reveals that the difficulties in reproducing and linking 
mechanical properties to this parameter. 
 

a) b) 

Figure 42 Mechanical properties vs. section thickness of step castings, a) UTS and b) elongation 
(Ludwig et al. 2012). 
 

Majidi et al. 2007 have compared samples from three different melts, which has 
been treated with flux at different temperatures, with one melt that that had not 
been treated. The melt consists of returns from two different alloys, A380 and 
A319. The fluxing was made at 700, 740, respectively 790°C. The purpose of the 
study was to show the importance of using flux at the right temperature, since 
high temperatures increases the hydrogen uptake. As for the evaluation of melt 
quality, DI and K-mould measurements have employed along with tensile testing. 
The results demonstrate that both the density index and the K-value reflect the 
factors that help the material to reach high elongation values, see Figure 43. 
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Figure 43 Impact of fluxing temperatures on elongation compared to DI and K-values (Majidi et 
al. 2007). 
 

Haberl et al. 2009 measured the melt quality at different stages in the 
manufacturing process. The results were evaluated by using various methods 
including RPT, PoDFA and tensile testing, Figure 44. It was seen a need to 
distinguish between new oxides (bifilms) and aged oxides (hard inclusions). The 
hard inclusions are generally measured by the PoDFA test and bifilms by RPT 
(BI). The bifilms showed to have the biggest impact on pore formation, and the 
hard inclusions seem to mostly have affected the elongation. When comparing the 
PoDFA results and mechanical testing, the UTS and elongation (A%) comply 
with the  PoDFA results, while the YS is not affected to the same extent.  

a) b) 

Figure 44 Trend lines for PoDFA in a) while in b) A, UTS and YS at different stages in the 
manufacturing process are highlighted (Haberl et al. 2009). 
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4.7 Simulation tools for defect predictions 
There exist a number of simulation tools for microstructure and properties 
predictions with good accuracy. But as foundrymen know, casting is a complex 
manufacturing process that involves many critical variables. Multiple aspects have 
to be considered simultaneously, so that in the end you can deliver a high value 
product. From design to production, all process steps and parameters need to be 
systematically optimized and validated to minimize production risks. With this in 
mind, one can understand that defect prediction is not easy manageable. Available 
software predicts for instance porosity, air entrapment etc. but does not have 
functions denoted “Hot tears” or “Oxides films” formations etc. In order to realize 
the potential of simulation software it is essential that the designer knows the root 
causes for defects and by using simulation, avoid defect generation. This chapter 
summarizes/exemplifies some of typical defects that can be avoided if the root 
causes are understood. 

4.7.1 Sand inclusions 

This type of defects is related to poor core and/or mold making practices that lead 
to sand particles detaching from the mold or cores. Available software enables 
analyzing a variety of gating designs in order to control the velocity of melt (via 
filter for instance) into the cavity and its interaction or impingement on the mold 
and core walls. Software enables prediction of mold erosion areas and inclusions 
diameters. 

4.7.2 Oxides 

As reported in chapter 4.3.1, there are a number of routes for oxide film 
formations. The actual melt content of oxide films, whether young or old oxides, 
may hardly be predicted. What instead can be performed in a simulation 
environment is prohibiting any escalations in oxide films level through the melt 
handling/transfer and filling. For instance, the simulation of flow velocity 
accompanied with air entrapment and flow paths etc. will enable the predictions 
of risks area where modifications are then needed.  

4.7.3 Discontinuities 

Misruns/ nonfills/ cold laps and hot tears 

These defects are related to a number of parameters such as: 

 Level of oxides in the melt 

 Alloy composition ( for instance level of Si, level of grain refiner etc.) 

 Melt temperature (dendritic coherency zone) 

 Type of pouring (slow or interrupted) 

 Metal velocity 

 Venting 

 Air pressure (within the casting as well; air pocket creates back pressure) 

 Mold temperatures 

 Effect of coatings (impact of heat conduction) and cooling media (water, 
chills or air etc.) 

 Casting geometry (wall thickness) 

 Initial melt front and fresh melt studies 
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These parameters and molten metal flow can be simulated in order to avoid this 
type of defect except the level of oxides in the actual melt that perhaps can be 
evaluated through one the techniques mentioned in chapter 4.7. 

In the case of hot tears, possible root causes might be 

 A solidifying alloy which is subjected to constraint or deformation 

 Inadequate feed material being provided 

 Hindered contraction due to casting and gating design (incl. variations in 
wall thickness, abrupt transitions in thickness, lack of adequate fillet/radii 
etc.) or due to sand mold, core or die components 

 Excessive pouring temperature 

 Alloy composition 

 Process related through die temperatures  

Simulation software offers the possibility to simulate hot spots, solidified casting 
strain rates, fractions solids etc. that all together help the designer to prohibit the 
formation of hot tears. 

4.7.4 Air entrapment 

As reported in previous chapters, possible root causes for air entrapment are the 
turbulent filling in the pouring basins, downsprue and gating systems as well as a 
function of a poor venting system that does not allow air pockets to escape 
through the vents, parting line, sand molds and cores etc.  

4.7.5 Proposed procedure for set-up of defect elimination simulation 

There will always be uncertainties and variations in casting´s quality and 
soundness if measures and actions are not continuously taken and planned for. 
Simulation means changes that will, only if it is performed along with knowledge, 
will lead to benefits and savings. A strategy that can be implemented should start 
by: 

 Defining the defect 
o Understand what creates the defect, root causes 

 Metal flow 
 Metal velocity 
 Collapsed air pockets 
 Last areas to fill and solidify etc. 

 

 Creating a baseline 
o Utilize results that relate to the type of defect 

 

 Develop a solution 
o Define what can be changed under given constraints 
o Perform a Design of Experiment (DOE available nowadays in 

simulation software), for instance with focus on 
 Quality criteria (cold-runs, porosity, SDAS, residual 

stresses etc.) 
 Critical process parameters (Casting temperature, 

temperature gradients, configuration of cooling chills etc.) 
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o Compare results, same scales etc. 
o Worth to bear in mind, review the changes and their effect on the 

entire casting, not just on the focus area. 
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4.8 Al-alloys for elevated temperature usage 
The effect of thermal damage and the degree of mechanical behaviour degradation 
are dependent upon several factors including, in addition to temperature, the 
duration and type of exposure as well as the type of precipitates, dispersoids, and 
threshold stresses etc. It is well established that the ability of Al-Si based alloys to 
withstand structural changes at higher temperatures and high stress environments 
are limited. However, a number of Al-Si alloys (hypo- and hypereutectic) with 
certain amounts of Cu, Mg, Ni and Fe, are often used in several applications in the 
moderately high temperature regime, for example in the manufacturing of engine 
applications exposed to stresses and temperatures around 0.3TM (melt temperature). 
However, hypereutectic Al–Si alloys, which have outstanding wear resistance and 
fluidity, have generally received little attention due to the presence of very hard 
primary Si particles that reduce their attitude to machining. Nevertheless, these 
alloys have also been used for years for engine pistons and similar high-
temperature applications. The structure of hypereutectic alloys consists of a 
dispersion of hard and stiff primary Si particles in a eutectic matrix of soft 
aluminium and Si platelets, and resembles in a sense that of Al based metal–
matrix composites reinforced by ceramic particles.  

The aim of this chapter is therefore to elucidate and map out available high 
strength/ high temperature resistant Al-Si cast alloys as well as other Al-based 
alloys that are employed in applications used at elevated temperature. The overall 
objectives are to introduce the automotive and foundry industries to available Al-
alloys, with appreciable performance concerning yield and ultimate tensile 
strength as well as fatigue at elevated temperatures up to 250⁰C, that might help in 
the strive toward reduction of emissions as well as weight trough replacing Fe-
based alloys with Al-based alternatives. 

4.8.1 2-Series: Al-Cu alloys 

An interesting reading on the early development of among others Al-Cu alloys 
and age hardening is recommended; written by Polmear (2004). Generally, Cu in 
Al as main alloying element (mostly range 3–6 wt%, but can be much higher), 
with or without Mg (range 0–2 %), allows material strengthening by precipitation 
hardening, resulting in very strong alloys in terms of tensile and fatigue 
properties. But from corrosion resistance point of view, Cu tends to precipitate at 
grain boundaries, making the metal very susceptible to pitting, intergranular and 
stress corrosion. Being more noble/cathodic than the surrounding Al matrix, these 
Cu rich zones act as preferred sites for corrosion through galvanic coupling.  

Al-Cu alloys are used for high strength structural applications such as aircraft 
fittings and wheels, military vehicles and bridges, forgings for trucks, etc. The 
strength of the Al-Cu alloy can increase through precipitation hardening for alloys 
up to 12%Cu, with or without the presence of Mg, above which the alloys become 
brittle due to precipitation of Al2Cu or Al2CuMg intermetallic phases during 
ageing which leads to strengths close to the highest strength Al-Zn series alloys. 
Cu also improves the fatigue properties, the high-temperature properties and the 
machinability of the alloy. Lower Cu content levels in the conventional 2024 and 
2014 type alloys are employed in the automotive industry due to good corrosion 
resistance (as opposed to the higher Cu containing alloys).  

V, Zr and Ti raise the recrystallisation temperature of Cu containing Al-alloys to 
retain their properties at elevated temperatures, fabricate readily and have good 
casting and welding behaviour. Mn has a substantial effect on the tensile 
properties of Al-Cu-Mg alloys. Tensile strength and yield strength increase with 
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increases of Mn and Mg levels. Mn causes a loss in ductility; hence its content 
should be maximum 1 %. Mn also raises the recrystallisation temperature of Cu 
containing alloys to retain their properties at elevated temperatures. Fe in Al-Cu-
Mg alloy Al–4%Cu–0.5%Mg, even at very low levels of 0.5 % reduces the tensile 
properties in the heat-treated condition if there is an excess of iron that is not tied 
up by Si in Al-Fe-Si precipitates. This Fe excess then forms Cu2FeAl7 constituents 
thereby reducing the amount of available Cu for heat-treating effects. Fe is added 
to Al-Cu-Ni (Ni for increased high temperature properties) alloys to increase 
strength at elevated temperatures. It is worth bearing in mind that this series has 
usually a marginal castability relative to most of the alloy containing silicon. 

In terms of mechanical properties at elevated temperatures, Molina et al. (2011,a) 
performed tensile testing on Al-Cu alloys in order to find whether they are 
suitable as a potential alternative to Al-Si-Cu alloys, traditionally used in cylinder 
heads, or not. Besides, they compared the alloy´s properties with AlMg with and 
without Sc-Zr. The findings are presented in Figure 45.  

 

a) 

 

b) 

 

c) 
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d) 

Figure 45 The mechanical performance of Al-Cu and Al-Mg; while a) presents the cast samples 
conditions, b) room temperature mechanical behaviour, c) and d) present the performance at 
150⁰C and 250⁰C respectively, Molina et al. (2011,a). 

