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Abstract 

The industrial use of recycled aluminium is greatly limited by the degraded 

mechanical properties due to the increased impurities. Fe, one of the common 

impurity content in Al  alloys, is difficult  to eliminate once introduced into 

aluminium during primary production or recycling processes. Due to the low solid 

solubility of Fe in Al , the formation of Fe-rich intermetallic compounds (Fe-IMCs) is 

inevitable, which is one of the main causes for the deterioration of mechanical 

properties in various cast Al alloys. In order to obtain desirable mechanical 

properties of recycled Al alloys, modification and refinement of the Fe-IMCs are 

urgently required as the compact and refined morphologies of such intermetallics are 

generally non detrimental to Al alloyôs performance. However, manipulating the 

solidification behaviour of the Fe-IMCs phases, including nucleation and growth, is 

very challenging because of the inherently more difficult heterogeneous nucleation 

of the Fe-IMCs compared with that of a pure metal or a solid solution; and the strong 

growth anisotropy. Limited understanding on mechanisms of nucleation and growth 

of the multicomponent Fe-IMCs is available in the literature. 

The aim of this study is to gain a deeper understanding on the heterogeneous 

nucleation and growth behaviour of Fe-IMCs in various Al alloys. The nucleation 

and growth of both primary and eutectic Fe-IMCs have been investigated during 

various solidification conditions including a number of different cooling rates and 

casting temperatures. Based on the experimental results of the solidification of 

several ternary and quaternary alloys, effect of Mg on the solidification behaviour of 

Fe-IMCs was investigated. Further the surface modified TiB2 particles were used to 

enhance the heterogeneous nucleation of Fe-IMCs in order to refine the Fe-IMCs 

particles. 

The dominant Fe-IMC in Al -5Mg-2Si-1.2Fe-0.7Mn alloy is identified, using 

transmission electron microscopy (TEM), as Ŭ-AlFeMnSi with a body centred cubic 

(BCC) lattice structure and lattice parameter of 1.256nm. In the current alloy system, 

the nucleation of primary Ŭ-AlFeMnSi occur at lower cooling rate (Ò0.8K/s) when 

required nucleation undercooling is reached, as the slower cooling rate allows longer 

diffusion time for the solute to form a stable nucleation embryo. When casting with 
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20K superheat, the size of primary Ŭ-AlFeMnSi increases gradually from 

24.5Ñ3.1ɛm (870K/s) to 251.3Ñ75.3ɛm (0.02K/s) and the size of Ŭ-AlFeMnSi 

eutectic increased gradually from 102.0ɛm (870K/s) to 623.3ɛm (0.02K/s). The Fe 

and Mn concentration in Ŭ-AlFeMnSi appears to reduce with the increased cooling 

rate due to the relatively insufficient solute supply when solute concentration is low 

(1.2wt.% Fe and 0.7wt.% Mn). Microstructure observation reveals that the {011} 

plane, especially on <111> orientation, is the preferred growth orientation of BCC 

primary Ŭ-AlFeMnSi, resulting in rhombic dodecahedral in 3D. The eutectic Ŭ-

AlFeMnSi, prefers to initiate on the primary Ŭ-AlFeMnSi. In addition to the 

substantial nucleation undercooling, the research revealed that the nucleation of 

primary Ŭ-AlFeMnSi also rely on the local solute concentration and the solute 

diffusion. Compared with Ŭ-Al, the growth of Ŭ-AlFeMnSi is less sensitive to the 

cooling rate changes due to the complexities in multi-components interaction and 

different diffusion efficiency of different elements. 

The addition of Mg to Al -1.2Fe-0.7Mn and Al -2Si-1.2Fe-0.7Mn alloys was found to 

lead to a morphology change of Fe-IMCs. Al 6(Fe,Mn), the predominant Fe-IMC in 

the Al -1.2Fe-0.7Mn-xMg alloy, changed from needle morphology to interconnected 

lamellar morphology when Mg composition increased from 0.004wt.% to 6.04wt%. 

A Mg-rich layer at about 5-20nm in thickness was commonly observed on the Fe-

IMC/Ŭ-Al i nterface in the alloys with Mg content. The eutectic lamellar spacing for 

Al 6(Fe,Mn) increases from 1.8±0.3ɛm to 4.5±0.8ɛm when Mg content increased 

from 0.004wt.% to 6.04wt.%. In the case of Ŭ-Al12(Fe,Mn)3Si, the predominant Fe-

IMC in Al -2Si-1.2Fe-0.7Mn-yMg alloys, its lamellar spacing of the eutectic 

increased from 1.4±0.3ɛm to 3.25±0.8ɛm when Mg increased from 0.04wt.% to 

5.41wt.%. Owing to the strong anisotropy of the Fe-IMC crystals, the segregation of 

solute Mg on preferred growth orientation is higher, causing greater growth 

restriction on this orientation. Consequently, the growth velocity on other 

orientations becomes relatively more significant.  

To optimise the morphology of Fe-IMCs in Al alloys, a novel ȷl-Ti-B(Fe) grain 

refiner for Fe-IMCs has been developed to enhance the heterogeneous nucleation of 

Fe-IMCs. The addition of the novel grain refiner to an Al-5Mg-2Si-1.2Fe-0.7Mn 

alloy under controlled solidification condition results in a considerable refinement of 

the primary Fe-IMCs from 251.3Ñ75.3ɛm to 110.9Ñ45.5ɛm and from 127.3Ñ36.2ɛm 
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to 76.5Ñ18.2ɛm at cooling rates of 0.02K/s and 0.15K/s, respectively. TEM 

investigations on the refiner reveal a Fe-rich adsorption monolayer in a zigzag 

fashion on the prismatic planes on the boride particles. This surface modification is 

beneficial for the heterogeneous nucleation of the Fe-IMCs. Further investigation of 

the Al alloy with this grain refiner addition revealed that there existed specific 

orientation relationships (ORs) between TiB2 and Fe-IMCs: (001)[020]Al 13Fe4 // (11-

20)[10-10]TiB2, and (001)[120]Al 13Fe4 6᷁.05ę (11-20)[10-11]TiB2; (0-11)[100]Ŭ-AlFeMnSi 

// (0001)[-2110]TiB2, and (0-11)[111]Ŭ-AlFeMnSi 4᷁.5ę (0001)[10-10]TiB2. The Fe 

adsorption on substrate particle, the observed ORs between TiB2 and Fe-IMCs, and 

the refinement of primary Ŭ-AlFeMnSi with the addition of modified TiB2 provide 

evidence of structure templating and composition templating required by 

heterogeneous nucleation of Fe-IMCs.  

This research has delivered contribution to the understanding and new approach for 

optimizing the morphology of Fe-IMCs in the Fe-containing Al alloys. Using the 

slow cooling rates (Ò0.15K/s), the formation compact primary Ŭ-AlFeMnSi can be 

considerably encouraged. With a lower casting temperature, the size and volume 

fraction of large Chinese-script Ŭ-AlFeMnSi can be significantly reduced. With 

addition of reasonable Mg content the morphology of Fe-IMC can be modified. 

Particularly, with the addition of the Al-Ti-B(Fe) grain refiner in well-controlled 

condition, the primary Ŭ-AlFeMnSi can be significantly refined. Thus, by 

implementing these approaches, the optimized Fe-IMC morphology in the 

microstructure of Fe-containing Al alloy is able to offer promising mechanical 

performance. 
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Nomenclature 

A list of symbols is given with a brief description 

Symbol Definition and Units 

ɻ-Al Ŭ-Aluminium phase 

CL, CS Solute content in the liquid and the solid, respectively 

CV Heat capacity of the melt (J/(m
3Ā
K)) 

C0 Chemical composition (wt.%) 

D Diffusion coefficient (m
2
/s) 

Ὀ Mean grain size (ɛm) 

d Diameter of nucleation substrate (m) 

Ὢ Calculated lattice misfit (%) 

Ὢ Solid volume fraction 

Ὢ Liquid volume fraction 

ЎG Gibbs free energy change (J/mol; J/m
3
) 

ЎὋᶻ Gibbs free energy change per mole (J/mol; J/m
3
) 

ЎὋᶻ  Gibbs free energy change for homogeneous nucleation (J/mol; J/m
3
) 

ЎὋᶻ  Gibbs free energy change for heterogeneous nucleation (J/mol; J/m
3
) 

æGv Volumetric free energy change between solid liquid phases at the 

sample temperature (J/mol; J/m
3
) 

æH Volumetric entropy change for phase transformation (J/mol; J/m
3
) 

K Alloy dependent constant 

Ὧ Equilibrium solute distribution coefficient 

ὯB  Boltzmannôs constant 

L Liquid melt 

L1 Liquid melt before the binary eutectic transformation 

,ȭ Liquid melt before Al13Fe4 
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,ȭȭ Liquid melt before Al8Fe2Si 

L2 Liquid melt before the ternary eutectic transformation 

LV Latent heat of fusion (J/mol; J/m
3
) 

m Slope of liquidus line (K/wt.%) 

N Nucleating substrates 

ɟ Number density of particles 

Q Growth restriction factor  

RA Area Ratio (%) 

r Nucleus radius (ɛm) 

rc Critical nucleus radius (ɛm) 

æSV Volumetric entropy of fusion (J/mol; J/m
3
) 

3 ʃ A factor in terms of the wetting angle (º) 

Ὕ Cooling rate (K/s)  

æT Undercooling (ºC) 

æTc Critical undercooling in epitaxial nucleation model (ºC) 

æTM Maximum nucleation undercooling (ºC) 

æTN Heterogeneous nucleation undercooling (ºC) 

æTfg Undercooling required for achieving the state of free growth (ºC) 

TEu Primary eutectic temperature (ºC) 

TL Liquidus temperature  

TG Growth temperature (ºC) 

TN Nucleation starting temperature (ºC) 

TR Recalescence starting temperature (ºC) 

ʇ2 Secondary dendrite arm spacing (ɛm) 

ʇEu Eutectic lamellar spacing (ɛm) 

ʇa Minimum eutectic lamellar spacing (ɛm) 

ʇM Maximum eutectic lamellar spacing (ɛm) 
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V Vector; or growth rate (specified in content) 

ʀ Ratio of Ŭ-/ɓ- phase width (J/mol; J/m
3
) 

ɔs Specific surface energy (J/mol; J/m
3
) 

ɾlv Interfacial energy between liquid and vapour phases (J/mol; J/m
3
) 

ɾsl Interfacial energy between solid and liquid phases (J/mol; J/m
3
) 

ɾsv Interfacial energy between solid  and vapour phases (J/mol; J/m
3
) 

Z Half thickness of the Cu wedge mould 

|dfs/dT|  Slope of the solid fraction versus temperature curve 

ῲ 
 

Gibbs-Thomson parameter (K/m) 

— Wetting angle; or angle at three phase junction (specified in content) 

 ɲ Parameter of interface position; or diameter (specified in content) 

 

Abbreviations 

CALPHAD CALculation of PHAse Diagram 

CA Cooling in Air  

CF Cooling in Furnace 

DE Deep Etching 

Fe-IMC Fe-rich Intermetallic Compound 

GRF Growth Restriction Factor 

HAADF High Angle Annular Dark Field 

MQ Steel mould Melt Quench 

MTB Modified TiB2 particles 

PS Pseudomorphic Solid 

SDAS Secondary Dendrite Arm Spacing 

TP-1 Standard Test Procedure for aluminium alloy grain refiners 

TQ (Quartz) Tube water Quench  
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Chapter 1 Introduction 

1.1 Background 

Recycling of Al  alloys is a preferable way to produce aluminium compared with 

production from raw materials duo to its low energy consumption and low 

greenhouse gas emission (Kvackaj and Bidulsky, 2011; Green, 2007). The 

purification process from bauxite to the aluminium is a very sophisticated and energy 

consuming process. Recycling requires only 5% of the energy consumption required 

for aluminium production from the raw material (Green, 2007). Considering Al  

alloysô good weight/strength/cost ratio, it is becoming more dominant in metallic 

applications, which in return will  significantly stimulate the demand of recycling 

aluminium and developing recycled aluminium. 

Using recycled aluminium is very challenging due to the excessive amount of 

impurities including Fe, Si, Mn etc. Fe and Si, are accumulative elements in Al  alloy 

and can never be completely removed once introduced during primary Al  alloy 

production and the recycling process. Due to the low solubility of Fe (0.05wt.%) in 

Al  (Phillips, 1959), it is inevitable that the Fe-IMCs form, which has become the 

main cause of deterioration of the mechanical properties of cast Al  alloys (Mondolfo, 

2013). As a brittle, large and strong compound, Fe-IMC can easily cause shrinkage 

(Taylor, 2012), porosity (Taylor, 2012), ductility reduction (Ji et al., 2013), strength 

reduction (Wang, Makhlouf and Apelian, 1995), scattered mechanical properties 

(Wang, Makhlouf and Apelian, 1995), and reduction of fatigue life (Nyahumwa, 

Green and Campbell, 1998). Although adding grain refiner is an effective approach 

to increase the mechanical properties of Al  alloy, a slight increase of Fe 

concentration can harm the mechanical properties of the final casting drastically. 

Significant amount work has been done to eliminate the negative effect of Fe in Al  

alloys. There have been two main approaches. The first is modifying the 

solidification process of Fe-IMC, including nucleation enhancement (Que et al., 

2017; Khalifa et al., 2005) and morphology modification (Mondolfo, 2013; Zhang et 

al., 2012). The other is de-ironing including gravity segregation (Cao, Saunders and 

Campbell, 2004; Cao and Campbell, 2000), filtration (de Moraes et al., 2006) and 
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EM separation etc. (Makarov, Apelian and Ludwig, 1998). However, the latter 

approach may only reduce Fe concentration to a certain level and normally requires 

very delicate procedures.  

Thus, enhancing the heterogeneous nucleation and modifying the growth behaviour 

of Fe-IMCs have become fundamentally important. Few effective methods can be 

put forward to reduce the size of Fe-IMCs. There has been a significant amount of 

effort dedicated to advancing understanding of heterogeneous nucleation through 

both theoretical and experimental approaches. The heterogeneous nucleation theories 

including classic nucleation theory (Turnbull, 1953), Maxwell-Hellawell (M-H) 

model (Maxwell and Hellawell, 1975) and free growth model (Greer et al., 2000) 

appears not to be effective at predicting the nucleation behaviour of Fe-IMCs. In 

recent years, the pre-nucleation theory (Men and Fan, 2014) has broadened our 

understanding of the nucleation process, which describes the pronounced atomic 

ordering in the liquid at the substrate/liquid interface (SuLI). Therefore, the lattice 

misfit may be manipulated with interracial segregation at the SuLI during the pre-

nucleation stage, which can either promote or impede heterogeneous nucleation (Fan 

et al., 2015). Both primary and eutectic Fe-IMCs, like every other anisotropic crystal, 

exhibit a coarse faceted morphology (Terzi et al., 2010; Dinnis, Taylor and Dahle, 

2005). Binary Al-Fe IMCs generally exhibit needle-like or long rod-like morphology 

and ɓ-AlFeSi exhibits coarse plate-like morphology. The primary Ŭ-AlFeMnSi has a 

compact polyhedral morphology (Gao et al., 2013) when the iron equivalent value 

(IEV) is relatively low (Cao, Saunders and Campbell, 2004), and has the most 

compact morphology among all the Fe-IMCs. Therefore, along with Mg and Si, Mn 

is also introduced to the alloy to achieve an optimised morphology of Fe-IMCs. 

The heterogeneous nucleation of Fe-IMCs is much more complicated than that of 

pure liquid/solid solution, as it requires the creation of not only a simple crystal 

structure but a super-structure involving two or more elements. As suggested by Men 

and Fan (Men and Fan, 2014), a substrate with reasonable lattice mismatching with 

the nucleating phase requires structure templating for heterogeneous nucleation. Que 

and co-workers (Que et al., 2017) suggested that for the phases with large barrier to 

nucleation the composition templating is significantly beneficial as the case with the 

heterogeneous nucleation of Fe-IMCs. 
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1.2 Research Objectives 

The major objectives of this study are: 

¶ Understand the heterogeneous nucleation behaviour of Fe-IMC in Al  alloys 

¶ Investigate the effect of casting conditions on the solidification behaviour of 

Fe-IMC 

¶ Study the role of solute segregation on the growth of anisotropic Fe-IMC 

crystal 

¶ Develop a novel grain refiner to enhance the heterogeneous nucleation of Fe-

IMC 

¶ Understand the mechanism of enhanced heterogeneous nucleation of Fe-IMC 

through solute element on the substrate 

1.3 Outli ne of Thesis 

After a sincere acknowledgement and an introduction of the research background, 

previous literature is reviewed in Chapter 2 with a detailed overview of the previous 

theoretical studies on the solidification behaviour, which include the classical 

nucleation theories, the study of potency and efficiency of nucleation substrates, the 

role of solute on the crystal growth, facet growth, including primary crystal and 

irregular eutectic crystals, and stability of the ceramic particles in Al -Ti-B alloy. 

Also in Chapter 2, the existing Fe-IMCs are summarized, and solidification 

behaviour of Fe-IMCs in Al  alloys from previous research is reviewed. Chapter 3 

describes the experimental procedures and characterisation techniques in details. In 

Chapter 4, the result of the solidification behaviour of Ŭ-AlFeMnSi and Al6(Fe,Mn) 

in Al -5Mg-2Si-1.2Fe-0.7Mn-2Si alloy are presented with microstructure observation 

of various casting conditions, thermal analysis and phase identification and these 

result are discussed. In Chapter 5, the effect of the addition of novel grain refiner Al-

Ti-B(Fe) in the Al-5Mg-2Si-1.2Fe-0.7Mn alloy are presented, including the Fe 

adsorption, orientation relationships between Fe-IMCs and TiB2 and the role of 

composition templating. Chapter 6 offers the effect of Mg content on the 



4 

 

solidification behaviour of Fe-IMCs including thermal analysis, microstructure 

observation of alloys with different Mg contents and the quantification of Ŭ-Al and 

Fe-IMCs at different Mg composition. The main conclusions and suggestions for 

future work are listed in Chapter 7 and Chapter 8, respectively. 
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Chapter 2 Literature Review 

2.1. Theoretical Studies of Solidification Behaviour 

2.1.1. Classic Nucleation Theory 

The classical nucleation theory is based on a statistical analysis of the formation of 

atom cluster (or spherical caps in the case of heterogeneous nucleation) with a 

critical radius Rc and relates to a wetting angle ɗ between the substrate and the 

nucleating solid, which is thermodynamically activated and a stochastic process 

(Kurz and Fisher, 1986; Kelton and Greer, 2010; Dantzig and Rappaz, 2009; Porter, 

Easterling and Sherif, 2009; Volmer and Weber, 1926). There are two types of 

nucleation: homogeneous nucleation where the new phase is formed in a uniform 

manner and heterogeneous nucleation where the nucleation occurs on an existing 

substrate. For homogeneous nucleation, the wetting angle is considered to be ́  since 

there is no substrate for wetting. The Gibbs free energy change, æG, associated with 

the process of heterogeneous nucleation is equal to the sum of the surface excess free 

energy æGS change, and the volume excess free energy change æGV. Thus, the Gibb 

free energy changes can be expressed as (Porter, Easterling and Sherif, 2009), 

ῳὋ “Ὑ ῳὋ τ“Ὑ ‎ Ὓ—                            (2.1) 

Ὓ— ς ÃÏÓ— ρ ÃÏÓ— Ⱦτ                               (2.2) 

where ɔsi is the solid-liquid interfacial energy and S(ɗ) is the factor regarding the 

wetting angle ɗ. 

 

2.1.1.1. Homogeneous Nucleation 

When solid forms within its own melt without the assistance of a foreign material, it 

should nucleate homogeneously (Flemings, 1974). Nucleation in this way requires a 

large driving force because of the relatively large contribution of surface energy to 

the total free energy on very small substrate. For homogeneous nucleation, since the 

wetting angle is considered as ́ , S(ɗ) = 1. Equation 2.1 becomes, 



6 

 

ῳὋ “Ὑ ῳὋ τ“Ὑ ‎                            (2.3) 

Gibbs free energy change per unit volume can be given approximately as (Porter, 

Easterling and Sherif, 2009), 

ῳὋḙ ὒ
Ў

                                               (2.4) 

where LV is the latent heat of fusion per unit volume. Since the interfacial energy 

increases as R
2
 whereas the volume free energy change only increases as R

3
, the 

creation of small substrate of solid always leads to free energy increase. This 

increase maintains the liquid phase in a metastable state almost indefinitely at a given 

under cooling. Since dG=0 when the R=Rc, the critical nucleus is effectively in an 

unstable equilibrium state with the surrounding liquid as illustrated in Fig. 2.1. 

 

Figure 2.1 The free energy change associated with homogeneous nucleation of a sphere of 

radius r (Porter, Easterling and Sherif, 2009). 

 

Therefore, the critical free energy barrier for the radius ὶᶻ of a stable spherical 

particle which is just stable at an undercooling æT is given by  

    ὶᶻ ḙ                                                (2.5) 

ῳὋᶻ                                                (2.6) 
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From the equations (2.3) and (2.4), it shows that both the critical radius Rc and the 

activation free energy æG
*
 decrease as temperature Tm decreases (æT increases). 

Physically, this means that with a lowering of temperature at temperatures below the 

equilibrium solidification temperature Tm, nucleation occurs more readily. The 

homogeneous nucleation rate is given (Dantzig and Rappaz, 2009):  

ῳὔ ὪὅὩὼὴ                                         (2.7) 

where Ὢ is a complex function that is dependent on the vibration frequency of the 

atoms, the activation energy for diffusion in the liquid and the surface area of the 

critical nucleus. C0 is the atoms per unit volume contained in the liquid. 

2.1.1.2. Heterogeneous Nucleation 

Although the level of undercooling for homogeneous nucleation might be significant, 

in practical situations this is often in the order of several degrees Celsius. The reason 

is that the activation energy for nucleation (æG
*
) is lowered when nucleus forms on 

the pre-existing surface or interfaces. In another word, it is easier for nucleation to 

happen at these surfaces and interfaces than at other regions. Again, this type of 

nucleation is defined as heterogeneous nucleation. The energetic expression of 

heterogeneous nucleation is shown in Equation 2.1 and 2.2. The relationship between 

the nucleation barriers of homogeneous nucleation and heterogeneous nucleation is 

given (Porter, Easterling and Sherif, 2009), 

ЎὋᶻ ЎὋᶻ  Ὓ—                                             (2.8) 

The wetting angle for heterogeneous nucleation is illustrated in Fig. 2.2. Thus, the 

energy barrier for heterogeneous nucleation is much smaller than that of 

homogeneous nucleation. Significant reductions are also obtained for higher values 

of ɗ. Thus, the equation 2.7 for heterogeneous nucleation is expressed as, 

ῳὔ ὪὅὩὼὴ                                       (2.9) 

where f1 is a frequency factor similar to f0 in equation 2.7 and C1 is the number of 

atoms in contact with heterogeneous nucleation site per unit volume of liquid. 
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Figure 2.2 Schematic illustration of heterogeneous nucleation of a spherical cap on a flat 

surface or interface of the substrate, where ɗ is the wetting angle of the solid on the substrate, 

ɔsl, ɔml and ɔsm are the interfacial energies of liquid/solid, mould/liquid, and solid/mould, 

respectively (Turnbull, 1953). 

2.1.2 Potency of Nucleation Substrates 

Nucleation potency, by definition, is the effectiveness of a substrate at facilitating 

nucleation. It is inversely related to the undercooling that is required for nucleation 

(æTn) (Bramfitt, 1970). However, there are inherent issues with the classical 

nucleation theory, particularly the difficulties in the measurement of nucleation 

effectiveness, i.e. ɗ and æG*, as the wetting angle cannot be observed and the 

interfacial energy is composed of several contributory factors (Qian, 2007; Bramfitt, 

1970; Walton, 1962). Thus, it is hard to determine whether a particle can be an 

effective nucleus for a given phase. For the purpose of resolving this problem, the 

lattice misfit between substrate and nucleating phase has been used to determine the 

potency of the substrate (Baker and Cahn, 1971; Turnbull, 1953). This is based on 

the basic understanding that low values of wetting angle usually lead to low-energy 

interface between the substrate and the solidifying species, which should in turn be 

favoured by good lattice matching between the substrate and solid (Porter, Easterling 

and Sherif, 2009). Therefore, the lattice misfit is commonly accepted as a critical 

value to determine the potency of potential nucleation substrates (Fan, 2013; Zhang 

and Kelly, 2005a; Maxwell and Hellawell, 1975a; Turnbull, 1953). The theoretically 

lattice misfit, or misfit, is defined as,  

  Ὢ
ȿ ȿ

ρππϷ                                       (2.10) 
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where dn and dsub are the atomic spacing along a specific direction on the matching 

planes of the nucleated phase and the nucleation substrate, respectively. The lattice 

spacing of these two phases is mainly dependent on the crystal structure. The lattice 

structure of this interface is shown schematically in Fig. 2.3. The interface region can 

be explained by a simple dislocation model that compensates for the lattice strain in 

the nucleated phase for the nucleation misfits up to 20% (Bramfitt, 1970).  

 

Figure 2.3 Schematic illustration of nucleated phase, substrate, interface and the atom 

spacing of (dn) nucleated phase and (dsub) nucleation substrate (Porter, Easterling and Sherif, 

2009). 

Wetting as a mechanism for nucleation has long been assumed in the condensation of 

vapour on wetted insoluble particles (Bykov and Zeng, 2002; Kuni et al., 1996), 

where the nucleus is often considered to be a uniform liquid film. The nucleus is 

treated differently according to the thickness of the liquid film. It is proposed that the 

consideration should include an additional term to indicate the interactions of surface 

forces between the nucleation substrate and nucleating phase when the nucleating 

phaseôs film is thin (Kuni et al., 1996). However this additional term can be taken to 

be negligible when the film thickness increases. Further, Maxwell and Hellawell 

(Maxwell and Hellawell, 1975a; Maxwell and Hellawell, 1975b) proposed a 

mechanism (the M-H model) that combines the spherical-cap model with wetting for 

grain formation on the faceted intermetallic compound particles. They believe that 

after the formation of a sphere-cap nucleus on a flat surface, it efficiently envelopes 

and wet the particle leading to small undercooling which implies a very small 

wetting angle. Thus, the nucleus spherical envelope of the nucleus radius is taken to 

Nucleated  
Phase 

Interface 

Nucleation  
Substrate 

d
sub

 

d
n
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be approximately equal to the dimensions of IMCs. This has been supported by many 

subsequent research. However, Yangôs observation for the formation of thin metal 

(sodium) films by condensation of the sodium vapour on different substrates suggests 

that the calculated critical nucleus size from the experimental data is approximately 

the size of a unit cell of sodium (Yang et al., 1954). Walton reassessed that for 

nucleus of this magnitude the uncertainties associated with the spherical-cap model  

 

Figure 2.4 Various models proposed for heterogeneous nucleation on substrates of different 

potency and geometries: (a) a schematic of the MïH model drawn according to Maxwell and 

Hellawellôs description (Maxwell and Hellawell, 1975a) where sufficient wetting (ɗ) implies 

small undercooling; (b) the adsorption model described by Cantor and Kim, where the 

heterogeneous nucleation takes place by dynamic atom-by-atom adsorption at the catalyst 

surface, which reduces the interfacial energy between substrate and nucleation phase (Cantor, 

2003; Kim and Cantor, 1994); (c) Edge-to-Edge model (E2EM) described by Zhang that 

describes the lattice matching of the nucleation phase and substrate suggesting the capability 

of nucleation orientation relationship prediction (Zhang and Kelly, 2005a). (d) liquid 

film/drop formation on a solid wettable spherical particle in a super-cooled liquid metal 

(Qian, 2007), where interface adsorption of nucleating metal occurs at a critical undercooling 

with a thin layer of atoms enveloping the substrate. 

 

(a) 

(c) 

(b) 

 

(d) 
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whereas the concept of surface energy become so large that the critical nucleus 

approaches atomic dimensions or is actually planar, and therefore the concept of ɗ is 

no longer applicable (Walton, 1962). As shown in Fig. 2.4, even with the difficulties 

in assessing the wetting angle, some well acknowledged nucleation theories are 

summarized including the M-H model (Maxwell and Hellawell, 1975a), Cantorôs 

description of adsorption (Cantor, 2003), Edge-to-edge model (E2EM) (Zhang and 

Kelly, 2005a; Zhang and Kelly, 2005b) and Qianôs description of the potent spherical 

nucleation (Qian, 2007). Thus, if substrate particles can achieve good wetting, the 

nucleation barrier is significantly reduced, which implies good nucleation potency. 

Adsorption on the wetted substrate is considered to be another important factor 

affecting substrate particle nucleation potency. In metallic systems, minor elements 

additions significantly affect the nucleation and change the nucleation undercooling. 

Ge addition increases the lattice mismatch for the nucleation of Al-Pb and Al-Cd 

suggesting that the catalysis is dominated by a chemical rather than a structural 

compatibility (Turnbull and Vonnegut, 1952), which was further investigated by 

Cantor and co-workers (Zhang and Cantor, 1990; Ho and Cantor, 1992) that the Ge 

increases the nucleation undercooling for Cd and Pb droplet by increasing lattice 

misfit. Cantor and Ho later observed that the undercooling for the solidification of Si 

reduced dramatically by Al doped with trace P and Na due to the formation of AlP 

later on Al/Si interface. The mismatch between this adsorption layer and the 

nucleating phase was then proposed to be the dominant factor for the effectiveness of 

solute adsorption on the nucleation catalysis (Schumacher and McKay, 2003; Bunn 

et al., 1999; Schumacher and Greer, 1997; Schumacher and Greer, 1994). More 

recently, Fan and co-workers (Fan, 2013; Fan et al., 2015) proposed a model 

concerning both lattice mismatching and the effect of elemental adoption on the 

wetted substrate for heterogeneous nucleation. In their model a pseudomorphous 

solid layer with critical thickness hc forms on surface of substrate (see Fig.2.5). The 

value of hc depended on structure templating, which describes the lattice misfit 

between solid and substrate, and composition templating, which describes the ɔsl 

energy reduction by elemental adsorption on the substrate. Soon after, they directly 

observed the adsorption of Ti monolayer with an Al3Ti structure on (112) plane on 

the nucleation catalyst (TiB2 (0001) plane) in Al  alloy (Fan et al., 2015). 