The conclusion of this study is that the Al-Cu alloy showed more appreciable 
performance at both room temperature and at 250⁰C compared to conventional 
Al-Si-Cu alloys with and without Ni, see Figure 46.  

 

a) 

 

b) 
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c) 

 

d) 

Figure 46 The mechanical performance of Al-Si-Cu, with and without Mn and Ni; while a) 
presents the cast samples conditions, b) room temperature mechanical behaviour, c) and d) present 
the performance at 150⁰C and 250⁰C respectively, Molina et al. (2011,b). 

 

Another foundry related finding, that hopefully will make the day of foundrymen, 
is that the castability of this alloy was good, despite the reported worse castability 
than Al-Si alloys. Molina el al (2011,a) was able to obtain sound cylinder head 
castings using a modified gravity semi-permanent mould and with a careful set-up 
of process parameters and feeding systems, no internal defects or crack were 
detected. The main drawback is the cost. This type of alloys is normally 50-60% 
more expensive than Al-Si Cu primary alloys. 

In the year 2011, Molina el al (2011, a and b) was not the only one working on the 
mechanical properties of Al-Cu at elevated temperatures. Yao et al. (2011) 
investigated the influence of La additions on the Al-Cu casting alloys. Their idea 
is to improve the tensile properties at elevated temperature through the formation 
of thermally stable and coarsening resistant dispersoids. The alloys studied are 
based upon Al-6%Cu-0.15%Mn-0.15%Ti-0.13%V-0.13%Zr with 0, 0.2, 0.3, 0.7 
and 1.0 wt% La.  

The results show that La can remarkably improve the tensile strength and creep 
resistance of the alloy. With 0.2–1.0 wt. % La addition, Al11La3 phase is found in 
the grain boundaries and spaces among the dendrites in the alloy, see Figure 47a. 
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The tensile strength and creep resistance of the alloy with 0.3wt.% La addition are 
found to be optimum, Figure 47b and c. 

a) 

b) 

c) 

Figure 47 a) Micrographs showing the microstructure of the alloy with 0, 0.3 and 1 wt% La (left to 
right respectively) after heat treatment; b) the mechanical properties and c) illustrates the creep 
behaviour, Yao et al. (2011). 

 

Yao et al. (2011) concluded that the addition of La to the Al–Cu alloy refined the 
grain, Al-Cu precipitates (θ´) and resulted in the formation Al11La3 particles. The 
thermal stable (θ´) precipitates in the modified alloy remained almost unchanged 
after the creep process, obstructing the dislocation movement in the grain. The 
impact of microstructural stability is reflected in the mechanical properties and 
creep process of the modified and unmodified alloy at elevated temperature. The 
addition of La to the Al–Cu alloy considerably increased the tensile strengthen 
and creep resistance in all conditions. 

Concerning thermal stability of precipitates, Raju et al. (2007) investigated the 
addition of Sc, Mg and Zr to cast Al-6%Cu alloy (AA2219) and found that these 
additions improved the hardness remarkably as well as notified that all 
compositions with Sc, Mg and Zr were thermally stable at 250 ⁰C, Figure 48. 
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Figure 48 Illustration of the impression creep velocity as a function of Sc, Raju et al. (2007). 

 

The thermal stability of alloy with 0.8% Sc+0.45% Mg+0.2% Zr was mainly 
attributed to the precipitate interaction with dislocation, solute enrichment of the 
matrix, refined eutectics and grain boundary pinning by the finer precipitates. 

Other interesting comparisons, in terms of hardness and fatigue as a function of 
temperature, are performed by Wunderlich et al. (2012) where 3 Al-piston alloys 
based upon Al-Si system were compared with an Al-Cu alloy, see Table 19.  

 

Table 19 The chemical composition of the studied alloys, Wunderlich et al. (2012). 

 

 

The Vickers hardness as function of temperature is shown in Figure 49a together 
with alloy A4032 and others for comparison. It was concluded that hardness of 
A2618-T6 is better than the other alloys but with a notable drop in strength in the 
temperature region 420-600 K.  
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a) b) 

Figure 49 Vickers hardness in a) and fatigue properties b) as function of temperature, Wunderlich 
et al. (2012). 

 

From fatigue point of view, alloy A2618-T6 has much longer thermal fatigue life 
time for maximum temperatures below 600 K as compared to the two other alloys, 
only above 600 K the alloy ACA8 has a slightly longer life time, but the failure 
occurs suddenly, Figure 49b 

There exist a number of works on wrought Al-Cu alloys as well as powder 
metallurgy routes with a variety of alloying elements such as Li (great 
combinations of low weight and improved strength with Li), Sc, Zr, SiC, Al2O3 
and PrxOy on nano and micro scale etc. There is also research on structural 
modifications such as developing dislocation substructures which can withstand 
the effect of elevated temperatures by for instance thermo mechanical processing 
and ageing, TMA, along with a variety of TMA cycles to control for instance the 
coarsening of second phase particles. Since these types of procedures are not 
actual in foundries, no results from this field will be reported; instead, if there is 
an interest in this topic, contact the project leader for further discussions.  
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4.8.2 3- /4-Series: Al-Si alloys 

No body disagrees on the fact that the Al-Si system exhibits excellent casting 
characteristics. But unfortunately, it cannot be a part of an alloy intended for high 
temperature application, Fan et al. (2013), which blame the solidus temperature in 
this system that does not exceed 577⁰C as well as the room temperature 
strengthening elements Mg and Cu which all have high diffusivity in the Al, 
compromising the thermal stability 

4.8.2.1 Hypoeutectic Al-Si alloys 

But this fact is not limiting scientists from exploring the potential of Al-Si alloys 
at elevated temperatures, performing studies on stable elements that can be 
alloyed in the Al-Si system and prepare these for high temperature applications. 
Xu-gang et al. (2012) studied the influence of Ni- and Cu additions up to 0.2% 
and 1.5% respectively to Sr-modified Al-7%Si-0.5%Mg alloys (Alloy No.0 in 
Figure 50a on the tensile and fatigue properties at 200 ⁰C, after a T6-treatment. 

 

a) b) 

Figure 50 Fatigue and tensile properties presentations; while a) compares alloy No.0 and 9 b) 
compares the tensile properties of the alloys at 200⁰C, Xu-gang et al. (2012). 

 

The major conclusions from this study are that the most preferable alloy for high 
temperature, up to 200 ⁰C, mechanical performance and fatigue toughness are 
obtained by adding 0.28%Fe, 1.53 %Cu and 0.16%Ni to the base alloy Al-7%Si-
0.5%Mg (alloy 9) which is clearly observed in Figure 50b.  

Unfortunately, no data concerning the influence of microstructural modifications 
such as SDAS or unmodified Si were reported in the work by Xu-gang et al. 
(2012). Instead, a study by Firouzdor el al. (2007) clarified the role of 
microstructural coarseness of A319 alloy (Al-6.3%Si-3.3%Cu-0.4%Mg-0.29%Fe) 
on the thermal fatigue life. The principle of employed Thermo Mechanical 
Fatigue (TMF) test was to submit the specimens fixed in a frame whose stiffness 
could be adjusted into alternate compressive and tensile stresses resulting from 
thermal cycling. The specimens were preheated to 100 ⁰C and allowed to stabilize 
for a minimum of 15min, then locked in the fixture and cooled to the room 
temperature. The specimens were then in a specified tensile stress mode at room 
temperature. Then the samples were heated up to 250 ±5 ⁰C in 100±5s by 
induction heating and then cooled to 40±5⁰C by means of water and air jet. The 
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specimens self-stress due to alternate contraction and expansion, as it does in the 
cylinder head bridge hot/cold engine cycles. The material performance was 
defined as the number of the cycles when the tensile load reduced to 75% of the 
maximum or steady-state value.  

Thermal stress analysis was also carried out on T6 and T7 treated TMF samples to 
evaluate the stress level induced by the applied thermal cycle on Si-unmodified 
and modified (100 ppm Sr) samples as well as a variety of SDAS, Figure 51. 
Besides TMF, Firouzdor el al. (2007) et al. performed Thermal-Shock Fatigue 
(TSF) by induction heating V-notched specimens to 250 ⁰C and abruptly 
quenching at 40 ⁰C water.  

a) b) 

 

c) 

Figure 51 The influence of microstructural modifications and treatments on the mechanical 
properties; a) illustrates the correlation between thermal fatigue lives and SDAS, b) and c) 
treatment conditions and the impact of Si modification on thermal fatigue resistance respectively, 
Firouzdor el al. (2007). 

 

The major conclusions from the study by Firouzdor el al. (2007) are that the 
microstructural modifications influence the thermo mechanical and thermo shock 
fatigue properties in a similar manner suggesting that the TMF life has been 
improved effectively by a reduction in SDAS as well as microstructural features 
such porosity volume fractions and coarse intermetallics, see Figure 51. As far as 
Sr modifications and T6 and T7 treatments are concerned, they all appeared to be 
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highly advantageous; T6 seems to be more useful compared to T7 due to 
overageing during the tests.   

Unlikely, Firouzdor el al. (2007) did not include any tensile properties at elevated 
temperatures for the A319 alloy. Instead, during the same period of time, Rincón 
et al. (2007) were evaluating the tensile performance of Sr- and Ti-B treated A319 
alloy (Al-8.6%Si-3.8%Cu-0.36%Mg-0.5%Fe) in as-cast conditions as a function 
of temperature -90⁰C < T < 270 ⁰C, see Figure 52. The tensile bars was extracted 
from chilled blocks exhibiting an SDAS < 25 µm. 

  

a) b) 

Figure 52 a) Illustrates the impact of temperature on the stress-strain curve behaviour of A319 and 
b) summarize the tensile properties at various temperatures, Rincón et al. (2007). 

 

Out from the tensile test curves at temperatures below and above room 
temperatures, Figure 52, Rincón et al. (2007) could observe how by increasing the 
temperature, UTS, YS and the strain hardening behaviour were all negatively 
influenced. On the contrary, up to temperatures of 270 ⁰C, the elongation is not 
significantly influenced; but if the temperature is additionally increased, the 
elongation can be enhanced up to 40%.  

Rincon et al. (2009) have however complemented their study by evaluating the 
influence heat treatment T4 and T7 on the properties at elevated temperature, see 
Figure 53. Their findings clearly demonstrate that the T7 tempered samples are 
superior up to approximately 250 ⁰C; above which T4 and T7 seem to produce 
comparable results and still greater data compared to as-cast. 
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a) b) 

 

c) 

Figure 53 The effect of temperature on a) yield strength, b) ultimate tensile strength and c) the 
elongation of A319 alloy in different conditions; as-cast, T4 and T7 treated, Rincon et al. (2009). 