12 

 

 

Figure 2.5 Schematic illustration of the epitaxial model for heterogeneous nucleation of a 

solid phase (S) on a potent nucleating substrate (N) from a liquid phase (L) under ῳὝ ῳὝ: 

(a) liquid and substrate interface before the growth of the PS layer (h=0); (b) the initial 

formation of pseudomorphic solid (PS) with a coherent PS/N interface; and (c) completion of 

the epitaxial nucleation at a critical thickness (hc) by creation of misfit dislocation at the S/N 

interface to change the PS layer into the solid and to convert the coherent PS/N interface to a 

semicoherent S/N interface (Fan, 2013). 

 

In the above mentioned theories, the lattice misfit was used to assess the potency of 

nucleation substrate. Due to the difficulty in manipulating or determining wetting 

angle and interfacial energy between the substrate and nucleation phase, the lattice 

misfit is much more applicable for the assessment. Therefore, the lattice misfit can be 

used to evaluate the possibility of a certain type of particle can be the nucleation 

substrate for a given phase. 

2.1.3 Efficiency of Nucleation Substrate 

In describing grain refinement, ñpotencyò and ñefficiencyò have been frequently used 

in the research in a way that create much confusion. Hence, it is necessary to offer 

more specific definitions for the nucleation potency, grain initiation efficiency and 

effective grain refinement. 

Grain initiation efficiency is defined as the fraction of the substrate that participates 

in grain initiation out of the total number of available substrate in the liquid during 

the entire solidification process (Fan, 2013). It is clear from this definition that grain 

initiation efficiency is a function of the specific physical characteristics of both the 
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nucleating particles and solidification conditions, such as the number density, grain 

size and the size distribution of the nucleating particles as well as the cooling rate. 

For a given nucleating substrate, the nucleation potency is fixed but the grain 

initiation efficiency can be changed by modifying the physical characteristics of the 

nucleating particles and/or changing the solidification conditions (Fan, 2013; Greer 

et al., 2000; Maxwell and Hellawell, 1975a). Effectiveness of inoculation with potent 

spherical substrates depends on both the particle size and the undercooling of liquid 

metal during solidification (Qian, 2007). For a given size of potent spherical 

substrate, a critical nucleation undercooling is still required regardless of the contact 

angle. Barrierless nucleation is possible only when the particle size approaches 

infinity under complete wetting conditions (Fan, 2013; Greer et al., 2000; Maxwell 

and Hellawell, 1975a).  

Turnbull described nucleation rate which is defined as the ratio between the density 

of clusters of radius Rc in equilibrium with the liquid and the density of atoms in the 

liquid. The heterogeneous nucleation rate (I
heter

) is given 

Ὅ ὺὴὲÅØÐ 
Ў Ў

Ὢ—                     (2.11) 

where v0 is the atomic vibration frequency, pc is the probability of capturing an atom 

at the surface and nc is the density of embryos that reach the critical radius for 

heterogeneous nucleation. Therefore the Time-Temperature-Transformation (TTT) 

curve at difference wetting angle can be given in Fig. 2.6. 

Nucleation undercooling is another important factor that affect the nucleation. 

Maxwell and Hellawell (Maxwell and Hellawell, 1975a) suggested that the final 

grain size is the result of competition between heterogeneous nucleation and growth 

in the melt. In the way, the nucleation rate will become negligible when the 

temperature increases due to the latent heat evolved during the growth of the 

nucleated crystals when recalescence appears, or when the nucleation sites are 

exhausted. Even though this model only applies to a single nucleation substrate size, 

it points to the final conditions of nucleation as shown in Fig. 2.7. 

After the nucleation, the growth of nucleated grain dominates the grain refinement. 

Greer and co-workers (Quested and Greer, 2005; Quested and Greer, 2004; Greer, 
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2003; Greer et al., 2000) developed the free growth model, which suggests that a 

new  

 

Figure 2.6 The formation of critical nuclei for the heterogeneous nucleation as a function of 

the absolute temperature for various values of the contact angle ɗ. The time tn is defined as 

the time to form one nucleus per cm
3
 (Dantzig and Rappaz, 2009). 

 

 

Figure 2.7 Schematic illustration of the cooling curve. The initial slope is the cooling rate, 

where the equilibrium transformation temperature Tp, the minimum temperature before 

recalescence Tmin, and the growth temperature after recalescence Tg (Maxwell and Hellawell, 

1975a). 

 

phase should start free growth immediately on a given substrate at a required 

undercooling that is inversely proportional to the diameter of the substrate. This 
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model provides that the grain initiation is not time-dependent and not stochastic, 

compared with the previous models, and the nucleation substrates are of multiple 

sizes rather than a single size as described previously by Maxwell and Hellawell. 

This model revealed that the largest particles in the melt start to grow first as soon as 

the required undercooling is reached, followed by the next largest particles as the 

undercooling increases. The grain size is limited by the recalescence that causes 

temperature rise, and no further initiation of free growth occurring afterwards. The 

required undercooling, æTfg, for the free growth for a given substrate is essentially 

dependent on the diameter of the substrates. The undercooling is given by Greer 

(Greer et al., 2000) as 

ЎὝ
Ў

                                               (2.12) 

where ‎  is the solid-liquid interfacial energy, ЎὛ is the entropy of fusion per unit 

volume, and Ὠ is the diameter of nucleation substrate. In this model, the size 

distribution of nucleation substrates is important, and is fitted by Quested and Greer 

(Quested and Greer, 2004) using a log-normal function. The fitted and measured size 

distribution of substrate TiB2 in the free growth model is shown in Fig. 2.8.  

 

Figure 2.8 Measured size distribution of substrate TiB2 particles in a commercial Alï5Tiï1B 

refiner (shaded bars) shown with log-normal fit (solid line). The error in the integrated 

population of particles greater than a given size (d) is found to be <10% over most of the 

range (Quested and Greer, 2004). 



16 

 

 

Turnbullôs investigation (Turnbull, 1953), suggests that higher undercooling and 

nucleation time might increase the nucleation rate; therefore the nucleation event 

could be a progressive process. With this established, Maxwell and Hellawell applied 

the classic nucleation theory to calculate the number of heterogeneous nucleation 

events in an isothermal melt at given critical nucleation embryo size. The M-H 

model suggested that further heterogeneous nucleation would not occur when the 

melt temperature increased through recalescence or heterogeneous nucleation 

substrate is consumed (Maxwell and Hellawell, 1975a). Based on their model, Greer 

(Greer et al., 2000) developed the free growth model considering grain initiation on 

potent nucleation substrates. Unlike the time and stochastic dependent nucleation in 

M-H model, free growth model proposed that the nucleation is dependent on the 

undercooling and potent nucleation substrate size, suggesting that largest nucleating 

undercooling requires smallest substrate size. The substrate size distribution and the 

undercooling decide the number of nuclei that can free grow, and therefore the final 

structure can be determined. 

2.1.4 The Role of Solute on Crystal Growth  

Solidification is essentially an atomic movement and rearrangement process 

controlled by diffusion. In case a dilute alloy that has a composition of C0. The phase 

diagram (Fig. 2.9) of the alloy has been perfected by assuming solid line and liquid 

line are straight. Thus, the partition coefficient k can be given (Porter, Easterling and 

Sherif, 2009) by 

Ὧ                                                     (2.13) 

and the volume fraction of the solid can be given, 

Ὢ                                                 (2.14)     

where the solute composition in solid and liquid are CS and CL, respectively. 

Presume steady-state solidification at a planar interface as shown in Fig. 2.10 has a 

constant interface advancing speed, vp, in a constant temperature gradient, G>0. As a 
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result of changing solute concentration at the growth front, the correspondent 

equilibrium transformation temperature is adjusted. The concentration profile for 

 

Figure 2.9 A hypothetical phase diagram. k=CS/SL is constant (Kurz and Fisher, 1986). 

 

steady-state diffusion in an ideal system moving with the interface at a speed of v* 

can be given according Fickôs second law (Dantzig and Rappaz, 2009; Fick, 1855) as 

Ὀ ὺ π                                             (2.15) 

where Cl is the liquid composition, Dl is the solute diffusion coefficient in liquid and 

z is the distance in liquid from the S/L interface. After an initial transient, the alloy 

system reached a steady-state where the composition of liquid can be given as 

ὅ ὅ ρ ÅØÐ                                      (2.16) 

where and C0 is the nominal alloy composition. As the solidification processes, the 

undercooling at growth front contains two parts when the thermal undercooling is 

negligible (Kurz and Fisher, 1986), which can be expressed as 

ЎὝ ЎὝ ЎὝ                                           (2.17) 

where æTc is the undercooling caused by solute piling up at the growth front and æTr 

is the curvature undercooling cause by interface shape. As shown in Fig. 2.10, when 

the actual temperature in liquid (Tl) ahead of the growth interface is below the local 

equilibrium transformation temperature (Ts), the growth interface will be unstable. 

Thus, the area where æTc>0 is defined as constitutional-supercooled region (Fig. 
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2.10). Constitutional supercooled region during solidification, in the early research, 

is described with constitutional-supercooling parameter P (Tarshis, Walker and 

Rutter,  

 

Figure 2.10 A schematic illustration of the constitutional supercooling (Tiller et al., 1953) 

and interface stability at the growth front for binary alloy under steady-state diffusion 

controlled solidification at constant velocity (Kurz and Fisher, 1986; Rappaz and Thevoz, 

1987) as  revised by Dantzig and Rappaz (Dantzig and Rappaz, 2009). 

 

1971), which gives 

ὖ                                                (2.18) 

where m is the idealized liquids slope, k is the equilibrium partition coefficient. 

Without the consideration of solute interactions, for a multi-components system the 

constitutional-supercooling parameter was estimated by simply summing the P value 

for individual elements (Spittle and Sadli, 1995). 

The M-H model considered the growth restriction of spherical crystal caused by the 

solute partitioning in diffusion controlled solidification (Maxwell and Hellawell, 

1975a). Johnsson (Johnsson, 1995) described this effect as the growth restriction 

factor, 
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ὗ άὯ ρὅ                                          (2.19) 

which was designated as Q by Greer and Easton and StJohn. In dilute multi 

component systems, where the solute diffusivities are considered essentially the same, 

additive the Q value appears good agreement with experimental observations (Greer 

et al., 2000; Spittle and Sadli, 1995). Easton and StJohn proposed that the growth 

restriction allows more nucleating substrates to become active for heterogeneous 

nucleation before recalescence (Easton and StJohn, 1999; Easton and Stjohn, 1999). 

Their analysis showed that grain size is closely related to the growth restriction factor 

(Easton and StJohn, 2001). Further development in this direction resulted a better 

analytic approach to explain the solute effect (Qian et al., 2010; Easton and StJohn, 

2005) and the more recent postulation of the interdependence theory by StJohn and 

co-workers (StJohn et al., 2011). Quested summarized the effect of inoculant size 

distribution and Q value to predict the final microstructure for Al  alloys (Quested and 

Greer, 2004; Quested, 2004). 

 

Figure 2.11 Interface structures and three types of growth mechanism. A and B are material 

dependent constant (Sunagawa, 1999). 

 

2.1.5 Facet Crystal Growth  

Fundamentally, facet crystal growth is a type of growth with relatively stronger 

growth anisotropy depending on the type of crystal structure (Sunagawa, 1999). 

Depending on the type of interface, generally three types of growth mechanisms can 

be presented, lateral growth (Fig. 2.11a), surface nucleation (Fig. 2.11b) and spiral 

growth (Fig. 2.11c). The growth rate (V) is determined by the type of interface, the 
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growth mechanism and the driving force. Later, Sunawaga summarised the 

relationship between growth rate and the driving force as shown in Fig. 2.12 

(Sunagawa, 1990), suggesting that a rough surface requires larger driving force for 

the same growth velocity. 

In most metallic systems, where interface attachment kinetic is negligible, the growth 

along preferable crystallographic orientation is understood to be initiated by the 

system to minimize the area of the surfaces with high surface energy (Dantzig and 

Rappaz, 2009). Although the growth mechanisms are essentially the same, growth 

directions of anisotropic crystal is more restricted compared with isotropic crystal. In 

order further understand the growth anisotropy, Bravais (Bravais, 1866) derived an 

 

Figure 2.12 Schematic diagram showing the relations of crystal morphology, growth 

velocity and growth driving force (Sunagawa, 1990). 

 

empirical rule that crystal faces parallel to the net planes with higher reticular density 

(close-packed planes) develop faster on actual crystal than those with lower reticular 

densities. Consequently, as the anisotropy of the soli-liquid interface energy ɔsl 

increases, assuming that all other quantities remain the same, the dendrite will 

exhibit a sharper tip. When the anisotropy in ɔsl, is large enough, the dendrites exhibit 

a faceted morphology. The actual surface energy in an anisotropic crystal is given in 

the form, 
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‎ ‎ ρ ‐ ÃÏÓὲ•                                    (2.20) 

where ű is the azimuthal angle measured from a reference direction, Ůn refers to the 

strength of the anisotropy and n is the degree of symmetry. Basing on this 

understanding, the surface morphology can be reconstructed with Wulff construction 

principles (Fig. 2.13) using different level of anisotropy (Dantzig and Rappaz, 2009). 

 

Figure 2.13 The equilibrium shape of fourfold symmetric 2-D crystal (a) Ů=0.05 and (b) Ů 

=0.15. The Wulff shap has been drawn inside of ɔsl for clarity (Dantzig and Rappaz, 2009). 

 

2.1.6 Irregular Eutectic 

When one of the two phases is faceted, the eutectic becomes irregular as the faceted 

phase is able to grow only along well-defined planes or/and directions (Dantzig and 

Rappaz, 2009). One faceted phase tends to grow along well-defined directions with 

the help of defects such as twins or screw dislocations. Therefore, the resultant 

eutectic structure is very complex and irregular, giving rise to an irregular eutectic 

morphology. A Schematic illustration of regular eutectic and irregular eutectic is 

shown in Fig. 2.14. The irregular eutectic can also develop instabilities along the 

edges of lamellae causing coarsening including remelting and ripping. A few defect-

assisted mechanisms for the growth of irregular eutectic is explained in Fig. 2.15, 

such as the (0001) graphite flake developing a spiral defect along [10-10] direction 

(Fig. 2.15a) and twins-like flakes with a typical spacing of approximately 0.4-1ɛm 

under conventional casting (Fig. 2.15b). Other mechanisms are also observed where  
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Figure 2.14 Eutectic interface morphologies that can be obtained when the Ŭ-phase is no-

faceted and the ɓ-phase is either non-faceted (left) or faceted (right). The eutectic is growing 

in a thermal gradient perpendicular to the page. 