 

Another study, that can be considered complementary, was conducted by Bose-
Filho et al. (2007) that studied and compared the tensile and fatigue behaviour of 
samples from 3 different Al-Si alloys, see Table 20, cast in permanent mould 
casting (PMC), thixoforming (TX) and injection (I).  

Table 20 Chemical composition of the studied Al-Si alloys in wt.%, Bose-Filho et al. (2007). 

 

In alloy 1, a solutioning treatment at 540⁰C for 8h and ageing at 160⁰C for 4h 
were also performed (T6). The mechanical tests performed in this work were: 

 tensile at 120⁰C, 280⁰C and room temperature;  



Swerea SWECAST AB  
Report No. 2013-030_ 

 

75 

 isothermal fatigue (IF) at 120 and 280⁰C and  

 TMF in-phase and out-of-phase in the temperature range of 120 and 
280⁰C.  

The tensile test results reveal that alloy 1 cast in PMC exhibited higher ductility 
than alloy 2 (comparable also to A319) processed in the same conditions, see 
Table 21; probably due to the difference in chemical composition where alloy 2 
contains a considerably higher amount of alloy elements as well as having the 
highest level of porosity. The ductility data are comparable with the study by 
Rincón et al. (2007). 

Table 21 The tensile properties of the Al-Si alloys at various temperatures and conditions, Bose-
Filho et al. (2007).  

 

 

Regarding the tensile strength, alloy 2 presented slightly higher YS than alloy 1, 
except at 280°C, also comparable with data presented by Rincón et al. (2007). 
Concerning the UTS, the behaviour was the opposite; alloy 1 seems to enjoy 
higher values. The TX alloy presented the highest value of YS bearing in mind 
that this material was also subjected to thermal treatment (T6). 

The study by Bose-Filho et al. (2007) revealed also that the injected alloys 
presented the lowest YS values and but the highest UTS, at least for alloy 2, Table 
21. The very low Mg content in alloy 3 reduced the strength compared to alloy 2, 
also injected, especially at high temperatures. Although the injected alloys present 
a quite refined microstructure and low porosity level, the ductility was quite low. 
As far as the IF is concerned, the strain-life curves obtained at 120 and 280⁰C 
clearly demonstrate the superior performance of the TX alloy, with a life 
reduction at higher temperatures due to creep, Figure 54.  
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a) b) 

Figure 54 a) illustrates the strain-life curves obtained in IF tests at 120⁰ C and 280⁰ C and b) 
shows similar curves of the TMF fatigue tests in the temperature range120-280⁰ C . TX-P: One 
batch of pieces was produced under low pressure, 1ton, instead of 5; this lot was called TX-P, 
Bose-Filho et al. (2007). 

 

Concerning the TMF life in the temperature range between 120 and 280⁰ C, it is 
possible to notice that the injected material (alloy3) presented the best data, Figure 
54. Similar to IF tests, the TX alloy1 presented better performance in TMF tests 
than the PMC alloy1.The TX material also presents better performance in out-of-
phase TMF tests comparing the results obtained for the in-phase TMF tests. This 
is due to the fact that in the in-phase TMF tests the tensile part of the cycle takes 
place at the highest temperature where the creep damage micro-mechanisms are 
active.  

The superior TMF performance of I materials, Figure 54, is related to low 
porosity level (measured) and to microstructure refining (visualized) presented in 
both I alloys, even though they have some characteristics which tend to damage 
the performance in TMF, such as non-modified silicon (visualized) and a 
relatively high amount of eutectic phase and intermetallic particles.  

Looking at fatigue from a stress-controlled point of view, Zhu et al. (2006) 
studied the influence of SDAS and hence microstructural coarseness and 
temperature on fatigue behaviour of E319 (Al-7.6%Si-3.3%Cu-0.22%Mg-
0.70%Fe) in a T7 condition in very long life cycles, see Figure 55, where low and 
high SDAS corresponds to 30 and 70 µm respectively. 
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a) b) 

 

c) 

Figure 55 a) illustrates the effect of microstructure (SDAS) on fatigue resistance of E319 at 20⁰ C, 
b) various temperatures and c) mean endurance limit at 108 cycles vs. YS and UTS, Zhu et al. 
(2006). 

 

A major finding that may explain the wide scatter in fatigue data is suggested to 
be on the role of porosity, Figure 55a and b. Zhu et al. (2006) concluded that the 
pore size is the key factor controlling fatigue lifetime in this alloy and that the 
distribution of pore size and other microstructural features, which are influenced 
by SDAS, cause the great variability in fatigue lifetime. Another interesting notice 
is that the influence of microstructure on the fatigue resistance is greater than the 
influence of the testing temperature. Regarding the tensile test data, Figure 55c, it 
is, once again, comparable to findings by Bose-Filho et al. (2007) and Rincón et 
al. (2007).  

A large number of works with comparable tensile and fatigue (strain and stress 
controlled) and thermo mechanical fatigue data on hypoeutectic Al-7-10%Si-0-
3%Cu-0-0.5%Mg cast alloys is presented in literature, see Figure 56,  such as the 
ones by Azadi et al. (2013), Brofin et al. (2008), Tabibian et al. (2013), Engler-
Pinto Jr (2002), Moffat et al. (2005), Cáceres et al. (2001), Takahashi et al. 
(2010), Rajaram et al. (2010), Beck at al. (2007, 2008), Merhy et al. (2013) etc. 
without and with additions of nano-particles such as the ones with alumina by of 
El-Kady et al. (2011), Beck et al. (2001), SiC by O´Connor et al. (1996) etc.  
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a) b) 

 

c) d) 

Figure 56 a) Young´s Modulus as a function of temperature for the aged A319, Tabibian et al. 
(2013), b) YS as a function of temperatures for A356, without and with Al2O3 additions, El-Kady 
et al. (2011), Cyclic deformation behaviour and influence of Mg and Al2O3 additions at Tmax 
250⁰C in c) and at Tmax 300⁰C in d), Beck et al. (2001). 

 

In addition to these reports, development of alloys for applications at elevated 
temperatures based on hypoeutectic Al-Si alloys has been incorporating the 
additions of Ni, Ti, Zr, V, Graphite, Sc etc.; but the majority of available research 
on these new alloying elements still is on room temperature mechanical 
behaviour. 

Mohamed et al. (2013) studied the influence of Zr and Ni on the high temperature 
tensile behaviour (up to 300 ⁰C) of an A354 alloy, see Table 22. In order to gain 
strength improvements at elevated temperatures it is vital to produce a 
microstructure with thermally stable, coherent and coarsening resistant 
dispersoids such as aluminides Al3Ni and Al9FeNi, if Fe is present, which is also 
in agreement with Fan et al. (2013) since Mg, Cu (high diffusivity) and Mg-Cu 
rich phases tend to become unstable, coarsen and dissolve at elevated 
temperatures.   
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Table 22 Chemical compositions of the studied alloys in wt.%, Mohamed et al. (2013). 

 

Zr promotes also the formation of Al3Zr and together with Al3Ni and Al9FeNi (Zr, 
Ni, Ti and Fe together with Si may also form complex intermetallics) will act as 
hard pinning points in the matrix inhibiting dislocation motions. The study of 
Mohamed et al. (2013) made it clear that an addition of 0.2 wt% Zr in 
combination with 0.2 wt% Ni lead to 30% improvement in the tensile properties at 
300 ⁰C compared to the base alloy, see Figure 57. The T6 treatment, properly 
performed, diminishes the influence of SDAS on the UTS and YS. It is worth to 
notice that the drop in strength is sharp at temperature over 250⁰ which is due to 
coarsening of the precipitates.  

 

 

Figure 57 a) Illustrates the influence of temperature and Ni and Zr additions on the UTS and b) on 
the YS, Mohamed et al. (2013). 

 

Similar studies by Elhadari et al. (2011) and Kasprzak et al. (2009 and 2013) on 
Al-7%Si-0.4%Mg alloys demonstrated the positive influence of Zr and V on the 
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room and elevated temperatures mechanical properties, Figure 58a and b,  arguing 
on the presence of nano-sized Al-Si-Zr-Ti based particles, that might also 
influence the response to strength.  

 

 

a) b) 

Figure 58 a)Fatigue life as a function of alloy additions (A=0.11 wt.% Ti, B= 0.11 wt.% and 0.2 
wt.% Zr and C= 0.11 wt.% , 0.2 wt.% Zr and 0.25wt.% V), obtained at total strains amplitude 0.1-
0.6%, T6-treated, Elhadari et al. (2011) while in b)Tensile properties at various temperatures 
illustrating the impact of Zr and V, T6-treated. Kasprzak et al. (2009). 

 

Rajaram et al. (2011) studied the influence of 3% graphite and transition elements 
1.2%Cu and 1% Ni on the high temperature tensile behaviour of Al-10%Si alloys, 
comparable levels to EN 46000 (Al-9%Si-3%Cu-0.4%Mg) and EN 43100 (Al-
9%Si-0.4%Mg). Rajaram et al. (2011) clearly observed that UTS and YS are 
decreasing with increase of temperatures and are higher for the graphite-, Cu- and 
Ni-rich alloy at all testing temperatures, see Figure 59. This is believed due to 
presence of graphite and transition elements which obstruct the advancing 
dislocation front. 
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c) 

Figure 59 Strength comparison of the Al-Si alloy with and without graphite at various 
temperatures; a) compares the YS, b) the UTS and c) the elongation, Rajaram et al. (2011). 

 

As far as elongation to fracture concerns, the elongation is first decreased with 
increasing temperature up to 150⁰C and then increased with enhanced operating 
temperature. The reduction in % elongation is believed due to the segregation of 
impurities in the grain boundaries which is causing brittleness with increase of 
temperature. 

Due to the formation of a ternary phase AlScSi rather than the Al3Sc phase, Al-Si 
alloys have not gained a large number of research on the influence of Sc on the 
elevated temperature properties of Al-Si based alloys. Instead, a large number of 
research activities have been focusing on microstructure (grain refinement and 
grain control) and properties response (precipitation hardening from Al3Sc) when 
adding Sc to for instance Al-Cu, Al-Mn and Al-Mg (extensively studied). Being 
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hard to extract and hence expensive, addition of this metal has until now been 
limited to the aerospace, military and sport applications.  

Another study from processing conditions point of view on the TMF worth 
mentioning is the one performed by Humbertjean et al. (2013). The study dealt 
with comparing the influence of casting processes on the TMF behaviour of high 
temperature resistant (at least considered) Al-12%Si-4%Cu-3%Ni alloy, T-5 
treated. The processes that were considered in this investigation and compared 
with are gravity die casting (GDC), low pressure die casting (LPDC) with smooth 
melt flow, relatively high cooling rate and minimum filling related defects 
compared to high pressure die casting (HPDC) where higher cooling rates can be 
obtained as well as higher levels of entrapped air porosity.  