 

 

Figure 2.15 Possible irregular eutectic growth branching mechanism: (a) a rotational binary 

defect along [10-10] for Fe-C system (Minkoff, 1983); (b) twin formation in Al -Si (Lu and 

Hellawell, 1995); (c) screw dislocation growth mechanism for Ce-C nodular cast Fe (Double 

and Hellawell, 1995); and (d) schematic idealized irregular eutectic growth (Fisher and Kurz, 

1980). 
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Figure 2.16 Minimum and maximum eutectic lamellar spacings (hollowed triangles) as 

well as average measured spacings (solid triangles)in Fe-C irregular eutectics under different 

growth conditions: (1) G=65K/cm, v=0.14ɛm/s, (2) G=69K/cm, v=1.11ɛm/s (3) G=72K/cm, 

v=3.47ɛm/s, (4) G=70K/cm, v=10.69ɛm/s (5) G=71K/cm, v=435.2ɛm/s. The measured 

undercooling is indicated by a solid arrow after (Jones and Kurz, 1981). 

 

the faceted lamellar phase leading the eutectic morphology with the non-faceted 

phase surrounding them (Fig. 2.15d). Although these distributed flakes appears fairly 

randomly, they are interconnected in 3D and can usually be tracked back to a shared 

nucleation centre. The growth mechanisms of the faceted phase dominate the growth 

process in the irregular eutectics.  

Fisher and Kurz (Fisher and Kurz, 1980) summarized that the faceted phase leads the 

eutectic reaction and is constrained to develop along the preferred crystallographic 

planes or orientations (Fig. 2.15d). As shown in Fig. 2.16, the relationship between 

the growth undercooling and irregular eutectic lamellar spacing are given (Dantzig 

and Rappaz, 2009): 

ЎὝ‗Ӷ ὃ ρ ᶮ                                        (2.21a) 

‗Ӷὺ ᶮ Ὀ                                           (2.21b) 
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where AR and AC are growth constant for eutectic and  ɲis the parameter that 

describes interface position. 

2.2 Solidification Behaviour of Fe-rich Intermetallic 

Compounds  

Fe is highly associated with the deterioration of the mechanical properties of Al  

alloys. It is a common impurity and unavoidably picked up during the fabrication and 

recycling process of Al  alloys (Green, 2007). Due to the low solubility of Fe ranging 

from 0.052wt.% to 0.8wt.% (Phillips, 1959), the inevitable formation of the Fe-IMCs 

has become the main reason for deterioration of the mechanical properties of cast Al  

alloys (Mondolfo, 2013). There are two main approaches to eliminate the detrimental 

effect of Fe content in Al  alloys. The first approach is the modification including 

nucleation enhancement (Que et al., 2017; Khalifa et al., 2005) and morphology 

modification etc. (Mondolfo, 2013; Zhang et al., 2012). The second approach is the 

de-ironing which involves physical separation, such as gravity segregation filtration 

(de Moraes et al., 2006) and EM separation etc. (Makarov, Apelian and Ludwig, 

1998). 

2.2.1 Fe-rich Intermetallic Compounds in Al Alloys. 

In Al  alloys, there is a range of Fe-IMCs including binary Al-Fe, ternary Al-Fe-Si 

and Al-Mn-Si and quaternary Al-Fe-Mn-Si intermetallic compounds etc. Binary Fe-

IMCs have some variants including Al13Fe4 (Al3Fe), AlmFe (xå4.0-4.4), AlxFe 

(x=4.5-5.0) and Al6Fe (Al 6(Fe,Mn)) (Allen et al., 1998; Skjerpe, 1987; Couture, 

1981); ternary Fe-IMCs have some variants including ɓ-Al 5FeSi, Ŭh-Al 8Fe2Si, ɔ-

Al 3FeSi and ŭ-Al 4FeSi2, Ŭc-AlM nSi (Khalifa, Samuel and Gruzleski, 2003; Stefaniay, 

Griger and Turmezey, 1987; Rivlin and Raynor, 1981); quaternary Fe-IMCs have 

some variants including Ŭ-AlFeMnSi (Al12(Fe,Mn)3Si or  Al15(Fe,Mn)3Si2), Ŭ-Al 

(Fe,Mn,Cr)Si and ˊ-Al 8FeMg3Si6 (Cao and Campbell, 2004; Davignon et al., 1996; 

Narayanan, Samuel and Gruzleski, 1994; Barlock and Mondolfo, 1975). The crystal 

structure of commonly observed Fe-IMCs is given in Table 2.1. 
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Table 2.1 Common Fe-rich intermetallic compounds in Al  alloy  

Fe-IMC  Bravais Lattice Lattice 

parameters 

Reference 

Al 13Fe4, 

Al 3Fe 

Monoclinic, 

C-centred 

monoclinic 

a=1.549nm 

b=0.808nm 

c=1.248nm 

b=107.75ę 

(Allen et al., 1998; Skjerpe, 

1987; Black, 1955)(Allen et al., 

1998; Skjerpe, 1987; Black, 

1955) 

Al 6Fe Orthorhombic, 

C-centred 

orthorhombic 

a=0.649nm 

b=0.744nm 

c=0.879nm 

(Young and Clyne, 1981; Hughes 

and Jones, 1976; Jones, 1969) 

Al mFe Body-centred 

tetragonal 

a=0.884nm  

b=c=2.16nm 

(Skjerpe, 1988; Skjerpe, 1987; 

Young and Clyne, 1981) 

ɓ-Al 5FeSi Monoclinic a=0.612nm 

b=0.612nm 

c=4.150nm 

ɓ=91.0ę 

(Rømming, Hansen and Gjønnes, 

1994; Skjerpe, 1987; Rivlin and 

Raynor, 1981) 

Ŭh-Al 8Fe2Si Hexagonal a=1.23nm 

c=2.62nm 

(Stefaniay, Griger and Turmezey, 

1987; Munson, 1967; Sun and 

Mondolfo, 1967) 

Ŭc-AlM nSi Primitive cubic a=1.268nm (Kim et al., 2006; Cooper and 

Robinson, 1966) 

Ŭc-AlFeSi Body-centred 

cubic, 

Primitive cubic 

a=1.256nm 

a=12.56nm 

(Kral, 2005; Stefaniay, Griger 

and Turmezey, 1987; Cooper, 

1967; Munson, 1967) 

ɔ-Al 3FeSi C-centred 

monoclinic 

a= 1.780nm 

b=1.025nm 

c=0.890 

ɓ=132.0ę 

(Skjerpe, 1987; Munson, 1967) 

ŭ-Al 4FeSi2 Tetragonal a=0.614nm 

b=0.948nm 

(Rivlin and Raynor, 1981; 

Phragmén, 1950) 

Ŭ-Al(FeMn)Si, 

Ŭ-

Al(FeMnCr)Si 

Body-centred 

cubic, 

Primitive cubic 

a=1.256nm 

a=1.256nm 

(Hwang, Doty and Kaufman, 

2008; Kim et al., 2006; Kral, 

2005; Donnadieu, Lapasset and 

Sanders, 1994) 

-́Al 8FeMg3Si6 Hexagonal a=0.664nm 

c=0.794nm 

(Kuijpers et al., 2005; Foss et al., 

2003; Sha et al., 2001) 
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Figure 2.17 Al corner of equilibrium Al-Fe binary phase diagram (Allen et al., 1998). 

 

 

Figure 2.18 Effect of cooling rate on formation of Al-Fe eutectic in Al -Fe alloys (Young and 

Clyne, 1981). 
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2.2.1.1 Binary Compounds 

Binary Fe-IMCs mainly consist of Al and Fe, and some found to contain trace Si 

contents (Mondolfo, 2013). The maximum equilibrium solid solubility of Si in Al is 

higher at ~1.6wt.% (Murray and McAlister, 1984), and low levels (~0.1-0.2 wt.%) of 

Si is readily accommodated by dissolution in the Al matrix and in the Al -Fe. 

 

Figure 2.19 Morphologies of binary Al-Fe intermetallic compounds including (a) Al13Fe4 at 

grain boundaries in cast ingot (Skjerpe, 1987), (b) branched dendritic Al13Fe4 particle (Kim 

and Cantor, 1994), (c) AlmFe (må4.0-4.4) eutectic (Khalifa, Samuel and Gruzleski, 2003); (d) 

Al xFe (xå4.5-5.0) under cooling rate of 0.15K/s (Khalifa, Samuel and Gruzleski, 2003); (e) 

rod-like primary Al6(Fe,Mn) and (f) duplex (marked ñAò) primary/eutectic Al6(Fe,Mn) (Liu 

et al., 2016). 
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Consequently, the phase contents of cast Al-Fe and Al-Fe-Si alloys with low Si 

concentration (Ò0.1wt.%) are similar, although in the latter case the so called ñbinaryò 

Fe aluminides often contain dissolved Si (Allen et al., 1998). As shown in Al -Fe 

binary phase diagram (Fig. 2.17), Al13Fe4, also designated as Al 3Fe, is the first 

intermetallic phase to form on solidification of dilute Al-Fe alloys. 

The fully eutectic microstructures could be attained in rapidly cooled alloys with Fe 

content in excess of that of the equilibrium eutectic, 1.8wt.% (Fig. 2.17). The 

transformation of binary Fe-IMCs is dependent mainly on the cooling rate (Fig. 2.18) 

when there is no additional nucleation substrate (Young and Clyne, 1981). Under 

non-equilibrium solidification conditions a range of thermodynamically metastable 

Al 6Fe eutectic phases that have smaller undercooling for the nucleation and growth 

than Ŭ-Al /Al 13Fe4 forms (Skjerpe, 1987). Moreover, the typical microstructure, 

precipitate morphologies and Fe content of Al6Fe and Al13Fe4 are very similar (Fig. 

2.10). Al6Fe is also an important phase in Mn-containing alloys. Al6Mn and Al6Fe 

are isomorphs, and consequently Mn can substitute freely for Fe in the Al6Fe lattice 

to become more stable by lowering its energy. This raises the thermodynamic 

stability of the Al6Fe phase in Mn containing Al  alloys. This type of compound is 

often denoted as Al6(Fe,Mn) (Alexander and Greer, 2004; Couture, 1981). The 

morphologies of binary Al-Fe IMCs in hypereutectic and hypoeutectic alloy are 

shown in Fig. 2.19a-d and Fig. 2.19e-f, respectively. 

2.2.1.2 Ternary Compounds 

Three ternary phases form under equilibrium solidification conditions in dilute Al-

Fe-Si alloys with sufficiently high Si content (>0.1wt.% Si in Ò0.2wt.% Fe 

containing alloys, and >0.2wt.% Si in Ò0.3-0.4wt.% Fe containing alloys). Fig. 2.20 

shows the liquidus projection and associated equilibrium solidification reactions in 

the Al corner of the Al-Fe-Si ternary phase diagram.  

The chemical compositions of common ternary Fe-IMCs are shown in Fig. 2.21. The 

three equilibrium ternary phases are produced by one of the two ternary peritectic 

reactions followed by a ternary eutectic reaction are (Allen et al., 1998): 

R1: Liquid + Al13Fe4 Ÿ Al + Al8Fe2Si (also denoted as the Ŭ phase); 
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Figure 2.20 (a) Liquid projection of Al corner of the AlïFeïSi phase diagram showing Al 

solidification path (Skjerpe, 1987); (b) Al corner of the calculated AlïFeïSi phase diagram 

at the isotherm of 540ęC (Kuijpers et al., 2005). 

 

 

Figure 2.21 Phase maps of (a) Al-Fe-Si system (Langsrud, 1990) and (b) Al-Fe-Mn-Si 

system (Davignon et al., 1996). 
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R2: Liquid + Al8Fe2Si Ÿ Al + Al5FeSi (also denoted as the ɓ phase); and/or 

R3: Liquid Ÿ Al + Si + Al5FeSi 

The Ŭ-AlFeSi is identified most commonly as Ŭh-Al 8Fe2Si (Munson, 1967), Ŭc-

Al 12Fe3Si2 (Mondolfo, 2013), Ŭc-Al 15Fe3Si2 (Crepeau, 1995) or generally Ŭ-AlFeSi 

(Liu and Dunlop, 1986). There is a contradiction about the structure of the Ŭ-phase. 

Skjerpe showed the Ŭ-phase is body-centred cubic and Cooper described it as 

Al 19Fe4MnSi2, with the space group Im3, and a= 1.256nm (Stefaniay, Griger and 

Turmezey, 1987; Cooper, 1967). Kral demonstrated subsequently it to be 

Al 19(FeMn)5Si2 with space group Im-3 and a=1.256nm (Kral, 2005; Kral, McIntyre 

and Smillie, 2004). However in some other work, the structure of the Ŭ-phase was 

reported as hexagonal which is denoted as Ŭh (Mondolfo, 2013; Barlock and 

Mondolfo, 1975). The Ŭ-phase has a compact morphology such as Chinese-script 

structure (shown in Fig. 2.22a, c and d). 

The platelet ɓ-AlFeSi is usually identified as ɓ-Al 5FeSi (Rivlin and Raynor, 1981), 

Al 9Fe2Si2 (Ferdian et al., 2015) or generally ɓ-AlFeSi (Rømming, Hansen and 

Gjønnes, 1994). There is also conflicti ng views on the structure of ɓ-phase which is 

accepted to be monoclinic by many researchers (Mondolfo, 2013; Murali, Raman 

and Murthy, 1995). Murali and co-workers showed that ɓ-Al 5FeSi is monoclinic with 

lattice parameters of a=0.5792nm, b=1.227nm, c=4.313nm, and ɓ=98.93ę (Murali, 

Raman and Murthy, 1995). However, Carpenter claimed that ɓ-phase was B-face 

centred orthorhombic with a=0.6184nm, b=0.6250nm, and c=2.069nm (Carpenter 

and Le Page, 1993). Zheng and co-workers observed that the ɓ-phase was 

orthorhombic with a=0.618nm, b=0.620nm, and c=2.08nm (Zheng, Vincent and 

Steeds, 2000). Kral claimed the ɓ-phase was consistent with tetragonal 

Al 3(Fe,Mn)Si2 with space group I4mcm, a=0.607nm and c=0.950nm (Kral, McIntyre 

and Smillie, 2004). 

Among all these ternary Fe-IMCs, ɓ-AlFeSi is thought to be the most detrimental to 

the properties of Al alloys, and significant efforts have been devoted to avoid the 

formation of ɓ-AlFeSi. ɓ-AlFeSi has undesirable platelet morphology as shown in 

Fig. 2.22b, e-f, is brittle in nature and generally act as a stress concentrator and point 

of weak coherence (Taylor, 2012; Lu and Dahle, 2005). Usually, higher Fe content  
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Figure 2.22 Micrographs showing (a) typical Chinese-script morphology of Ŭ-

Al 15(FeMn)3Si2 phase (Lu and Dahle, 2005), (b) typical plate-like morphology of ɓ-Al 5FeSi 

(Lu and Dahle, 2005), (c) primary/eutectic structure of Ŭ-AlFeSi (outlined area), (d) 3D 

morphology of Ŭ-AlFeSi shown for three orientations from the corresponding area in (c) 

(Dinnis, Taylor and Dahle, 2005), (e) ɓ-AlFeSi (outlined area), (f) 3D morphology of Ŭ-

AlFeSi shown in three orientations from the corresponding area in (e) (Dinnis, Taylor and 

Dahle, 2005). 
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Figure 2.23 (a) Projections of the AlïFeïMnï0.5Si phase diagram onto the AlïMnïFe plane 

and (b) Al corner of the Al-Fe-Mn-0.5Si phase diagram at the isothermal of 540ęC (Kuijpers 

et al., 2005). 