 

Figure 60 Stresses (min, max, and mean) vs TMF cycles for Al-12%Si-4%Cu3%Ni manufactured 
in GDC, LPDC and HPDC. TMF tests without superimposed HCF loading, Humbertjean et al. 
(2013). 

Samples from GDC, LPDC and HPDC pistons and separately HPDC cast samples 
were prepared and the comparison showed that LPDC and HPDC are competitive 
to GDC, Figure 60. In GDC and LPDC samples, the crack initiation started from 
the surface while in the HPDC samples, a crack network is formed at the internal 
pores during the initial stages of testing. However, due to the level of air 
entrapment, they concluded that the HPDC process needs further optimisation. 
This means that although the impact of alloying elements on the high temperature 
behaviour of Al castings, defects generally lead to a reduction of the load bearing 
area and act also as crack nucleation sites. The size and quantity of defects will 
decrease the rupture time, as grain boundary cavities do not have to nucleate from 
collections of vacancies, as well as randomizing time to failure. 
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4.8.2.2 Eutectic and hypereutectic Al-Si alloys 

 

Let´s now put some focus on the right hand side of the eutectic point and highlight 
results from the area of eutectic and hypereutectic alloys. There exist numerous 
work on additions of elements such Ni, Mn, Co, nano-particles etc. to these types 
of Al-Si alloys.  

Stadler et al. (2011) investigated the impact of Ni on the high temperature, up to 
250 ⁰C, strength of Al-12%Si alloy and compared it with Al-7%Si alloy, see 
Figure 61. The alloys, containing 0.4%Mg, 0.3%Mn and 0.1 %Cu, were solution 
treated at 495°C for 8 h and subsequently quenched into water at room 
temperature. Afterwards the samples were overaged at 250°C for 100 h in order to 
simulate the ‘thermal load’ in service. 

a)                                                                                               b)        

Figure 61 Mechanical properties of Al-7%Si in a) and Al-12%Si in b) as a function of Ni additions 
measured at 250⁰C, Stadler et al. (2011). 

 

The main conclusion from the work by Stadler et al. (2011) is that Ni can enhance 
the high-temperature performance of Al-Si foundry alloys by stabilizing the 
contiguity of the eutectic network. This happens by increasing the volume fraction 
of rigid phases in the eutectic phase. But, they report also that exceeding a certain 
limit of volume fraction of these rigid phases does not result in a further 
improvement of interconnectivity and therefore, further strengthening stagnates. 

One year earlier, Asghar et al. (2010) presented thermal cyclic creep (TCC) data 
and clarified also the role of Ni and Fe aluminides (form a highly interconnected 
3D structure, similar to eutectic Si) on the mechanical performance as well as the 
load carrying capability of the eutectic Si, as a function of  spheroidisation 
treatments and hence loss in interconnectivity.  They considered then the 
AlSi12Ni alloy as a metal matrix composite in which an interconnected 3D 
network, formed by the eutectic Si and the aluminides, may act as a rigid hybrid 
interpenetrating reinforcement. They studied alloys Al-12%Si and Al-12%Si-
1%Ni that were investigated in as-cast (AC) and in spheroidised treated (ST) 
conditions; the latter treatment consisted of a solution treatment at 540°C for 20 
min, up to 24 h. All samples, both Ac and ST were artificially overaged at 300°C 
for 2 h and cooled down in the furnace. The TCC experiments were carried out by 
applying thermal cycles between 50⁰C and 300⁰C using a heating/cooling rate of 
12.5K/s with a holding time of 3s. The thermal cycling was carried out under 
constant tensile stress of 40MPa up to failure of the specimen. 
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a) b) 

Figure 62 Influence of Ni and spheroidisation treatment; TCC strain, εtcc, vs time in a) and b) 
strain rate vs time curves with an applied load of 40MPa, Asghar et al. (2010). 

 

As demonstrated in the graphs, Figure 62, the Al-12%Si-1%Ni alloy shows lower 
minimum strain rate and longer TCC life in all corresponding conditions than that 
of the Al-12%Si alloy. It can also be observed that the decrease in 
interconnectivity and spheroidisation of the reinforcing phases, i.e. eutectic Si, 
Al9FeNi and Al15Si2(FeMn)3 aluminides, are responsible for the decrease of TCC 
resistance of the Al-12%Si-1%Ni alloy as a function of ST; which is still higher 
than that of Al-12%Si alloy due to the conservation of the contiguity and 
interconnectivity of the 3D networks. 

Ni forms a number of intermetallics when Cu is available in Al-Si alloys. Li et al. 
(2010) and Yang et al. (2012) both studied the evolution of Ni-rich phases, 
quantified as well as related the combination of Ni and increased Cu levels on the 
mechanical properties of T6-treated Al-12-13%Si alloys. Apparently, according to 
Li et al. (2010) a number of Ni-rich dispersoids exists but it is the δ-Al3CuNi  that 
was found to have the most effective contribution to strength at elevated 
temperatures. It was also found that the addition of Cu up to levels 1-3% gave a 
very positive response to the strength at 350⁰C, presented in Table 23.  

Table 23 Chemical compositions of the studied alloys in wt.% and UTS at 350⁰C; T6-treated, Li et 
al. (2010). 

 

 

Yang et al. (2012) worked on similar alloys but with nearly 2% Ni and studied the 
influence of Cu additions up to 5%, Table 24. They concluded that the more Cu is 
added, the Ni-rich phases translate from one shape and stoichiometry to another. 
The morphology changed from being short-strip (2-3% Cu) to reticular (3-4%Cu) 
and then to semi-annular or annular (5%Cu). Along with these morphological 
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changes when the Cu level is increased, the mechanical properties at elevated 
temperatures were also increased, see Table 24. 

Table 24 Chemical compositions of the studied alloys in wt.% and UTS at 25 and 350⁰C; T6-
treated, Yang et al. (2012). 

 

 

 

Cho el at (2006) studied also the influence of increasing Cu and Ni along with 
additions of Mn, Cr and Ge in these piston alloys, T6-treated and additionally 
overaged in salt bath at 350°C up to 1000hrs, on the mechanical properties at 
350°C. Besides, two of the alloys contained also Ti, V and Zr in total 0.08-0.2 
wt.%, see Table 25 and Figure 63.  

Table 25 Chemical compositions of the studied alloys in wt.%, Cho el at (2006). 

 

 

a) b) 

Figure 63 Impact of alloying elements on the mechanical properties; a) presents Brinell hardness 
vs. ageing time of T6 treated samples with an additional over ageing at 350°C and b) shows the 
high temperature properties, UTS and hardness, as a function of volume fraction of intermetallics, 
Cho el at (2006). 
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Unfortunately, Cho et al. (2006) did not report the actual levels of alloying 
elements instead, they conclude that, as also apparent in Figure 63, among these 
transition elements, Mn turned out to be the most effective alloying element. After 
adding up to 0.5wt% of Mn, a large number of relatively stable intermetallic 
phases, α-Al(Mn,Fe)Si as well as fine Al6(Mn,Fe) particles were precipitated  
improving the elevated temperature properties. The addition of Ge promoted the 
precipitation of the metastable phase, θ-Al2Cu, due to the formation of GeSi 
precipitates, thereby improved the mechanical properties of the alloy after T6 heat 
treatment. However, the presence of these GeSi precipitates did not affect the 
coarsening of this metastable phase to form Q-phase (Al5Cu2Mg8Si6) during 
ageing and, thus, the elevated temperature properties were not improved by the 
addition of Ge.  

Besides Mn, Cr also appeared to be one of the most effective alloying elements 
for high temperature strengthening, due to the production of large quantities of 
polygonal shaped AlCrSi phase with a particle size of less than 10µm. Otherwise, 
as observed, the larger the volume fraction of intermetallics (with Si, Mn, Ti, V, 
Zr, Cu, Ni), the better the mechanical performance at elevated temperature.  

The sole addition of Cu on the high temperature mechanical properties has also 
been investigated by Wang et al. (2011) who only added Cu levels up to 5% on 
similar alloys, see Table 26.  

Table 26 Chemical compositions and mechanical properties of piston alloys, Wang et al. (2011). 

 

 

 

Analyzing the fracture surfaces, Wang et al. (2011) reported that the eutectic Si 
crystals provide the weaker locations than that of the Al(Fe,Mn)Si phases and that 
the Cu-rich phases play important role in the improvement of mechanical 
properties, see Table 26, by neutralizing the negative effects of iron-rich phases 
and the strengthening effects on the Al-matrix. 
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As may be noticed, the majority of research on Al–Si alloys is dealing with 
additional alloying elements of Ni, Cu, Mg etc. These alloys are widely used in 
piston applications, due to excellent castability, high elevated temperature 
strength as well as low thermal expansion. The latter property which is not the 
aim of this subproject have been studied by Yang et al. (2012) who noticed that 
thermal expansion coefficient decreases with, for instance, increased Cu levels.  

Nevertheless, the solely influence of Mn on the elevated temperature mechanical 
properties, which often is present in these alloys, has been studied by Qian et al. 
(2007).  The alloy of focus, see Table 27, is very similar in composition to the 
ones by Cho et al. (2006), Li et al. (2010) and Yang et al. (2012). The data by 
Qian et al. (2007) is comparable with data by Cho et al. (2006) and Li et al. (2010) 
that shows the UTS performance of these T6-treated alloys at 350°C.  

Table 27 The levels of Mn in Al-12% Si-1% Cu-0.3% Fe-1.2Mg-1.1%Ni alloy and UTS at 350°C, 
Qian et al. (2007).  

 

 

The data in Table 27, does not follow the conclusion by Cho et al. (2006) who 
demonstrated the positive response of Mn (up to 0.5%) on strength evolution. But 
it is worth to remember that there are always a number of parameters that might 
influence the mechanical performance. Nevertheless, Qian et al. (2007) concluded 
that there occurs an evolution of Mn-bearing intermetallic phases in the alloy with 
the increase of Mn level into the alloy. When most of Mn exists in the dendritic 
Al9FeNi phase, the elevated temperature strengthening effect is good. Further 
increase of Mn addition can lead to the formation of a kind of plate-like Mn-
bearing phase, whose strengthening effect is poor. 

In a similar manner and absence of Mn, Li et al. (2011) studied the sole influence 
of Cr on the mechanical properties at elevated temperature these piston alloys at 
elevated temperature. The alloys in Table 28, were T6-treated and tested at 350°C. 

 

Table 28Chemical compositions and UTS of piston alloys, Li et al. (2011). 

As observed in Table 28, Li et al. (2011) found that the UTS of the Al–Si–Cu–Ni–
Mg piston alloy was increased by 26% after adding 0.5wt.% Cr and 0.8wt.% Fe. 
The Al(Fe,Mn,Cr)Si phase formed after adding 0.5wt.% Cr and 0.8wt.% Fe into 
the Al–Si–Cu–Ni–Mg piston alloy, maintains its crystal structure and acts as 
supportive strengthening phase together with the Ni-rich intermetallics. 