 

 

Figure 2.24 The Morphologies of Ŭ-AlFeMnSi: (a) polyhedral (Cao, Saunders and Campbell, 

2004) (b) cross-like (Cao, Saunders and Campbell, 2004), (c) dendritic (Gao et al., 2013; 

Orozco-González et al., 2011) and (d) Chinese-script (Tash et al., 2007; Narayanan, Samuel 

and Gruzleski, 1994). 
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Figure 2.25 A summary of the morphologies of ɓ- and Ŭ- Fe-IMCs when viewed in 2D 

sections from the longitudinal (plane view) and cross orientations (side view) (Shabestari et 

al., 2002).  

and slow cooling rate result in increasing the size of ɓ- platelets (Tang and Sritharan, 

1998). 

The domination of ɓ-AlFeSi platelet results in severe loss of strength and ductility in 

Al -Si cast alloys. It is noted that Ŭ- and ɓ- Fe-IMCs may not exhibit the dendrite or 

platelet shape, respectively; and thus difficult to be identified by their morphology, 

especially when the alloys are at eutectic composition or are modified through Na or 

Sr additions (Fatahalla, Hafiz and Abdulkhalek, 1999). 

2.2.1.3 Quaternary Compounds 

As shown in Fig. 2.23, when Fe content in the Al-Si alloy system is above 0.15wt.%, 

plate-like ɓ-Al 5FeSi is likely to form. Mn is commonly introduced to the alloy 

system to supress the formation of ɓ-Al 5FeSi (Rana, Purohit and Das, 2012; Zhang et 

al., 2012). The equilibrium phase diagram in Fig. 2.23 shows the possible phase 

transformations to Ŭ-AlFeMnSi. In previous research, Mn was used as a positive 
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modifier to suppress the formation of the coarse primary ɓ-phase and promote the 

formation of less harmful Ŭ-phase in Al  alloys (Ji et al., 2013b; Tash et al., 2007; 

Shabestari and Shahri, 2004). The result achieved by Abedi and co-workers shows 

that the volume fraction of different kinds of frequently Ŭ-phase (polyhedral, star-like 

and Chinese script) in specimens with various Mn:Fe ratios (Abedi and Emamy, 

2010). Ŭ-AlFeMnSi was observed with different morphologies including polyhedral 

(Fig. 2.24a), cross-like (Fig. 2.24b), dendritic (Fig. 2.24c) and Chinese-script (Fig. 

2.24d). Shabestari proposed a 3D morphology of ɓ-AlFeSi and Ŭ-AlFeMnSi (Fig. 

2.25) to explain differences observed in 2D observations (Shabestari et al., 2002), 

suggesting that sectioning orientation of a integrate Fe-IMC particle is the main 

cause for the morphology variation by 2D observation.  

 

Figure 2.26 (a) Transformation of ɓ-Al 5FeSi needles into ˊ-Al 8FeMg3Si6 Chinese script 

(marked A) in A319.1 alloy containing 0.5wt% Mg with the dash lie separating ˊ-

Al 8FeMg3Si6 and Ŭ-AlFeMnSi (marked B)(Samuel and Samuel, 1997); (b) the morphology 

of Sc_1 (Sc rich intermetallic compound) (Chanyathunyaroj et al., 2017). 

 

Mg, Sc and Cr are often introduced to Al cast alloys to improve the mechanical 

properties, which changes the nucleation and growth behaviour of Ŭ-AlFeMnSi in Al  

alloys (Patakham and Limmaneevichitr, 2014; Shabestari, Keshavarz and Hejazi, 

2009; Shabestari et al., 2002; Shabestari et al., 2002; Wang and Davidson, 2001; 

Samuel et al., 1998; Samuel and Samuel, 1997; Narayanan, Samuel and Gruzleski, 

1994). The Mg, Sc and Cr addition can result in the formation of ˊ-Al 8FeMg3Si6 (Fig. 

2.26a), a Sc-rich intermetallic compound (Fig. 2.26b) and Ŭ-Al(Fe,Mn,Cr)Si (almost 

identical morphology with Ŭ-AlFeMnSi), respectively. ˊ-Al 8FeMg3Si6 and Sc-rich 
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intermetallic compounds are equilibrium phases when there is minor amount of 

quaternary element (<0.5wt.%) in the alloy. Although, the increase in Mg is very 

likely to result in the formation of Mg2Si depending on the alloy system (Salleh, 

Omar and Syarif, 2015; Samuel et al., 1998). Cr is one of the Fe equivalent elements 

along with Mn (Kaye and Street, 2016; Cao and Campbell, 2000). Using the iron 

equivalent value (IEV) function (Kaye and Street, 2016): Fe + 2Mn + 3Cr (in wt.%), 

the amount of Ŭ- Fe-IMCs and the gravity segregation of primary Ŭ- Fe-IMCs can be 

estimated (Cao, Saunders and Campbell, 2004; Cao and Campbell, 2000). 

 

Figure 2.27 Micrograph of (a) ɓ-Al 5FeSi to ˊ-Al 8FeMg3Si6 transformation (Samuel et al., 

1998), (b) ɓ-Al 5FeSi to Ŭ-AlFeMnSi transformation (Kuijpers et al., 2003), (c) Al6(Fe,Mn) to 

Ŭ-AlFeMnSi eutectoid transformation (Alexander and Greer, 2002) and (d) Al6(Fe,Mn) to Ŭ-

AlFeMnSi peritectic transformation (Warmuzek, Rabczak and Sieniawski, 2005). 

2.2.2. Nucleation for Fe-rich  Intermetallic Compounds. 

Nucleation of Fe-IMCs is reported on two types of substrates. One is the existing 

phases including Ŭ-Al (Puncreobutr et al., 2014) and Fe-IMCs (Kuijpers et al., 2003; 

Alexander and Greer, 2002; Samuel et al., 1998). The other is inclusions or in-situ 



36 

 

particles (Terzi et al., 2010; Miller, Lu and Dahle, 2006; Cao and Campbell, 2003; 

Allen et al., 1999; Allen et al., 1998; Narayanan, Samuel and Gruzleski, 1994). As 

shown in Fig. 2.27, Commonly observed Fe-IMC to Fe-IMC transformations are 

summarized as follow: ɓ-Al 5FeSi Ÿ ˊ-Al 8FeMg3Si6 (Samuel et al., 1998), ɓ-Al 5FeSi 

Ÿ Ŭ-AlFeMnSi (Kuijpers et al., 2003) and Al6(Fe,Mn) Ÿ Ŭ-AlFeMnSi (Warmuzek, 

Rabczak and Sieniawski, 2005; Alexander and Greer, 2002). Recently, X-ray based 

techniques are used to investigate Fe-IMCs including nucleation mechanism and 

morphology evolution (Puncreobutr et al., 2014; Terzi et al., 2010). As shown in Fig. 

2.28, with the exception of self-nucleation (on existing Fe-IMCs) the ɓ-Al 5FeSi was 

observed to initiate on the Ŭ-Al dendrite by Puncreobutr (Puncreobutr et al., 2014). 

 

Figure 2.28 Quantified ɓ-intermetallic compound nucleation rates, as classified by the four 

types of nucleation sites. Insets ñIïIVò illustrate intermetallic compounds that were 

nucleated on the surface oxide, on/near the Ŭ-Al dendrites, on existing intermetallic 

compounds (self-nucleation) and on the oxide skin of pores, respectively. Note that each 

intermetallic compound is rendered as it first appeared in the specimen (Puncreobutr et al., 

2014). 

The inclusion particles, such as oxides (Puncreobutr et al., 2014; Miller, Lu and 

Dahle, 2006; Cao and Campbell, 2003) and TiB2 (Khalifa et al., 2005; Allen et al., 

1999; Allen et al., 1998), are reported to encourage the nucleation of Fe-IMCs. To 

enhance a heterogeneous nucleation event, the substrate is required to be wetted and 

potent (good misfit/ lattice mismatching). The crystal structure of some aluminium or 

magnesium oxides is described in Table 2.2. Some oxides including MgO, ɔ-Al 2O3 
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and MgAl2O4 have a relatively small lattice misfit with Ŭ-AlFeMnSi and easily can 

form and wet in Al  alloys. Observation and analysis of the crack-like defects (Fig. 

2.29a, c and d) within these Fe-IMCs was confirmed. This shows that physical  

Table 2.2 Crystal structures of some aluminium or magnesium oxides (Cao and 

Campbell, 2003). 
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Figure 2.29 Micrographs showing (a) oxide double-film withi n the primary Ŭ-AlFeMnSi 

(Cao and Campbell, 2003), (b) crack penetrate through eutectic Ŭ-AlFeMnSi/Ŭ-Al (Cao and 

Campbell, 2003), (c) crack penetrate through primary ɓ-Al 5FeSi (Miller, Lu and Dahle, 2006) 

and (d) oxide layer within ɓ-Al 5FeSi  inserted with EDS peaks of oxygen corresponding to 

dark arrowed region (Miller, Lu and Dahle, 2006). 

 

association of the Fe-IMCs with these solid oxides (Fig. 2.29b) that either formed in-

situ or added is in accordance with the mechanism that Fe-IMCs nucleate upon the 

wetted sides of double oxide films (Miller, Lu and Dahle, 2006; Cao and Campbell, 

2003). In Kalifaôs study, a series of ceramic particles with good lattice mismatching 

with Ŭ-AlFeMnSi was introduced into Al-Fe-Si alloys (Khalifa et al., 2005) which 

shows that increased cooling rate can generally facilitates the nucleation of Fe-IMCs 

on the surface of different inclusions and inclusions are more likely to be located 

next to the Fe-IMCs when there is a good lattice matching.Allen et al. reported 

(Allen et al., 1999) that minor vanadium (Ó500ppm) addition and/or Al-Ti-B grain 

refiner (Ó800ppm) addition can significantly change the solidification behaviour of 

binary Al-Fe IMCs and enhance the nucleation of metastable AlmFe without 

changing alloy composition or casting approach. Khalifa (Khalifa et al., 2005) also 

reported the nucleation enhancement of Fe-IMCs by synthetic TiB2 particle addition. 
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The nature of TiB2 particles under different processes is summarized below. There 

are two common methods used to produce in- situ TiB2, which are salts reaction 

(K2TiF6 + KBF4) (Han, Liu and Bian, 2002; Wood, Davies and Kellie, 1993) and  

 

Figure 2.30 Liquid projection of in aluminium corner of Al-Ti-B ternary phase diagram. 

Largest arrows indicate directions of decreasing temperature. Al corner is in exaggerated 

form for clarity (Zupaniļ, Spaiĺ and Kriģman, 1998b). 

 

 

Figure 2.31 Possible mechanisms form transformation of apparently pure AlB2 and TiB2 to 

mixed (Al,Ti)B2: (a) inter-diffusion of Al and Ti on cationic lattice sites in (Al,Ti)B 2; (b) 

formation of equilibrium (Al,Ti)B2 and dissolution of apparently pure AlB2 and TiB2. 

(Zupaniļ, Spaiĺ and Kriģman, 1998a) 
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reaction with molten master alloys (Al-Ti + Al-B) (Emamy, Mahta and Rasizadeh, 

2006; Tee, Lu and Lai, 1999). As shown in Fig. 2.30, the ternary phase diagram 

equilibrium phase diagram of Al-Ti-B is described by Zupanic (Zupaniļ, Spaiĺ and 

Kriģman, 1998b). In this work, the latter approach was employed using a chemical 

composition on the boron rich side of stoichiometric TiB2 (i.e. with a Ti/B weight 

ratio < 2.2) to prevent the adsorption of free Ti atoms to TiB2. Regardless of the 

production method, although TiB2 is a thermodynamically stable phase there is a 

debate whether AlB2 and TiB2 exist as two separate phases or as a continuous solid 

solution, (Al,Ti)B2, when there is excess B (Fjellstedt, Jarfors and Svendsen, 1999; 

Zupaniļ, Spaiĺ and Kriģman, 1998a; Arnberg, Backerud and Klang, 1982; Cornish, 

1975; Maxwell and Hellawell, 1975b; Backerud, 1971). Cornish and Backerud 

(Cornish, 1975; Backerud, 1971) have identified that Al and Ti atoms can replace 

each other to form (Al,Ti)B2. However, Maxwell and Zupanic (Zupaniļ, Spaiĺ and 

Kriģman, 1998a) reported that the large particles and particles heat treated for a long 

time tend to forward to stoichiometric AlB2 and TiB2 composition. The possible 

transformation mechanism associated these compoundsô reaction is suggested by 

Zupanic as shown in Fig. 2.31. An update by Fan and co-workers suggested that 

alloying elements addition promotes thermodynamic stability of TiB2 in Al -Ti-ȸ-ñXò 

system by affecting their activity coefficients (Fan, Yang and Zhang, 2005), which is 

adopted in this investigation to increase the stability of reaction product for Al -Ti-

B(Fe) master alloys. 

 

Figure 2.32 The porosity in cast Al-9Si cast alloy with and without 3.0wt% Cu as a function 

of Fe concentration (Dinnis, Taylor and Dahle, 2006). 
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2.2.3 Influence of Fe-IMCs on Mechanical Property of Al Alloys. 

It is inevitable that secondary Al  alloys contain a considerable amount of Fe 

(Mondolfo, 2013). In casting alloys, a reasonable amount of Fe is added to prevent 

die soldering (Han and Viswanathan, 2003). However, Fe leads to shrinkage porosity 

(Taylor, 2012), ductility reduction (Ji et al., 2013b), scattered mechanical properties 

(Cao and Campbell, 2003) and potential fatigue life (Nyahumwa, Green and 

Campbell, 1998). 

Introduction of Fe is very effective at increasing the total porosity and shrinkage 

defects as suggested by Dinnis and co-workers (Dinnis, Taylor and Dahle, 2006) and 

Taylor (Taylor, 2012). As shown in Fig. 2.32, the Fe concentration leads to a 

cumulative increase in porosity level in cast alloys regardless of the presence of Cu. 

Mn alone in the absence of Fe does not appear to reduce these defects, even although 

the Ŭ-AlFeMnSi is still dominant. The addition of Mn to an alloy with a given 

amount of Fe can considerably reduce the porosity due to the transformation of ɓ-

Al 5FeSi to Ŭ-AlFeMnSi (Dinnis, Taylor and Dahle, 2005). 

 

Figure 2.33 Maximum ductility (best elongation-to-fracture) as a function of SDAS for 

various Fe contents (Taylor, 2012). 