Discussing the role of particular elements on the elevated temperature mechanical 
properties of piston alloys,  studies on the effect of Zr addition and precipitation 
of ZrAlSi intermetallics on the elevated temperature properties of T6-treated Al-Si 
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alloys by Tong et al. (2012) and Gao et al. (2013) are worth emphasizing, see 
Table 29 and Table 30. 

 

Table 29 Chemical compositions and mechanical properties of piston alloys, Tong et al. (2012). 

 

Zr is an important element widely used in aluminum alloys. The solubility limit of 
Zr in Al-matrix is no more than 0.28% and it is well known that addition of Zr to 
Al-alloys often enhances grain refinement and plays a role in inhibiting 
recrystallization. When Zr addition is beyond the solubility limit, it will form 
coarse flake-like ZrAl3 and ZrAlSi intermetallics. Since Ti and Zr are in the same 
column of the periodic table of elements, they exhibit similar characters. As 
observed in Table 29, the tensile strength is increased by 3.8% with 0.11% Zr and 
decreased by 5.0% with 0.46% Zr addition, while the elongation and yield 
strength are increased by 13.0% and 6.9% with 0.11% Zr and decreased by 9.6% 
and 7.3% with 0.46% Zr addition, respectively. The increase is attributed to the 
strengthening effect of Zr in the alloy, while 0.46% Zr addition results in the 
precipitation of flake-like ternary ZrAlSi intermetallics, leading to the decrease of 
the properties. 

Gao et al. (2013) performed the investigation on similar alloys but extended the Zr 
level up to 2.5% and found that by increasing the Zr level, the morphology of 
ZrAlSi-phase changes from flake-like (up to 1%Zr) to block-like nature 
(polyhedral) when adding up to 2.5%. Forming flake-like ZrAlSi particles (going 
from 0 up to 1% Zr) lead to a decrease of 7.28%, 3.23% and 8.85% for the 
elevated-temperature UTS, elongation and YS of the piston alloy, respectively. 
Having block-like particles cause an increase of 15.82%, 12.94% and 14.75%, 
respectively, see Table 30. Unlike the findings by Yang et al. (2012) on the 
influence of Cu on thermal expansion, Gao et al. (2013) did not find any effect of 
Zr additions on that particular property.  

 

Table 30 Chemical compositions and mechanical properties of piston alloys, Gao et al. (2013). 

 

 

Sha el al (2012), that fully agrees on the fact presented by Fan et al. (2013) 
regarding phase/precipitate thermal stability and diffusion in the Al at elevated 
temperatures, suggest alloying Al-20%Si alloys with Co from 0-1.5 wt.%. The 
study concluded that Co additions of approximately 0.7 wt. % improved the room 
and high temperature tensile properties, in the T6-condition, that were 290 MPa 
and 182 MPa respectively, see Figure 64.  
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Figure 64 Room and elevated temperature (300°C) properties of Al-20%Si alloy with additions of 
a variety of Co levels in both as-cast and T6-treated conditions, Sha el al (2012). 

 

Studying the creep behaviour and clarifying the role of Si level in hypereutectic 
alloys, Jaglinski et al. (2004) found that a eutectic alloy (Al-13%Si-3%Cu-
0.2%Mg) had larger strains to failure and longer rupture times than the 
hypereutectic alloys included in the study (Al-17%Si-4%Cu-0.5%Mg), see Figure 
65.  

a) b) 

Figure 65 a) comparison of creep results between the eutectic and Al-17Si alloys at the same stress 
of 32MPa and various temperatures, X indicates specimen rupture and b) comparison of creep 
results between the eutectic and B390 Al-Si (~17%Si and ~ 4.5% Cu) alloys at the same stress of 
32MPa and various temperatures, Jaglinski et al. (2004). 

 

Most of the creep strain observed was due to irreversible local damage 
accumulation, though an unreported macroscopic recovery of a small component 
of strain upon unloading was observed in some tests. Brittle fracture of the 
primary Si particles was found to be the major factor contributing to poor creep 
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performance, coupled with the presence of other manufacturing defects. The 
larger size of primary Si particle will reduce creep resistance. This is especially 
true if the primary Si particle is present with other defects. This suggests that the 
creep resistance, or at least strains to failure, of the alloys examined in this study 
could be increased through refinement of the primary Si particles. 

These Al-Si alloys have extensively been studied due to their high creep strength 
and Spigarelli et al. (2002) compared the creep resistance of Al-17%Si at elevated 
temperatures and suggest it to be comparable to Al-1%Mg-0.5%Cu alloys 
reinforced by 20% Al2O3 particles. It means that hard and stiff primary Si 
particles in Al may be seen as ceramic particles reinforcing the soft elastic-viscous 
eutectic Al-Si matrix. However, it should be noted that the size of the primary Si 
particle is important when considering creep performance. 
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4.8.3 5-series: Al-Mg alloys 

Being the major alloying element in the 5xxx series (used up to 6 wt%) Mg 
additions result in improved strength through mainly solute hardening of the alloy. 
Al-Mg alloys are generally stronger than the medium strength Al-Si series alloys, 
while having also very good formability.  

Except for susceptibility to intergranular corrosion under very unfavourable 
conditions (when the Mg level is > 3 wt%), the 5-series alloys have good 
corrosion performance, and especially their resistance in seawater and marine 
atmosphere is superior to the other alloy series. Bjorgum A and Dons A at Sintef, 
Norway, compared the corrosion properties of a number of Al-Si and Al-Mg 
based alloys used in the automotive and marine application and visualized the role 
of increased levels of both Si, Mg and Mn in natural sea water, see Figure 66. 
They noticed that Al-Mg alloys are superior to the Al-Si alloys in terms of 
corrosion behavior. 

 

a) 

 

b) 

Figure 66 Corrosion performance of a variety of Al-alloys in sea water; a) compares industrial and 
lab environment and b) additions of elements into the Al-Mg series, Bjorgum and Dons. 
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The effect of increased Mg content (0 – 0.5%) on Al-Si alloys was negligible and 
so do the additions of Mn and Si had in the Al-Mg (Si). Besides, Bjorgum and 
Dons studied also the impact of microstructural modifications of Al-Si alloys by 
adding Sr and P+Cu. The Si morphology had a minor effect on the corrosion 
susceptibility but apparently, the  P+Cu modified Al-Si alloy with 0.2%Mg, 
showed an increased corrosion rate which is probably due by the increase in Cu 
content, see Figure 67a.  Figure 67b, shows change in behaviour when exposing 
the Al-castings to Sea Water Acidified Accelerated Test (SWAAT) solutions; then 
Al-Si alloys are superiour. 

 

a) 

b) 

Figure 67 Corrosion performance of modified Al-alloys in sea water in a) while b) compares the 
behaviour of castings exposed to see water and SWAAT solutions, Bjorgum and Dons. 

 

From one comparison to another; moving from the relationship between Al-alloys 
from corrosion point of view and focusing on the Al-Mg alloys from mechanical 
performance viewpoint compared to other Al-alloys, the studies by Molina et al. 
(2011, a and b) and Grieb et al. (2010) and Choi et al. (2011) have to be 
acknowledged. The one by Molina et al. (2011,a) dealt with comparing Al-Cu 
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alloys with Al-Mg alloys with additions of Sc and Zr; the data is presented in the 
2-series: Al-Cu alloys; se the first part of the report. 

Grieb et al. (2010) compared the behaviour of a variety of cast Al-alloys for 
cylinder head applications in terms of mechanical performance at elevated 
temperatures. The study compared the tensile as well as the TMF properties of Al-
7%Si-Mg-T6, Al-5%Si-1%Cu-T6, Al-5%Si-3%Cu-T7, Al-3%Mg-1%Si-T6, Al-
3%Mg-1%Si-Cu-T6 and Al-3%Mg-1%Si-(Sc, Zr)-T5. The study examines 
standardized samples on one hand and with near-component specimens with 
respect to their TMF resistance on the other hand. Tensile testing of the alloys 
were carried out at room temperature and after the standardized specimens had 
been at defined temperatures for 500 hours in order to determine the effect of 
ageing on the tensile properties and the data presented in Figure 68 are the mean 
value from five performed tensile tests. 500 hours were used to establish a 
completely overaged material condition at least at the highest temperatures 
normally applied.  

Figure 68 The UTS at room temperature as a function of temperature after 500h ageing, Grieb et 
al. (2010). 

 

The curves in Figure 68 demonstrate and compare the strength potential of the 
variety of cast Al-alloys used for automotive applications. As observed, between 
the ageing temperatures of 150°C and 250°C the material strength decreases 
rapidly for almost all of alloys. Only in the case of Al-3%Mg-1%Si-(Sc,Zr)-T5 
the annealing is very much delayed even at the highest temperature of 350°C. 
AlSi7Mg-T7 shows the highest reduction of the tensile strength with temperature. 
It can be noticed that after 500 hours at an ageing temperature of 200°C or higher 
the UTS has reached a minimum and therewith a stable condition. At 
temperatures above 150°C the fraction of incoherent Mg2Si particles is increased 
as well as coarsening is taking place that might explain the strength reduction of 
the Al-Si-Mg alloys. As far as the Al-Si-Cu alloys are concerned, incoherent 
Al2Cu appears and reduces the UTS when the temperature is above 200°C. Al3Sc 
is responsible for precipitation-strengthening in Al-3%Mg-1%Si-(Sc,Zr)-T5 and is 
stable up to 300°C. Hence, strength reduction due to ageing is slow for this alloy. 

When it comes to the TMF tests, the cyclic thermal loading was performed in the center on the 
surface of the bridge of the near-component-shaped specimen until crack initiations. The 
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temperature was cycled between 50-250⁰C within a time rage of 10 seconds and the results are 
presented in  

Table 31. 

 

Table 31 Thermal load cycles until crack initiation for the various Al-alloys, Grieb et al. (2010). 

 

It is clearly observed from the data in  

Table 31 that that Al-7%Si-Mg alloy in T6 conditions cannot match the other 
alloys included in the study. It is however confirmed that the Al-3%Mg-1%Si-Cu-
T6 has the highest number of TMF load cycles until crack initiation that also 
shows a relatively high tensile strength after exposure to high temperatures in a 
range between 200°C and 250°C. 

Grieb et al. (2010) compared also the thermal behaviour of these studied cast Al-
alloys in terms of linear thermal expansion coefficient (LTEC) and thermal 
conductivity (TC) up to 400°C, see Figure 69. From LTEC point of view, it seems 
that the behaviour is opposite to what have been found in the TMF study. The Al-
3%Mg-1%Si-Cu-T6 shows the highest values of LTEC and the Al-7%Si-Mg the 
lowest.  

In general, the TC increases with increasing temperature for all examined alloys, 
see Figure 69. All specimens had been stabilized in advance at 200°C for 500h. 
The Al-7%Si-Mg has the highest TC values compared to the other alloys, whereas 
Al-3%Mg-1%Si based alloys exhibit the lowest ones.  
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a) 

 

b) 

Figure 69 Thermal properties of Al-alloys where a) shows the linear thermal expansion coefficient 
and b) the thermal conductivity as a function of temperature, Grieb et al. (2010). 

 

Choi et al. (2011) studied, instead of commercial Al-Mg alloys, a new heat 
resistant Al-alloy based on Al-Mg. The alloy is Al-1%Mg-1.1%Si-0.8%CoNi 
where the strengthening Co-Ni phase was manufactured by using powder ball 
milling and continuous castings. Analogous with Grieb et al. (2010) Choi et al. 
(2011) compared the high temperature tensile deformation behaviour of the new 
alloy, up to 450°C, with a traditional A319 (Al-7%Si-3%Cu-0.4%Mg) both in T6-
condions, see Figure 70. 

As revealed in Figure 70, the new heat resistant alloy demonstrates superior 
tensile properties at high temperatures compared to conventional Al-alloy, with 
almost no strength reductions at temperatures above 200°C. An UTS and YS 
above 205 MPa and elongation of 20 % at 450°C indicate only one thing; 
excellent heat resistance. 
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Figure 70 Comparison of tensile properties at elevated temperatures, Choi et al. (2011). 

 

Analogous with other Al-series, a number of studies including alloying with 
particles on micro- and nano-scale exist as well as with additions of Sc and Zr etc. 
on the cast and wrought alloys. In case these alloys are found of interest, contact  
the project leader for further discussions. 
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4.8.4 7-series: Al-Zn 

As Rheinfelden expresses the Al-Zn alloys with 5-10%Zn and additions of Si, Cu 
and Mg etc. “offer high strength without heat treatment and outstanding casting 
properties, but limited shaping properties. They are used for components which 
are often large and difficult, especially in circumstances which require high 
strength levels: in mechanical engineering, domestic appliances and medical 
technology. Thanks to their self-hardening character, they regenerate after 
overload “ and “The material’s homogeneity and silent power are reminiscent of 
desert sand dunes, which, shaped by the wind, are always taking on new shapes 
while remaining the same”. Rheinfelden also recommends the usage of 
hypereutectic Al-Si based alloys with additions of Cu and Mg as well as Al-Cu 
alloys for elevated temperatures applications.  

Comparisons are always good but it has to be remembered that variations in terms 
of properties, whether mechanical or physical, is a natural consequence of all 
alloy and foundry practices and process related parameters as well post 
solidification treatments. The latter deals with initial state of the metal, dissolution 
and precipitation processes, ageing or overageing that all together will impact on 
strength at room and elevated temperature mechanical performance.  

 

 

Figure 71 0.2%-24h time yield limit of various casting alloys as a function of temperature, 
(Rheinfelden) 

 

As observed in Figure 71, the hypoeutectic alloy (T6-treated), denoted a, performs 
better that the self-aged Al-10%Zn based alloy, denoted b, up to 175⁰C, where 
they seem to coincide. Above this temperature, the roles change and alloy b seems 
to perform slightly better than a.  

Rheinfelden does recommend Al-Si alloys with Si levels above 12% and Al-Cu 
alloys for applications that serve at elevated temperatures. The reason is 
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highlighted in the Figure 71. Alloy c performs better that both a and b at 
temperatures above 170⁰C, where alloy d seems superior to all alloys studied. 
This particular alloy maintains relatively stable properties up to 250⁰C; thereafter 
its strength drops.  

One way to improve the elevated temperature properties of Al-Zn based alloys is 
also through alloying, conventionally and non-conventionally. A large number of 
studies have been conducted on alloying with Ag, Sc, Zr, Mg etc. and 
incorporations of Al2O3, SiC, B4C,  TiB2, etc.  

Malony et al. (2001) studied the impact of 0.1% Ag on the elevated temperature 
ageing of Al-1.8%Zn-0.32%Mg in T6-condition but at low solution heat treatment 
temperature that was 460⁰C. They observed that this small addition accelerated 
the early stage ageing through increasing the number and density of both solute 
clusters and GP-zones at 90⁰C. At higher ageing temperatures, 150⁰C, Ag 
contributed to both accelerated ageing and increased an increased response to 
hardening, see Figure 72.  

 

Figure 72 Hardness and ageing time curves with and without Ag, Malony et al. (2001). 

 

Parker et at (1995) instead summarized the impact of 1% Sc on Al-6%Zn-2%Mg 
and found that the Sc-free alloy reached a peak hardness of 154 after ageing at 
135⁰C following a standard solution treatment of 1 h at 475⁰C and water 
quenching. The alloy containing 1% Sc had a maximum hardness of 152 after a 
similar treatment, implying no additional hardening by Sc. Lowering the solution 
treatment temperature to 400⁰C led to a peak hardness of 164, indicating some 
additional strengthening. It has also been concluded that it is difficult to define a 
set of heat treatments which suits both the precipitation of A13Sc and the lower 
temperature precipitating phases. Solution treatment is required to achieve 
effective hardening by the phases which form at lower temperature; however, 
solution treatment also causes precipitation of Sc as coarse, and non-hardening, 
particles of A13Sc. It is meanwhile worth remembering that Sc is lightly soluble in 
Al in the solid state and supersaturated solid solutions decompose on ageing at 
elevated temperature, precipitating the A13Sc. 

Continuing the discussions on Al-6%Zn-2%Mg and related alloys, Wu et al. 
(2000) studied the deformation and fracture behaviour, at room and elevated 
temperatures of these alloys without and with additions of Al2O3, fabricated by 
squeeze casting. The fiber volume fraction was 0.1 in each composite, in the 
alloys in Table 32. 
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Table 32 Composition of the matrix alloys and the percentage ratio of UTS for the materials at 
different temperatures to the composite (containing 3.08 wt.% Mg) strength at RT (σ/(σc)RT×100). 

 
UTS 

 

 

Figure 73 The mechanical properties of the studied alloys as a function of temperature; while a) 
describes the stress–strain curves of monolithic alloys at temperature between 25 and 400°C, b) is 
for the corresponding composites, c) illustrates the yield stress variation for monolithic alloy (2.22 
wt.% Mg) and d) for the corresponding composite at different temperatures, Wu et al. (2000). 

 

 
 

a) b) 

  

c) d) 
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As declared from the data and curves in Figure 73, the UTS and YS values are 
larger for the composites than those without additions of 0.1 volume fraction of 
fibers. The elevated temperature properties show appreciable strength retention 
for the composites. It is worth observing the UTS values of the composites that 
show an improvement of 18% compared to the conventional alloys at the 
temperature region 200-300°C. 

A similar study by Razaghian et al. (1997) has been conducted on an Al-Zn-Mg-
Cu alloy (7075 – 5.6–6.1% Zn, 2.1–2.5% Mg, 1.2–1.6% Cu) without and with 
15% SiC particles with an average size of 14µm. This study confirms, and 
opposes to the findings by Wu et al. (2000), when it comes to YS evolution and 
UTS at higher temperatures, see Figure 74. 

 
 

a) b) 

 

c) d) 

Figure 74 a) The engineering stress/strain curves of the composite in the T6 condition at different 
temperatures, b) the UTS, c) YS and d) the elongation of the composite and the monolithic alloys 
as a function of temperature, Razaghian et al. (1997). 
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While the YS of the composite developed by Wu et al. (2000) was 2 times higher 
the monolithic alloy, the study by Razaghian et al. (1997) shows only a slight 
variation between the composite and monolithic alloy along with test 
temperatures. The main reasons for the final failures at room temperature were 
devoted to particle fracture, while inter-particle voiding was dominant at high 
temperature. Regions of clustered particles and large particles were the sites prone 
to fracture of the particles and to void nucleation in the composite. 

Considering the elongation to failure of the composite, it increases as temperature 
increases up to 300°C; above this temperature, however, the composite does not 
exhibit a strong temperature dependence of tensile ductility while in the 
unreinforced alloy the ductility increases steadily with temperature up to 400°C. 
Ductility improvements with temperature in the reinforced alloy below 300°C can 
be attributed to the ductility of the matrix and to a decrease in local stresses 
around SiC particles as a result of climb of dislocations around these particles.  
Continuous cavities and voids formations and propagations caused by debonding 
or particle fracture limit further increases in ductility for the reinforced alloy as 
the temperature increases. 

What if the alloy is changed and also the kind of particles? This question can be 
answered by discussing the findings by Onoro et al. (2009) that aimed to clarify 
and evaluate the effects of the temperature on the mechanical properties of 
6061(Al-0.65%Si-0.87%Cu) and 7015 (Al-5.96%Zn-0.63%Si-1.04%Mg-
0.23%Cu) composites reinforced with B4C particles on one side and with TiB2 on 
the other side. Similar findings and very comparable data allow the presentation 
of only one study, namely the one with B4C particles. 

 

Figure 75 UTS comparison between monolithic and reinforced alloys as a function of temperature, 
Onoro et al. (2009). 

 

An overall observation shows the superior quality of the 7075, with and without 
B4C reinforced particles, at every temperature with a reduction in differences as 
the temperature increases, see Figure 75. Otherwise and besides being stronger 
than 6061, all the materials studied behave in a similar manner with increased 
temperature. The tensile properties reduce as expected, but the process is not 
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uniform, because several metallurgical phenomena are involved simultaneously. 
The drop in properties is low up to 200°C. In the region 200–300°C the 
degradation of tensile properties is very quickly due to the matrix that loses the 
ageing heat treatment by growing of the coherent hardened precipitates into larger 
incoherent phases with a consequent matrix softening. At 300–400°C the 
mechanical properties of the 7015 matrix alloy drop more quickly than those of 
the 6061 alloy, so they reach values that are quite close. The solid solution 
hardening produced by the higher concentration and number of alloy elements in 
the 7015 matrix loose henceforward importance and the strength is reduced to 
values close to those of the 6061 alloy.  

The study confirms the positive impact of the B4C particles on the mechanical 
properties which is mainly by stress transference from the aluminium matrix to 
the reinforced particles. The interaction between the dislocations and particles 
results in an increase in strength which is associated with the Orowan mechanism 
or the Hirsch mechanism, by which a dislocation bypasses impenetrable obstacles, 
where a dislocation bows out considerably to leave a dislocation loop around a 
particle, or leaves a prismatic loop behind a particle respectively.  