 

As shown in Fig. 2.33, Fe induction and SDAS considerably decrease the elongation 

in a given Al  alloy. The different points of fracture occur because of the combined 
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effects of several variables including casting defects (e.g. oxides and porosity), 

cooling rate (secondary dendrite arm spacing) and Fe content. In high pressure die 

casting, Fe content is reported to considerable reduce the ductility of Al-Mg-Si alloys 

(Ji et al., 2013b). Meanwhile, Mn appears to have little effect on the ductility of the 

alloys. 

The reliability issues caused by Fe content has also been reported in some research. 

Campbell and Nayahumwa reported that the defect created by Fe-IMCs can also 

cause fatigue and tensile test property scattering (Cao and Campbell, 2003; 

Nyahumwa, Green and Campbell, 1998). Fig. 2.34 shows that melt filtration can 

significantly increase the fatigue life of Al  cast alloys. Similar to oxide defects, the 

cracking of Fe-IMCs is conventionally attributed to their brittle nature and coarse 

morphology. Even though, some compact Fe-IMCs can be strong, the cracks which 

are often observed travelling through the Fe-IMCs may actually be travelling along 

the non-bonded oxide interlayer.  

 

Figure 2.34 The fatigue lives for filtered and unfiltered cast Al  alloy with and without 

filtration (Nyahumwa, Green and Campbell, 1998). 
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2.3 Summary 

In this chapter, previous experimental and theoretical investigations on nucleation, 

role of solute and crystal growth of facet phases have been reviewed in section 2.1 

and solidification behaviours of Fe-IMCs have been reviewed in section 2.2. This 

research is dedicated to gain further understanding on the solidification behaviour of 

Fe-IMC based on previous understanding of solidification in simpler systems. The 

nucleation and crystal growth will be the two fundamental objectives of this study. 

The theoretical research on nucleation has been continued for many years. The 

classic nucleation theory is the first theory that attempted to find what act as a 

nucleation substrate and how nucleation occurs (Turnbull, 1953). The classic 

nucleation theory is fundamentally correct but hard to apply in many cases as the 

parameters and interaction of particles around the nuclei are difficult to determine 

experimentally. For common casting processes, Cantor suggested that solidification 

always occurs with heterogeneous nucleation as it is not possible to remove all the 

impurities from the parent liquid (Cantor, 2003). TiB2 is considered to be the nuclei 

in Mg free alloys as the grain sizes of the alloys with and without TiB2 addition can 

differ greatly. A reasonable conclusion for this phenomenon is that the potency of the 

particles can be one of the critical factors to determine whether they can nucleate the 

solid. The substrate with smaller lattice misfit is considered to be more potent than 

the ones with a large misfit, which determines whether a substrate can act as 

heterogeneous nucleation site (Maxwell and Hellawell, 1975a). The misfit has been 

calculated in many ways: Turnbull and Vonnegut used the lattice parameters of both 

phases (Turnbull and Vonnegut, 1952) and Bramfitt used three random directions of 

two faces and the arithmetic mean value of the three pairs of different directions and 

taken the angles between each pair under consideration (Bramfitt, 1970). Fan and co-

workers considered only the close packed faces of the nucleation phase and potential 

nucleation substrates (Fan, 2013). However, using misfit as the only criterion to 

evaluate nucleation potency is still very confined at explaining the significant 

improvement on the grain refinement of Ŭ-Al by on the TiB2 particles with trace free 

Ti addition very well (Fan et al., 2015). One reasonable conclusion is that despite the 

good lattice matching between substrate and the nucleation phase, the elemental 

adsorption can significantly affect the heterogeneous nucleation event by reducing 
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nucleation barrier and/or decreasing lattice misfit (Fan, 2013). Furthermore, the 

efficiency has been considered as another determining factor for grain refinement. 

Larger nucleation substrate requires small undercooling for start of free growth 

(Greer et al., 2000). Consequently, a higher substrate number density should be able 

to contribute to a finer grain structure. 

Crystal growth is fundamentally a diffusion controlled process. The solute 

concentration and elemental diffusion is very crucial for crystal growth (Dantzig and 

Rappaz, 2009). The constitutional undercooling caused by solute segregation at the 

S/L interface is one of the dominant factors for the crystal growth. There have been 

different parameters to assess this, such as constitutional-supercooling parameter P 

(Tarshis, Walker and Rutter, 1971) and growth restriction factor Q (Johnsson, 1995). 

The evaluation growth restriction for multi-component system is simply adding the P 

or Q value for each element. For the crystals with great growth anisotropy the 

necessary growth driving force is dependent on growth direction (Dantzig and 

Rappaz, 2009). These phases are highly likely to exhibit faceted structure during 

their growth (Sunagawa, 1990), such as Si and Fe-IMCs. Faceted phase tends to 

grow along well-defined directions with the help from twins and/or screw 

dislocations. Therefore, the resultant eutectic structure is very complex and irregular, 

giving the rise to an irregular eutectic morphology.  

The nucleation models used for of pure elements can be used for the nucleation 

analysis for Fe-IMCs. Considering the complexity of Fe-IMCôs in terms of crystal 

structure and chemical components, the nucleation enhancement of Fe-IMC may not 

completely follow the principles nucleation based on pure metals. The adsorption 

mechanism proposed by Cantor (Cantor, 2003), Fan (Fan et al., 2015) and co-

workers provided a new insight into the heterogeneous nucleation of complex phases, 

such as intermetallics. It has been widely acknowledged that generally Fe-IMC has a 

unit cell of more than 100 atoms and strong anisotropy. The further theoretical 

understanding on the growth of Fe-IMCs must take these factors into consideration. 
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Chapter 3 Experimental Procedure 

In this chapter, the casting methods and processing procedures used in this 

investigation will be described. In order to facilitate the metallurgical observation, a 

few sample preparation methods were employed in this study, and their processes 

will be illustrated. Characterization and quantification techniques used in the present 

study will also be introduced in this chapter. 

3.1 Material Preparation 

The Al  alloys investigated in the present study are Al-Fe-Mn alloys and Al -Si-Fe-Mn 

alloys and super ductile Al-Mg-Si-Fe-Mn alloy (Ji et al., 2012). For the purpose of 

investigating the solidification of Fe-IMCs, the alloys are chosen because of their 

sufficient amount of Fe and Mn content and previous research (Ji et al., 2012). 

Various concentrations of Mg and Si are introduced to study their effect on the 

solidification behaviour of Fe-IMCs. The intention of choosing each alloy 

composition point will be further explained in each chapter. These specific alloys 

were made from commercially pure Al  (Norton Aluminium Ltd, Staffordshire, UK) 

and commercially pure Mg (Magnesium Elektron Ltd, Manchester, UK) and master 

alloys from other sources. The compositions of commercially pure metals used in 

this study are shown in Table 3.1. The as-received compositions of the commercial 

master alloys are shown in Table 3.2.  

Table 3.1 Chemical composition of pure metals 

 

Materials 

Elements (wt.%) 

 Al Mg Si Fe Mn Cu Zn Ti Others 

Pure Al 99.85 0.003 0.04 0.08 0.0008 0.0069 0.0018 0.0055 <0.001 

Pure Mg 0.04 99.99 0.013 0.002 0.02 0.001 - - <0.001 

 

For the preparation of nominal Al -1.2Fe-0.7Mn-xMg, Al -2Si-1.2Fe-0.7Mn-yMg and 

Al -5Mg-2Si-1.2Fe-0.7Mn alloys, the electric resistance furnace (Carbolite, Hope, 
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UK), was used for melting and cooling if not specified. Pure Al was molton at 750ęC 

and master alloys were added one by one before at least 1 hour of holding. Pure Mg 

was added 30 minutes before casting to reduce the oxidation. Composition 

measurement of these alloys was performed by Foundry-Master Pro (Oxford 

Instruments) as shown in Fig. 3.1a. For chemical composition analysis, a cast sample 

with minimum surface size 20 cm
2
 was produced by pouring stirred melt into a steel  

Table 3.2 Chemical composition of master alloys. 

 

Materials 

Elements (wt.%) 

Al  B Mg Si Fe Mn  Cu Ti  

Al-50Si Bal. - <0.02 50 0.6 0.12 0.03 0.02 

Al-20Mn Bal. - 0.01 0.09 0.27 18.2 0.02 0.02 

Al-38Fe Bal. - <0.02 0.05 38 <0.02 <0.02 <0.02 

Al-5B Bal. 5.44 - 0.09 0.17 <0.02 <0.02 <0.02 

Al-10Ti Bal. - 0.01 0.11 0.29 - - 9.3 

 

 

Figure 3.1 Photos of (a) floor standing metal analyser Foundry-Master Pro, Oxford 

Instruments and (b) mould used for the chemical composition test sample. 
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mould (shown in Fig. 3.1b). Before running the composition analysis, the cast 

sample was ground with SiC 800 grit paper to produce a flat surface and dried in an 

air stream after washing with ethanol. The chemical compositions of the alloys 

acquired by this method will be presented Table 3.3. 

The preparation of Al-5Ti-2.5B(Fe) (nominal) master alloy was conducted at 900ęC 

in an electric resistance furnace. For producing 1kg of Al-5Ti-2.5B(Fe) master alloy, 

firstly 500g Al-10Ti master alloy and 40g pure Al was heated to 900ęC followed by 

the addition of 460g of Al-5.44B master alloy once the alloy was molten. The melt 

was then held at 900ęC for 8 hours, and the sludge was removed from the top of the  

Table 3.3 Chemical composition of the alloys characterized with Foundry Master 

using composition test sample. 

Alloys Elements (wt.%)  

Al  Mg Si Fe Mn Others 

Al-5Mg-2Si-1.2Fe-0.7Mn   Bal. 5.26±0.42 2.14±0.23 1.22±0.08 0.71±0.05 Ò0.1 

Al-1.2Fe-0.7Mn-xMg   Bal. 0.003 0.04±0.01 1.26±0.02 0.73±0.03 Ò0.17 

Bal. 1.31±0.02 0.03±0.01 1.25±0.05 0.67±0.01 Ò0.12 

Bal. 3.22±0.05 0.04±0.01 1.23±0.12 0.64±0.02 Ò0.17 

Bal. 6.07±0.13 0.04±0.01 1.18±0.03 0.67±0.12 Ò0.14 

Al-2Si-1.2Fe-0.7Mn-yMg     Bal. 0.01 2.19±0.08 1.20±0.04 0.66±0.02 Ò0.04 

Bal. 1.26±0.02 2.24±0.14 1.21±0.06 0.67±0.01 Ò0.02 

Bal. 3.05±0.20 2.22±0.09 1.25±0.06 0.65±0.02 Ò0.03 

Bal. 5.41±0.35 2.11±0.06 1.26±0.10 0.68±0.03 Ò0.14 
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melt before adding 13g Al-3.8Fe master alloy to the liquid melt. After a further 8 

hours of holding at 900ęC and mechanical stirring every hour, the melt was cast in 

60*60*200 mm steel mould with Ø10*200 mm cylinder mould cavity to allow a 

rapid cooling to achieve homogenised particle distribution. However, due to the 

sensitivity limit, Foundry-Master Pro was unable to characterize the final chemical 

composition of Al-5Ti-2.5B(0.5Fe) master alloy. 

3.2 Casting Procedures 

In this section, the casting procedures for the investigation are described. The TP-1 

mould was adopted to investigate the effect of solute concentration and casting 

temperature at a cooling rate of 3.5K/s. Various casting approaches such as, Cu 

wedge mould casting, cooling in furnace (CF) and melt quenching with water (MQ), 

were used to understand the solidification path and the effect of cooling rate on the 

solidification behaviour of Fe-IMC in various alloys. 

3.2.1 TP-1 Standard Casting 

In order to achieve a consistent and moderate cooling rate for the experiments, TP-1 

standard mould was used (Aluminium Association, 1987). The mould wall was 

cooled in water bath with a constant flow rate of 3.9 litres per minute (Fig. 3.2a),  

 

Figure 3.2 Schematic illustration of (a) TP-1 casting (Aluminium Association, 1987), (b) 

TP-1 sample. The specimens for metallography and characterization were taken from arrow 

indicated position. 

 

(a) (b) 
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providing a constant 3.5K/s cooling rate at the cross section 38 mm from the bottom 

of the TP-1 sample (Aluminium Association, 1987). Metallography observation of 

TP-1 sample was taken place on the cross section 38 mm from the bottom and the 

vertical section from the centre of the sample if specified (Fig. 3.2b). For the 

investigation of the effect of casting temperature on the formation of Ŭ-AlFeMnSi at 

a cooling rate of 3.5K/s, an experiment with multi-temperature casting was employed. 

The processing route shown in Fig. 3.3 illustrates two processing stages: cooling in 

air and TP-1 casting. The air cooling started from 750ęC and finished at TP-1 casting 

temperature. Designated TP-1 casting temperature ranged from 50ęC above primary 

phase formation temperature to eutectic temperature according to the alloy phase 

diagram, are 720, 700, 680, 670, 660, 650, 640, 630, 620ºC. 

 

Figure 3.3 The processing route of TP-1 casting experiment at various casting temperature 

which ranges from 620ęC to 680ęC. 

3.2.2 Furnace Cooling 

Furnace cooling (CF) was conducted simply by placing melt in a preheated furnace 

at a given temperature depending on the alloy, and allowed to solidify while it was in 

the cooling furnace. Although the heat release rate of the furnace is dependent on the 

isolation of the furnace, the cooling rate of such experiments cooling from 720ęC to 
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620ęC was 0.02±0.005K/s (sensitivity limit of the K-type thermocouples). It should 

be noted that when temperature difference between furnace and environment become 

small the cooling rate will decrease along with the rate of heat release. Given that the 

solidification of the target alloy finishes at around 580ęC, the cooling rate variation 

was considered negligible for the CF sample analysis. 

3.2.3 Cu Wedge Mould 

As shown in Fig. 3.4, the Cu wedge mould was used to study the effect of cooling 

rate on the morphology of Ŭ-AlFeMnSi due to the cooling rate range that it is 

available with a wedge mould (Kotadia, 2010; Pryds and Huang, 2000). The cooling 

rate was determined using an empirical relationship between the cooling rate (Ὕ K/s) 

and half thickness of mould wall (Z mm). This relationship is proposed by Pryds and 

co-workers (Pryds and Huang, 2000):  

Ὕ  
926 Ɇ Ⱦ

1.8
                                            (3.1) 

 

Figure 3.4 Schematic illustration of the Cu wedge mould showing mould cavity, half 

thickness of mould wall (ὤ) and mould dimensions.  
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The relationship between the half thickness of mould cavity and height was 

calculated with the measured thickness/height ratio. Basing on this equation, the 

cooling rate at 10 mm, 40 mm, 70 mm and 100 mm from tip of the mould are 

approximately 871K/s,72K/s, 26.2K/s and 13.8K/s, respectively. These cooling rates 

have been experimentally measured by placing thermocouples at the thin areas of 

wedge mould, which show comparable result. 