In case these alloys are found of major interest, contact the project leader for 
further discussions on papers conducted in the area of creep and additional alloy 
elements and particles. 
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4.8.5 Other alloys 

4.8.5.1 Al-Sc 

Literature agrees upon the fact that Sc in Al alloys may lead to grain refinement 
during casting and welding, precipitate Al3Sc particles as well as aforementioned 
studies, that in combination with Zr it forms a strength supportive Al3(Sc,Zr) 
dispersoids. What Sc may influence in terms of strength in one alloy system may 
not be the case in another alloy system why care should be taken when dealing or 
planning to introduce Sc. In the Al-Mg and Al-Zn with Cu and Mg, Sc has proven 
to enhance the mechanical properties as reported in the review by Röyset et al. 
(2013) and the investigation by Parker et al. (1995). Both studies are interesting 
and available upon request.  

Adding Sc to Al-Si alloys results in the formation of AlScSi phase rather than the 
Al3Sc phase. Due to this reason, as well as the cost, Al-Si alloys have not gained a 
large number of works on the influence of Sc on the elevated temperature 
properties. 

So, what is the role of Sc in Al? It forms nano-sized Al3Sc which are coherent and 
large in numbers that hinders mobile dislocations and stabilize a fine-grain 
structure. These contribute to the fact that Al with Sc in it will have excellent 
mechanical properties at room temperature and as it is also reported, these 
precipitates is also stable up to 350°C. One has to keep in mind that the solubility 
is very limited, see Figure 76. 

 

a) b) 

Figure 76 Sketch of the Al-rich side of the Al-Sc phase diagram. The symbol X indicates an 
arbitrary hypereutectic composition, Röyset et al. (2013) and b) illustrates the influence of Sc on 
the YS, when added to pure Al (the data is both from cast, empty symbols, and rolled material, 
filled ones in aged conditions), from the review of Parker et al. (1995). 

 

As noticed from Figure 76a, there is an eutectic point at approximately 0.6 wt.% 
Sc and 659°C; the maximum solubility of Sc in room temperature is 0.38 wt.%. 
However, it is relatively easy to obtain higher supersaturated solutions of Sc in 
Al-alloys by fast cooling during solidification. At a cooling rate of 300 K/s, 
Parker et al. (1995) succeeded in preserving 1%Sc in solution. The Sc in 
supersaturated solution may precipitate as finely dispersed Al3Sc particles in the 
temperature range 250- 350°C; Parker et al. (1995) used 290°C in the ageing step 
and realized that 1%Sc in Al alloys gave the best response to hardness, a value of 
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125 compared to 85 for the alloy with 1.25%Sc, see Figure 76b. It is explained as 
due to the significant second phase found in the latter, reducing the hardening 
capacity.  

Accepting the fact that only 0.35%Sc can be in solution and that these particles Sc 
forms with Al are stable at relatively higher temperatures than Al-Cu and Mg-Si 
phases, let´s discuss the findings by Seidman et al. (2002) who studied the 
strength of heat treatable cast Al-Sc alloys at elevated temperatures. The study 
included varying the Sc levels from 0.1 up to 0.3 %Sc in commercially pure Al. 
The material produced where thereafter exposed to a T6-treatment, aged in 
temperatures between 275-400°C.  The study aimed at understanding the yield 
and creep behavior, as well as the corresponding dislocation mechanisms, in Al-
alloys containing low volume-fractions of Al3Sc precipitates (less than 0.74 
vol.%) at room temperature and between 225 and 300°C, i.e., at homologous 
temperatures, T/TM, between 0.50 and 0.64 (where TM is the absolute melting 
temperature of Al). The alloys studied are coarse-grained (grain size of 1–2 mm) 
so that creep is controlled by dislocation mechanisms, rather than by grain-
boundary sliding.  

  



Swerea SWECAST AB  
Report No. 2013-030_ 

 

105 

 

 

 

a) c) 

 
 

b) d) 

Figure 77 While a) demonstrates micro-hardness versus the ageing temperatures, b) shows the 
response of various Sc concentration (0.1, 0.2 and 0.3 wt.%) at an ageing temperature 300°C; c) 
and d) present the effect of test temperature on steady-state creep behavior: of Al-0.2 wt.% Sc; and 
Al-0.3 wt.% Sc respectively, both alloys were peak-aged at 300°C for 6 h, Seidman et al. (2002). 

 

Their observations witness that a high number density of nearly spherical Al3Sc 
precipitates was formed as a result of all the ageing treatments. These precipitates 
are coherent with the Al matrix, as coherency strain was visible and no interfacial 
dislocations were observed. As observed in Figure 77 a, as the ageing temperature 
increases from 275–400°C, the incubation time decreases, the time to reach peak 
hardness decreases, and the rate of hardness drop after peak ageing increases (as 
observed at 350 and 400°C). The dependence of hardness on Sc level at 300°C is 
presented in Figure 77b. As the Sc in the Al-alloy increases, the incubation time 
decreases and the value of peak hardness increases. The study highlights also that 
YS at room temperature of Al-0.3wt.% Sc alloy aged at 300°C for 5 h is 209±10 
MPa (average value for two tests). After a subsequent anneal at 400°C for 7 h, the 
YS decreases to 140±10 MPa. At 300°C and a deformation rate of 0.03 s -1, a YS 
of 101 MPa is measured for an Al-0.15wt.% Sc alloy aged at 300°C for 5 h and 
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400°C for 1h.When ageing at 400°C was increased to 3 and 7h, the YS at 300°C 
decreases to 70 and 57 MPa respectively, Seidman et al. (2002). 

As a result from the hardness study, the time span of the peak hardness plateau for 
ageing at 300°C is longer than that of a creep experiment, so the creep test 
performed in this study at 300°C can be considered not to alter the precipitate size 
distribution of the alloys. As observed from Figure 77c and d, despite all alloys 
exhibiting significant improvements in creep resistance at 300°C as compared to 
pure Al, data on pure Al were collected from literature and used in the study by 
Seidman et al. (2002). The study contains a number of interesting finding and may 
be communicated upon interest.  

 

a) 

 
 

b) c) 

Figure 78 Double logarithmic plots of minimum creep rate at 300 °C vs. applied stress, for 
Al(Sc,Zr) alloys with various precipitate volume fractions Vv (given in %) and roughly constant 
precipitate radius (nm), in a), b) for (Al–0.09 Sc–0.047 Zr) with various precipitate radius  and c) 
for alloys Al–0.14 Sc–0.012 Zr and Al–0.16 Sc–0.01 Zr and the corresponding binary Al–0.18 Sc 
alloy with various precipitate radius, Fuller et (2003). 
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Seidman did not stop here; together with Fuller et al. (2003) they studied the 
impact of adding Zr to Al-Sc alloys on the creep properties at 300°C. They found 
that the creep deformation at that temperature is characterized by a threshold 
stress which apparently increases with an increase of radius of precipitates in the 
range 2-9 nm. At constant radius of precipitates and precipitate volume fraction, 
Zr additions did not significantly improve the creep resistance, see Figure 78. The 
data presented are based upon heat treated material aged at 300°C for 73h. 

Neither Seidman et al. (2002) nor Fuller et al. (2003) did present any tensile test 
data on Al- Sc-Zr alloys. Instead, these data are presented by Neubert et al. (2007) 
who carried out tensile testing at various temperature for an Al-0.5 wt.% Sc-
0.4wt.%Zr alloy that were prepared by powder metallurgy, PM.  

 

Figure 79 Temperature dependence of YTS and UTS of PM AlScZr alloy, Neubert et al. (2007). 

 

As observed in Figure 79, both the UTS and YS decrease considerably with 
increasing temperature. TEM studies revealed that dislocations pinned by Al3(Sc, 
Zr) spherical particles are the typical microstructure feature of the alloy deformed 
at elevated temperatures; demonstrating the role of these coherent precipitates. As 
far as the elongation is concerned, it is improved with the increase of temperature 
reaching 30% at 300°C compared to roughly 12% at room temperature, Neubert et 
al. (2007).  

The tensile properties were also compared with an AA6061-T6 (an extrusion 
alloy). The comparison revealed that the PM AlScZr alloy has mechanical 
properties comparable to those of the AA6061-T6 Al-alloy at room temperature. 
But at temperatures around 250°C, the UTS and YS of the AlScZr alloy are 
significantly higher, 97 MPa compared to 51MPa and 96 MPa compared to 34 
MPa respectively. The Al3(Sc, Zr) particles in the alloy studied, having only few 
nm in diameter and are being coherent with Al matrix, are assumed responsible 
for the strength improvements, Neubert et al. (2007). 
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4.8.5.2 Al-Ni 

As mentioned above, a number of research has lately been focusing on the 
development of high performing Al-based alloys with retained strength, stiffness 
and thermal stability at elevated temperatures. Many of these studies have been 
dealing with producing alloys with a high volume fractions of dispersoids; 
barriers to the movement of dislocations. While Shi et al. (2005) focused on 
nanostructured and extruded Al-Ni-Gd-Fe alloys and their impressive behaviour 
at elevated temperatures, up to 400 MPa at around 250°C, Fan el al (2013) 
focused on developing a new castable Al-alloy that is designed specifically for 
elevated temperature applications approaching 300°C.  

Fan et al. (2013) expressed that if a cast Al-alloy is to be intended for applications 
serving at elevated temperatures, it must then contain a eutectic structure that is 
stable at temperatures higher than 600°C and must contain second phase 
precipitate particles that are thermodynamically stable at the service temperature. 
Transition metal trialuminides with the general chemical formula Al3X, in which 
X is a transition metal, are excellent candidates for both the eutectic structure and 
the precipitate particles. Based upon these principles, well described in their 
study, Fan et al. (2013) developed a eutectic Al-Ni alloy with additions of Zr and 
V, see Table 33, to the Al-Al3Ni eutectic composition so that upon artificially 
ageing the alloy, nano-sized transition metal trialuminides form in the α-
aluminum phase of the eutectic and significantly strengthen it. 

 

Table 33 Chemical composition of newly developed Al-Ni alloy, Fan et al. (2013). 

 

 

It has been found that the YS of the Al-6%Ni-0.1%Zr-0.4%V alloy at 300°C after 
soaking the specimens at 300°C for 100 hours is 61 MPa, which is 47% of its 
room temperature YS, see Table 34. This compares favourably to the YS of 390-
T6 alloy (~Al-17%Si-3%Cu-Mg) that is tested under similar conditions that is 50 
MPa. The UTS of the Al-6Ni-0.1Zr-0.4V alloy at 300°C after soaking the 
specimens at 300°C for 100 hours is 68 MPa, which is 34% of its room 
temperature UTS. This too compares favourably with the UTS of 390-T6 alloy 
that is tested under similar conditions, which is 51 MPa. 

 

Table 34 Mechanical properties of Al-6%Ni-0.1%Zr-0.4%V and commercial 390-T6 alloys, Fan et 
al. (2013). 

 

 

These tensile test values presented by Fan et al. (2013) are recommended to be 
compared with the aforementioned studies that demonstrate Al-Si alloys with 
even better potential at 350°C.  
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Besides tensile testing at elevated temperature, Fan et al. (2013) carried out 
castability comparisons between the eutectic Al-Ni alloy and 2 other Al-alloys 
from both fluidity and hot tearing indeces point of view, Figure 80. 

a) b) 

Figure 80 Castability characteristics where a) presents the fluidity index; and b) illustrates the hot 
tear index of Al-5.5%Ni alloys, 390 and 206, Fan et al. (2013). 

 

As it is observed in Figure 80, although the fluidity of the Al-Ni eutectic 
composition is not as high as that of the 390 alloy, it is significantly higher than 
that of the commercial 206 alloy (~Al-4%Cu-0.3%Mg). The measured tendency 
of the Al-Ni eutectic to hot tear is higher than that of 390 alloy, but it is 
significantly lower than that of 206 alloy. 
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4.8.5.3 Al-Li 

Materials development for automotive usage often involves a compromise 
between materials performance in terms of a certain property or attribute in 
relation to the cost. A common strategy for materials selection is a component 
with minimum cost and material that deliver the specified performance. The 
continuous demands for high strength, lightweight and cost effective materials 
solutions have succeeded in significant improvements and development of Al 
alloys for structural applications. Al-Li alloys have gained a large attention due to 
strength potential and weight savings these alloys may offer. Li in Al gives the 
greatest reduction in density as well as improved stiffness, see Figure 81, 
presented in the study by Lavernia et al. (1990). 

a) b) 

Figure 81 The influence of alloying elements on density in a) and stiffness in b). 

 

Besides, it is worth mentioning that Li is one of the few elements with substantial 
solid solubility in solid solution in Al; 4.2 wt. %. As derived from the diagram in 
Figure 81, each 1% additions of Li in Al (up to the 4%) results in density 
reduction 3% and increases the stiffness by 6%.  

The solution of Li atoms in Al-alloys produces only a small degree of solid 
solution strengthening. In comparison with Cu- containing Al- alloys, the solid 
solution strengthening is caused principally by the differences in size and/or 
differences in elastic modulus between the solute and the solvent atoms. The 
general strength in these alloys is then derived from the presence of a large 
volume fraction of the coherent δ’ (Al3Li) phase; which is precipitated as a result 
of the third and final stage of a heat treatment procedure. Further ageing results in 
subsequent coarsening of the Al3Li. 

The essential mechanisms for strengthening in age hardenable Al-Li alloys are 
derived from the presence of Li in solid solution, and by the presence of coherent, 
ordered precipitates in the matrix. Although it is widely accepted that the principal 
strengthening mechanism is due to precipitation there are apparently still 
disagreements upon the exact mechanisms, Lavernia et al. (1990). 

Zacharia et al. (1988) and other researchers such Lavernia et al. (1990), Prasad et 
al. (2003), and  Adamczyk-Cieslak et al. (2010) etc., have discussed the superior 
mechanical properties of Al-Li alloys as well as Li additions to Al-alloys as 
compared to the conventional Al-alloys in terms of higher specific strength, 
enhanced resistance to high cycle fatigue, fatigue crack growth and monotonic as 
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well as cyclic fracture at cryogenic temperatures. Zacharia et al. (1988) carried out 
a detailed experimental investigation to characterize the elevated temperature 
mechanical properties of Li-alloyed Al-alloys. The material studied consists of 
alloy 2091 (Al-2.3%Li-2%Cu-1.3%Mg) in as cast conditions, alloy 2091 (Al-
1.7%Li-1.8%Cu-1.4%Mg) in T3 conditions and alloy 2024 (Al-4%Cu-1.4%Mg) 
also in T3 conditions. In general, alloy 2091 in the “as-cast” condition exhibited 
very low elevated temperature strength and ductility for all the test conditions. 
This was attributed to the coarse dendritic structure of the as-cast material. The 
hot tensile tests indicated that the tensile strength of the wrought alloy 2091 
adequately matched the strength of alloy 2024 throughout the temperature regime. 

 

The results show that, for the range of temperatures investigated, the UTS of alloy 
2091 compared very well with alloy 2024. This is particularly significant since 
alloy 2091 has been developed for possible replacement of alloy 2024 in structural 
applications. In the T3 (solutionizing and cold working) condition, the room 
temperature strength of alloy 2091 is approximately 425 MPa and that of alloy 
2024 is approximately 475 MPa, Zacharia et al. (1988), Figure 82. 

 

 

Figure 82 Tensile test results for alloys 2091-AC, 2091-T3 and 2024-T3, Zacharia et al. (1988). 

 

On the contrary, Sauermann et al. (2005) have processed Al-Li alloys in the semi-
solid state that offers high potential to reduce porosity, volume shrinkage and the 
hot tear susceptibility that all may be significantly improved leading to enhanced 
mechanical behaviour. The Al-Li alloy studied by Sauermann et al. (2005) 
contained also some Sc and Zr and the mechanical performance as well as a 
comparison with Al-7%Si-0.4%Mg alloys are presented in Figure 83.  
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a) 

 

b) 

Figure 83 Mechanical properties of synthesized Al-2.1%Li-5.5%Mg-0.3%Sc-0,3%Zr in the as-cast 
condition in a) and b) a comparison with Al-7%Si-0.3%Mg-T6, Sauermann et al. (2005). 

 

Up until now, only the advantages with Al-Li alloys are discussed, but as it is 
always the case, there will be always issues that need to be concerned; as far as 
the Al-Li alloys are concerned, the following have to be put in mind (Zacharia et 
al. (1988), Lavernia et al. (1990), Prasad et al. (2003) and Sauermann et al. 
(2005)): 

 Hot tear susceptibility  
 High reactivity of Li with refractory material, moisture and atmospheric 

gas 
 High scrap rate / high machining costs due to high rejection rate 
 Corrosion susceptibility 
 Recycling issues 
 Al-Li alloys cost 3 times conventional Al alloys 
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4.8.5.4 Al-Fe 

 

The Al-Fe alloys have also been paid attentions and several investigations deal 
with their abilities to retain their strength at elevated temperatures through 
dispersion strengthening. Carreno et al. (1997) have for instance studied the 
elevated temperature creep behaviour   of three different dispersion strengthened 
materials processed under similar conditions (rapid cooling by “jet casting” and 
subsequent powder metallurgy routes and extrusion) and containing the same 
volume fraction of dispersoids, see Table 35.  

 

Table 35 The composition and nomenclature of the alloys, Carreno et al. (1997). 

 

 

The data recorded from this study by Carreno et al. (1997), Figure 84, were in the 
steady state condition limiting therefore microstructural changes. The plots in 
Figure 84 a, b, and c show the logarithmic true strain rate as a function of the 
logarithm of the true flow stress at various temperatures. As observed from these 
plots, the flow stresses range from 22 to 294 MPa for applied strain rates ranging 
from 2.5x10-6 to 10-2 s-1. It can be noticed that the AFMn material is slightly 
weaker than the other ones.  

 

a) b) c) 

Figure 84 Influence of strain rate and temperature on the AFX-24% alloys where a) presents 
AFCr, b) AFMn and c) the AFMo, Carreno et al. (1997).  

 

Unfortunately the study did not report any tensile test data at elevated 
temperatures of these alloys. Luckily, data (both physical and mechanical) on a 
similar alloy Al-8.7%Fe-1.8%Si-1.3%V is presented by RSP Technology, see 
Figure 85. The company compares also the performance of this alloy with other 
alloys, Al-Fe, Al-Si and Al-Cu based alloys, illustrating the materials behaviour at 
both room and elevated temperature. 
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Figure 85 Performance of Al-based alloys at room and elevated temperatures in terms of physical 
and mechanical properties, RSP Technology. Exposure time at temperature prior to tensile testing 
= 1000 hours 

 

The comparisons of the alloys in terms of UTS and YS as well as fatigue 
performance and physical properties are illustrated in Figure 85. It is worth 
noticing that what might be a reasonable material selection for a component 
serving at temperature up to 200°C might not be the best choice if properties are 
to be retained at temperature above 250°C. 

The elevated temperature behaviour of rapidly solidified (Powder metallurgy 
routes and extruded) Al-Fe based alloys with V and Mo additions have also been 
investigated by Barbaux el al (1993). They compared the output of these tests with 
Al-Cr-Ni and Al-Mn-Ni alloys as well as studied the impact of Mg on the elevated 
temperature tensile properties of Al-Fe based alloys.  

a) b) 

Figure 86 Mechanical behaviour comparison of Al-based alloys; a) shows the mechanical 
behaviour as a function of temperature and b) illustrates the creep results for the various alloys, 
Barbaux el al (1993). 

 

The tensile tests at various temperatures and the creep test at a stress level of 150 
MPa at 300°C clearly indicate that the best alloys at temperature around 250°C 
and above are from the Al-Fe-V system, and among them the best composition 
corresponds to A1-8.5Fe-2V, with a behaviour equivalent to that of 8009 alloy 
(Al-8.9%Fe-1.8%Si-1.3%V), see Figure 86a. The creep results clearly show that 
the Ni containing alloys are not adapted at all, while they may be of interest for 
temperatures up to 250°C if the yield strength is of interest. The alloy 8019 
contains no V and mainly of Al-8%Fe-Ce, see Figure 86b. 
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As far as the Mg additions are concerned, Barbaux el al (1993)  found that the 
impact of small Mg addition on the strength of the A1-6Fe-1.5V alloy is 
beneficial. The small addition of Mg leads to a very important increase of tensile 
strength at room temperature; unfortunately it is accompanied by a drop in 
fracture toughness, see Table 36. But it is worth to think of, the strength 
enhancement at 300°C were not realized;  nevertheless, it is still very appreciable 
compared to other Al-based alloys. 

 

Table 36 The impact of Mg addition on the mechanical properties in an A1-6Fe-1.5V alloy, 
Barbaux el al (1993). 

 

5 Conclusions 

The majority of Al-alloys are highly ductile accompanied with appreciable levels 
of strength. The ductility is however considerably affected by the melt handling 
and cleaning practices, the level of modification of Si and Fe-rich phases, the 
level of Fe and H levels in the alloys, filling and solidification procedures, post 
solidification treatment etc. Only when actions and optimized procedures for 
defect control are taken, minimized variations and consistent properties of 
castings may be realized. A huge number of Al-alloys may perform better than 
10% in ductility if proper conditions are given. 

As far as retaining strength at elevated temperatures is concerned, the chemical 
composition and alloying procedures, processing conditions and proper heat 
treatments have to be conducted properly in order to obtain high performing 
aluminium cast components at elevated temperatures. What might be a reasonable 
material selection for a component serving at temperature up to 200°C might not 
be the best choice if properties are to be retained at temperature above 250°C. An 
overall impression, keeping in mind the variety of mechanical attributes, 
“Castable” and “affordable” alloys based on the Al-Si system, with Si levels 
above 12% and alloys based upon the Al-Cu system may be recommended in 
applications that serve at elevated temperatures. 
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