3.2.4 Steel Mould Melt  Quench 

Water quench is commonly used to obtain a constant high cooling rate due to the 

high heat capacity of water (4.184 J/gÅK) and good  thermal conductivity of steel 

(32.6 W/(mĀK) at 1000K). The steel mould melt quench (MQ) was employed here to 

achieve freezing which means a cooling rate surge during solidification when the 

melt was transferred to water bath. Thus, the solidification sequence can be 

investigated through microstructure observation. This method was also used with the 

assistance of a thin wall steel mould (Fig. 3.5) to study the nucleation behaviour at a 

higher cooling rate which, was experimentally measured to be 50±10K/s. 
 

 

 

Figure 3.5 Photo of steel mould coated to boron nitride used for melt quench (MQ) and 

cooling rate measurement, showing the dimensions of the mould.  
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The steel mould is used for the melt quenching experiment and cooling curve 

measurement (see section 3.4.7). For melt quenching experiment, the processing 

route is relatively simple. The melt is held in a graphite crucible at 750ęC and then 

divided into several the steel moulds (Fig. 3.5) that is preheated to 750ęC in an 

electric resistance furnace. The steel mould will be placed back in the furnace for 

slow cooling and submerged in room temperature water for melt quenching when the 

selected quenching temperatures are reached. The temperatures selected are 620ęC, 

600ęC and 579ęC based on the phase transformation temperatures of the alloy system. 

Metallurgical observation was made at the cross section 10mm from the bottom of 

the steel mould. 

3.2.5 Quart Tube Melt  Quench (TQ) 

This casting approach is designed to have a reliable the control of casting 

temperature.  Induction furnace (Meltech Ltd, Suffolk, UK) shown in Fig. 3.6, was 

employed for this experiment (MelTech, 2017), in order to obtain homogenised 

particle and temperature distributions during the solidification process as well as a  

 

Figure 3.6 Photos showing (a) MelTech induction furnace which is currently in working 

position, (b) Ø8mm translucent quartz tube, (c) Ø40mm resistant heater and (d) water 

quenched sample with a diameter of Ø6 mm by quartz tube. 
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sustained cooling rate which is measured to be 0.15±0.02K/s. A quartz tube with 

5±0.5mm inner diameter and 8±0.5mm outer diameter was used in this experiment 

for transferring the melt from crucible in induction furnace to water. The 

measurement of the cooling rate of water was not straight forward due to the 

variation in sample diameters. However, because of the cross-section (Ï5±0.5mm) of 

the quenched sample, the entire sample was considered to be solidified immediately 

once submerged in water. 

The processing route of this casting approach includes two stages: cooling in 

induction furnace and melt quenching, labelled as Stage 1 and Stage 2 in Fig 3.7, 

respectively. A mass of 2kg of Al-5Mg-2Si-1.2Fe-0.7Mn alloy was molten in 

induction furnace (see Fig. 3.6a) after 15 minutes of heating, and holding at 750ºC 

for 5 minutes (lower power output) until the temperature stabilised. Melt temperature 

was then decreased by reducing the power output of the induction furnace. During 

this stage the melt temperature was monitored with K-type thermocouples which  

 

Figure 3.7 Schematic illustration of processing route of quart tube water quench experiment 

which includes mainly two stages which are slow cooling (Stage 1) and Quench in Water 

(Stage 2). 
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showed a cooling rate of 0.2K/s. The quartz tube (Fig. 3.6b), connected to a syringe 

and preheated to 750ºC with an electric resistance heater (shown in Fig 3.6c), was 

used for transferring melt from crucible to water bucket. In Stage 2, a small amount 

of melt (4-7g) was draw with the preheated quartz tube from crucible and then the 

withdrawn melt was dropped into water with drawn melt. Thus, Ø5mm quenched rod 

samples (see Fig. 3.6d) were produced. Designated melting quenching temperatures 

ranging from 20K above primary phase formation temperature to the eutectic 

temperature according to the phase diagram of Al-5Mg-2Si-1.2Fe-0.7Mn alloy, were 

675, 670, 665, 660, 655, 650, 645, 640, 635, 630, 625 and 620ºC. Due to the very 

fine morphology of quenched liquid, it can be easily distinguished from slowly  

Table 3.4 The metallographic sample preparation route I for hard materials. 

 Surface Abrasive Force Time 

(mm:ss) 

Rotation speed 

(rpm)  

Rotation 

Direction 

(Base/Head) 
Base Head 

1 CarbiMet P320 SiC 25 N Until 

Flat 

300 50 > > 

2 CarbiMet P800 SiC 25 N 3:00 150 50 > < 

3 CarbiMet P2500 

SiC 

25 N 3:00 150 50 > < 

4 CarbiMet P4000 

SiC 

25 N 2:00 150 50 > < 

5 MD-Mol 0.04ɛm 

SiO2 OP-

S 

25 N 5:00 150 50 > < 

* All consumables are provided by Buehler, Coventry, U.K., except OP-S which is 

from Struers Ltd., Catcliffe Rotherham, U.K. 
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cooled liquid. The solidification behaviour of the phases formed in temperature range 

of 680ÜC to 620ÜC, which in this alloy is primary Ŭ-AlFeMnSi, should exhibit a much 

coarser morphology. 

3.3 Sample Preparation 

3.3.1 Gri nding and Polishing 

The preparation route I was used for metallographic preparation of hard materials, 

such as most of quinary Al-Mg-Si-Fe-Mn and quaternary Al-Mg-Fe-Mn alloy 

samples, the wedge samples (from Cu wedge mould) and water quenched samples. 

Metallography samples were collected from various areas of the as-cast ingot 

depending on the observation needs. They were sectioned off from as-cast sample 

with AbrasiMetÊ 250 (Buehler, Coventry, UK) from as-cast ingot, and it was then 

mounted with CitoPress mounting press (Struers Ltd., Catcliffe Rotherham, UK) into  

Table 3.5 The metallographic sample preparation route II for soft materials. 

 Surface Abrasive Force Time 

(mm:ss) 

Rotation speed 

(rpm)  

Rotation 

Direction 

(Base/Head) 
Base Head 

1 CarbiMet P320 SiC 25 N Until 

Flat 

300 50 > > 

2 TexMet 

P 

9ɛm 

diamond 

15 N 5:00 150 50 > < 

3 TexMet 

P 

3ɛm 

diamond 

15 N 5:00 150 50 > > 

4 MD-Mol 0.04ɛm SiO2 

OP-S 

15 N 12:00 150 50 > < 

* All consumables are provided by Buehler, Coventry, U.K., except OP-S which is 

from Struers Ltd., Catcliffe Rotherham, U.K. 
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Ø30mm by 15±10mm cylindrical sample using Bakelite resin (MetPrep, Coventry, 

UK). The samples were then ready for grinding and polishing, and the preparation 

route is illustrated in Table 3.4. 

Preparation route II was used for metallographic preparation of relatively soft 

materials, such as CF quinary Al-Mg-Si-Fe-Mn alloys, CF quaternary Al-Mg-Fe-Mn 

alloys, quaternary Al-Si-Fe-Mn alloys, ternary Al-Fe-Mn alloys and DSC samples. 

The cutting method and mounting method were identical to preparation route I. 

However, this route has different grinding and polishing procedures as shown in 

Table 3.5. 

3.3.2 Anodising  

Anodising was used to obtain coloured image for grain size analysis and grain 

boundary observation. As-cast samples prepared with standard mechanical polishing 

procedures was etched in Barkerôs reagent (5ml HBF4 (48%) + 200ml water 

(Vander-Voort, 2015)) for 90-120 seconds under a constant voltage of 20V at room 

temperature (Weidmann and Guesnier, 2016; Cerri and Evangelista, 1999), where the 

etching current pass through sample which is dependent on surface area of the 

sample. Schematic illustration of anodising station is shown in Fig. 3.8. 

 

Figure 3.8 Schematic illustration of constant voltage Al alloy anodising station that with a 

sample in electrolyte solution. 
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3.3.3 Electropolishing for EBSD Samples 

An Electropolishing station was set up as illustrated in Fig 3.9. The DC power 

supply worked as a constant voltage and stable current source providing 12V during 

the electropolishing. The current through the sample is dependent on specific 

specimen and surface area exposed to the solution. For Al-5Mg-2Si-1.2Fe-0.7Mn 

alloy, the current was stable at 0.8A when surface area is around 2.28cm
2
. 

Electropolishing was done with a constantly stirred the 20% HNO3 ethanol based 

solution at 243K for 20 seconds, followed by rinsing in pure ethanol and drying in a 

warm air stream. Due to the unstable nature of the electrolyte for this process, the 

risk assessment of the electropolishing procedure including electrolyte preparation 

and disposal was conducted. The solution was maintained under -10ºC and disposed 

after being neutralised with Sodium carbonate. 

 

Figure 3.9 Schematic illustration of electropolishing station for Al alloy with a sample in 

electrolyte solution. 

 

3.3.4 Deep-etching 

Fe-IMCs, exhibiting faceted morphology, are strongly anisotropic along different 

crystal orientations, which makes it difficult to describe its morphology through 2D 
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via deep-etching (DE). As can be seen from the schematic illustration in Fig. 3.10a, 

sample was firstly submerged in 15% HCl aqueous solution in a thoroughly cleaned 

beaker and then after a sufficient amount of time Fe-IMC will be exposed due to the 

lower chemical affinity of Fe-IMC to HCl compared with Al . The sample was then 

carefully taken out from the solution and cleaned with ethanol before drying in hot 

air stream. 

For the extraction of Fe-IMC particle, the same mechanism as for the separation of 

Al and Fe-IMC was used, as shown in Fig. 3.10b. After an adequate amount of 

reaction time, a small amount of HCl aqueous solution at the bottom of the beaker 

containing separated Fe-IMC particles were taken out and poured onto filter paper 

and washed in an ethanol bath. Once the particles were clean, they were transferred 

to a hot plate for drying to prevent any oxidization. 

/ 

Figure 3.10 Schematic illustration of deep-etching procedure (a) for deep-etching and (b) 

extraction of Fe-IMC particles. 

 

3.3.5 TEM Specimen Preparation  
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beam angle for 3-4 hours until the thin disc pierced and further 20 minutes at 5ę 

Sample 

HCl 

Hot Plate 

(b) Separate from solution;  

Transfer to filter  

 

Drying 

Fe-IMCs 

(a) DE sample 



59 

 

incident angle under the same voltage. Thus, the sample is sufficiently thin for TEM 

characterization. 

3.4 Characterisation 

3.4.1 Optical Microscopy 

The optical microscope (OM) shown in Fig. 3.11a for microstructural observation 

and quantitative metallography is a Zeiss Optical Axio Microscope A1 (ZEISS 

Group., Oberkochen, Germany) equipped with Zeiss AxioCam ICc3 digital camera 

(ZEISS Inc, 2017). Polarized light images are widely used for Al grain size 

measurement as the grains in different crystal orientation will reflect light to different 

directions resulting in grains with different colours when reflected light passes 

through objective lenses (Vander-Voort, 2015; Smallman, 1985). Thus, the grain size 

measurement was performed on polarized micrographs and analysed with 

AxioVision 4.8 (ZEISS Inc, 2017). Metallographic sections for optical microscopy 

and scanning electron microscopy were prepared using metallographic procedures 

described in section 3.3.1 and 3.3.2. 

3.4.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was carried out using a Zeiss Supra 35 

microscope (see Fig. 3.11b) (ZEISS Group., Oberkochen, Germany) equipped with 

an EDAX energy Dispersive X-Ray Spectroscopy (EDS) and EDAX Electron 

Backscattered Diffraction (EBSD) detectors (Fig. 3.11c), operated at an accelerating 

voltages ranging from 5 or 20kV. Several different signals are produced due to the 

interaction between the beam and the sample. These signals provide the user with 

detailed information on the differences among the average atomic number the 

various phases within the sample, structure and elemental content (Goodhew, 

Humphreys and Beanland, 2000). The SEM used in this study imaging modes 

include secondary electron imaging, back scattered electron (BSE) imaging, and 

EDS. 
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3.4.3 Electron Backscattered Diffractio n  

The as-cast samples were prepared using metallographic procedures described in 

section 3.31 before electro-polishing at 12V for 20s as described in section 3.3.3. 

EBSD analysis was performed on the Zeiss Supra 35VP fitted with high sensitivity 

DigiView camera (EDAX Inc., NJ, U.S.) as shown in Fig. 3.11c with EDAX TEAM 

4.3 system (EDAX, 2017). Both EDAX TEAM 4.3 and OIM 7.3 were used for 

EBSD data analysis. For the EBSD acquisition in this study, the accelerating voltage, 

working distance and condenser aperture used were 20kV, 10mm and 120ɛm, 

respectively, in high current mode. The step size was between 0.2ɛm and 1ɛm 

depending on the size of the area analysed. 

Crystallographic data for Kikuchi pattern indexing was from the Inorganic Crystal 

Structure Database (ICSD) and are listed in following chapters. The Kikuchi pattern 

of Ŭ-AlFeMnSi indexing was performed manually in EDAX TEAM 4.3 (EDAX, 

2017), as the low confident index (CI) value caused by very close asymmetric double 

bands in the Kikuchi pattern of Ŭ-AlFeMnSi from its pseudo-symmetry (Hwang, 

Doty and Kaufman, 2008). 

3.4.4 Transmission Electron Microscopy  

A JEOL 2100 field emission gun transmission electron microscope (FEG TEM), as 

shown in Fig 3.11d, was used for the characterization at an accelerating voltage of 

200 kV. A double tilt sample (JEOL Ltd., Tokyo, Japan) was used in this TEM for 

the acquisition of bright field (BF) images, selected area electron diffraction (SAED) 

patterns, high resolution (HR) images and TEM/EDS spot analyses. 

Titan ChemiSTEM, a new design of spherical aberration corrected microscope  

which is fitted with FEIôs ultra-high brightness field emission gun (X-FEG) which 

provides probe size of less than 0.1nm and optimised for atomic resolution chemical 

analysis using four energy dispersive X-ray spectroscopy (HR-EDS) detector 

incorporated into the pole piece of the objective lens, was employed for atomic 

resolution observation (The University of Manchester, 2016). High-angle annular 

dark-field imaging (HADDF) and HR-EDS mapping were performed the on TiB2 

and Fe-IMC interface at a voltage of 200kV. Dr Yun Wang, a senior research fellow 
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at Brunel University London, is greatly acknowledged for the operation and his 

guidance with this device.  

Experimentally obtained SAED patterns were measured with GMS 3 (Gatan, Inc., 

Pleasanton, CA, U.S.). The SAED patterns were indexed with crystallographic data 

reported in Inorganic Crystal Structure Database (ICSD) by Royal Society of 

Chemistry (RSC). 

3.4.5 X-ray Diffractio n  

Crystallographic characterization of intermetallic compounds was performed with 

Bruker D8 Advance X-ray diffraction (XRD) diffractometers (Fig. 3.11f). XRD 

analysis was performed on 2-5g extracted intermetallic compounds to get diffraction 

peaks. The acquisition time, step size, and the 2ɗ angle range for powder diffraction 

pattern were chosen as 1s, 0.02ę and 20-100ę, respectively. 

3.4.6 Differential Scanning Calorimetry   

In this investigation, the differential scanning calorimetry (DSC) was performed with 

on a Netzsch STA 409 PC Luxx (Fig. 3.11f) to characterise the phase transformation 

temperature using TP-1 sample prepared at various casting temperatures. The 

specimens with a mass ranging from 8mg to 194mg were taken from the centre of the 

cross-section 38mm from the bottom of TP-1 samples (Fig. 3.2b) for DSC analysis. 

The program parameters were set as: heating: 10K/min to 750ęC; isothermal: 10 

minutes at 750ęC; cooling: 0.6K/min, 3K/min, 6K/min, or 10K/min to room 

temperature. Each test was recycled for 3 times for a more reliable result. 

3.4.7 Cooling Curve Measurement 

For the ceramic mould (CM) cooling curve measurement, the alloy was molten at 

750ęC in a graphite crucible and poured into a cylindrical ceramic mould that was 

preheated to 410ęC. The cylindrical ceramic mould was covered with 13mm thermal 

isolation, and the whole cooling curve measurement equipment was surrounded with 

N17 isolation boards so that the effect of environment changes can be minimized. 

The temperature was measured with two sets of exposed wire thermocouples and the 

data was recorded with NI SCC-68 at a frequency of 100Hz and analysed with 
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Measurement & Automation Explorer (National Instruments). The thermocouple 1 

was located at the centre of the ceramic crucible 40mm away from the bottom and  

 

Figure 3.11 Images of facilities used in this study: (a) Zeiss Optical Axio Microscope A1 

equipped with AxioCam ICc 3 camera; (b) Zeiss Supra 35VP field emission gun Scanning 

Electron Microscope; (c) EDAX TSL EBSD camera; (d) Transmission electron microscope 

type JEOL 2100; (e) Bruker D8 Advance X-Ray Diffraction equipment; (f) DSC type 

Netzsch STA 409 PC Luxx. 
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Figure 3.12 Schematic illustration of cooling curve measurement equipment.  

 

thermocouple 2 was about 15mm away from thermocouple 1. A schematic 

illustration of the setup is shown in Fig. 3.12. 

For the melt quench (MQ) cooling curve measurement, the alloy was molten and 

hold at 750ęC before pouring into the steel mould. The thermal couples fixed on an 

isolation board was inserted into the centre of the melt (about 15mm from bottom) 

once the melt was poured into the steel crucible (Fig. 3.5). The crucible was dipped 

in water at two temperatures, 720ęor 680ęC, monitored with identical recording 

parameters as the ceramic mould (CM) cooling curve measurement. 

3.5. Quantificatio n 

3.5.1 Grain Size Measurement 

The grain size of Ŭ-Al grain by TP-1 casting was determined on polarized light 

image by Carl Zeiss AxioScope A1 of anodized samples taken from the standard 

observation area (Fig. 3.2b). The quantification was performed according to ASTM 

E112 standard test procedures using general intercept procedures:  

ὰӶ 
 
                                                  (3.2) 
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where ὰӶ is the mean intercept length, G is the grain boundary intersection count and 

LT is the total length of the test line. Grain boundary intersection count (GBIC) 

method (Fig. 3.13), that the number of times one test line cuts across, or is tangent to, 

grain boundaries (triple point intersections are considered as 1.5 intersections), was 

used in this research to determine the G value. At least 20 interception lines covering 

50% of grains in metallurgical observation area of TP-1 sample were examined for 

each data point. 

 

Figure 3.13 Illustration of grain boundary intersection count (GBIC) measurement. 

 

3.5.2 Secondary Dendrite Arm Spacing Measurement 

Secondary dendrite arm spacing (SDAS) measurement was conducted on polarized 

OM images from anodized TP-1 sample using linear intercept method via 

AxioVision software (Vandersluis and Ravindran, 2017). A example is demonstrated 

in Fig 3.14, which uses the following equation for SDAS (ɚ2) calculation: 

2˂
i
 = L/(n-1)                                                  (3.3) 

where L is the length of interception line and n is the number of secondary arms 

counted along on side of the primary arm; thus, the mean ɚ2 can be acquired using the 

individual SDAS (ɚ2
i
). At least 100 sets of ɚ2

i
 values were obtained for each data 

point. Since L is specifically measured on the counted dendrite arms, dendrite 

asymmetry does not influence this method. Therefore, the side of primary arms 

chosen for the measurement does not affect the final outcome. 
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Figure 3.14 Demonstration of linear intercept method for SDAS measurement. 

 

 

Figure 3.15 Illustration of liner intercept method for minimum eutectic lamellar spacing (ɚa) 

and maximum eutectic lamellar spacing ( M˂) measurement. 

3.5.3 Eutectic Lamellar Spacing Measurement 

This measurement was very similar approach to SDAS measurement, using linear 

intercept equation: 

E˂U
i
 = L/(n-1)                                              (3.4) 

The ɚEU can then be acquired by calculating the mean value of all induvial lamellar 

eutectic lamellar spacing (ɚEU
i
). At least 120 sets of ɚEU

i
 values were measured for 

each data point. An illustration of the measurement is shown in Fig. 3.15 showing 
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the difference between the minimum eutectic lamellar spacing (ɚa) and the maximum 

eutectic lamellar spacing (ɚM). 

3.5.4 Particle Size Measurement  

The particle size of both primary and eutectic Fe-IMCs were obtained by measuring 

the diameter of individual Fe-IMC. As shown in Fig. 3.16, the individual particle 

size was acquired by simply measuring the maximum diameter since the maximum 

diameter of Fe-IMC is commonly described as Fe-IMC particle size in literatures 

(Terzi et al., 2010; Dinnis, Taylor and Dahle, 2005). At least 200 primary/eutectic 

Fe-IMC particles were processed for each sample. 

 

Figure 3.16 Illustration of the particle size measurement of Fe-IMCs by AxioVision. 

 

3.5.5 Volume Fraction Measurement 

The volume fraction measurement of Fe-IMCs was conducted on backscattered 

electron SEM images. ImageJ was used to classify the grey contrast of Fe-IMC 

particle and other phases so that the area fraction of grey contrast of Fe-IMC gives 

the area fraction of Fe-IMC in the image. With the random distribution of the 

phases/particles, the area fraction is equal to the volume fraction in 3D (Underwood, 

1969). At least 20 images with magnification of x500 were processed for each data 

point. 
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Chapter 4 Solidification of Fe-rich Intermetallic 

Compounds in Al-5Mg-2Si-1.2Fe-0.7Mn Alloy 

The objective of this chapter is to investigate the solidification behaviour of Fe-IMCs 

in Al -5Mg-2Si-1.2Fe-0.7Mn alloy along with the effect of cooling rates and casting 

temperatures. In this study various casting methods was used, such as TP-1, Cu 

wedge mould, cooling in furnace (CF), cooling in air (CA) etc. This study includes 

results from thermodynamic calculations, cooling curve measurement, optical 

microscopy, scanning electron microscopy, transmission electron microscopy, X-Ray 

diffractometer and differential scanning calorimetry. The solidification sequence of 

this alloy, formation temperatures of Fe-IMCs, effect of cooling rate and casting 

temperature on different Fe-IMCs are discussed. 

4.1 Solidification Behaviour 

4.1.1 Phase Diagram Calculation 

CALculation of PHAse Diagram (CALPHAD) method was applied here to predict 

the equilibrium phase diagram and phase fraction of Al-5Mg-2Si-1.2Fe-0.7Mn alloy 

with solidification under Scheil rule. The cross section of calculated equilibrium 

phase diagram of Al -5Mg-2Si-0.7Mn-xFe is predicted with Pandat
TM

 8.2 

(CompuTherm LLC) using PanAl2013 database and presented in Fig. 4.1. When Fe 

concentration in the alloy is at 1.2wt.% and solidified under equilibrium condition, 

the solidification of the primary Ŭ-AlFeMnSi commences at liquidus temperature of 

670.4ęC, and then followed by the formation of eutectic Ŭ-AlFeMnSi/Ŭ-Al at 

620.5ęC and Mg2Si/Ŭ-Al/Al 13Fe4 at 584.2ęC. After that, small amount of Al13Fe4 and 

Al 6(Fe,Mn) forms. The solidification of current alloys is expected to occur under 

non-equilibrium condition during casting due to the difference in kinetics, which will 

be discussed later in this chapter. During the calculation, impurity elements such as 

Ti and Cu were not considered as the concentration sum of these elements is low 

enough (<0.1wt.%) to be taken to be negligible. 
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Figure 4.1 Cross section of equilibrium phase diagram of Al-5Mg-2Si-0.7Mn-xFe using 

Pandat
TM 

8.2. Dash line marks Fe composition at 1.2 wt.% 

 

 

Figure 4.2 The liquid fraction of Al-5Mg-2Si-1.2Fe-0.7Mn alloy as a function of 

temperature during solidification calculated with Pandat
TM

 8.2 under Scheil rule. 

The phase volume fractions of Al-5Mg-2Si-1.2Fe-0.7Mn alloy as a function of 

temperature during solidification is shown in Fig. 4.2. The solidification temperature 

of binary eutectic Ŭ-AlFeMnSi/Ŭ-Al is not consistent and decrease as solidification 

continues. Meanwhile, the solidification temperature of the following ternary eutectic 
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Mg2Si/Ŭ-Al/Fe-IMC is consistent as the solidification continues. The calculated 

volume fraction of each phase in non-equilibrium conditions is shown in Table 4.1. 

When the solidification process finished, the solid consists of 89.6% of Ŭ-Al, 3.49% 

of Ŭ-AlFeMnSi, 3.9% of Mg2Si, 0.9% of Al13Fe4 and 0.38% of Al8Fe2Si by volume. 

More specifically, the volume fractions of the primary and eutectic Ŭ-AlFeMnSi are 

2.7% and 0.79% of, respectively. 

Table 4.1 The solid volume fraction of each phase at different solidification stages 

calculated with Pandat
TM 

8.2. 

No. Transformation Temperature 

(°C)    

Volume fraction  

1 L Ÿ Ŭ-AlFeMnSi  670.4  Ŭ-AlFeMnSi: 2.7vol.% 

2 L Ÿ Ŭ-Al + Ŭ-AlFeMnSi  620.5 Ŭ-AlFeMnSi: 0.39vol.%; 

Ŭ-Al: 14.7% 

3 L Ÿ Ŭ-Al + Ŭ-AlFeMnSi + 

Al 13Fe4 

615.7 Ŭ-AlFeMnSi: 0.4vol.%; 

Ŭ-Al: 38.4vol.%; 

Al 13Fe4: 0.8vol.%. 

4 L Ÿ Ŭ-Al + Al 8Fe2Si  591.2 Ŭ-Al: 5.5vol.%; 

Al 8Fe2Si: 0.15vol.% 

5 L Ÿ Ŭ-Al +  Mg2Si + Al8Fe2Si 

+ Al 13Fe4 

584.2 Ŭ-Al: 31vol.%; 

Al 13Fe4: 0.1vol.%; 

Al 8Fe2Si: 0.23vol.%; 

Mg2Si: 3.9vol.%. 

 

4.1.2 Microstructur e 

4.1.2.1 Primary Ŭ-AlFeMnSi 

The microstructure of Al-5Mg-2Si-1.2Fe-0.7Mn alloy achieved with TP-1 casting 

650ęC is shown in Fig. 4.3a. The primary Ŭ-AlFeMnSi generally exhibits polyhedral 

morphology located in the centre of a eutectic Ŭ-AlFeMnSi/Ŭ-Al grain. 3D 
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morphology of primary Ŭ-AlFeMnSi is revealed by deep-etching (Fig. 4.3a) showing 

dominantly rhombic dodecahedron morphology, indicating strong anisotropy of 

primary Ŭ-AlFeMnSi particle. However, the presence of the particles of these 

morphologies is closely dependent on casting conditions despite CALPHD prediction 

that Ŭ-AlFeMnSi is a thermodynamically stable phase in Al -5Mg-2Si-1.2Fe-0.7Mn.  

 

Figure 4.3 SEM micrographs (a) Al-5Mg-2Si-1.2Fe-0.7Mn alloy by TP-1 casting inserted 

with 3D morphology of primary Ŭ-AlFeMnSi and (b) cooling in furnace, showing the 

primary Ŭ-AlFeMnSi, Al6(Fe,Mn), eutectic Ŭ-AlFeMnSi, Ŭ-Al and eutectic Mg2Si. The phase 

identification is given with SEM/EDS. 
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Figure 4.4 Optical micrographs showing (a ï c) the morphology of primary Ŭ-AlFeMnSi; (d) 

the EDS results taken from several primary particles (attached table showing the average 

chemical composition). Arrows marked as 1 and 2 indicates the primary and secondary 

branches, respectively. 

 

Further, as shown win Fig 4.3b, in furnace cooling condition the primary Ŭ-

AlFeMnSi maintains the polyhedral morphology but coarser than that of TP-1 

casting. There are some variations in the morphology of the primary Fe-IMC phase 

in TP-1 samples, as shown in Fig. 4.4. The primary Fe-IMCs have coarse star-like 

(Fig. 4.4a), hollowed polyhedral (Fig. 4.4b, c) and compact polyhedral morphologies 

(Fig. 4.4d). Despite the variation in morphology, these Ŭ-AlFeMnSi particles show 

almost identical chemical composition (Al12(Fe,Mn)3Si) with SEM/EDS analysis. 

This suggests that the morphology variation is due to random sectioning orientation. 

For instance, the compact polyhedral morphology of Ŭ-AlFeMnSi may be caused by 

random sectioning of the complex particles or a specific orientation sectioning of the 

developing particles. Further, the morphology variation reveals that the growth of 

primary Ŭ-AlFeMnSi has number of stages: initiation (Fig. 4.4a), hollowed 

polyhedron (Fig. 4.4b and Fig. 4.4c) and compact polyhedron (Fig. 4.3a). During the 
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initial stage of the growth of primary Ŭ-AlFeMnSi, there are] a few symmetrical 

hillocks on the particle (indicated with arrows marked as ñ1ò in Fig 4.4a). At the 

later growth stage, secondary growth orientation (see arrow ñ2ò in Fig 4.4b) starts to 

develop as well as the primary growth orientation. In the end, when growth 

completed the hollows are filled during the isotropic growth, showing a compact 

polyhedral morphology. 

The growth of anisotropic primary Ŭ-AlFeMnSi was further investigated with Al -

6Si-5Fe-4Mn alloy due to the higher volume fraction of primary Ŭ-AlFeMnSi 

obtained in this alloy. As shown in Fig. 4.5, two typical types of polyhedral primary 

Ŭ-AlFeMnSi that was observed which share the similar morphological characteristics 

with primary Ŭ-AlFeMnSi in Al-5Mg-2Si-1.2Fe-0.7Mn. As shown in Fig 4.5a, the 

primary branches (indicated with solid arrows) have approximately 60ę angle to each 

other, exhibiting a hexagonal morphology. Meanwhile, the primary branches in Ŭ-

AlFeMnSi particle shown in Fig. 4.5b has 90ę angle to each other, resulting in a 

square morphology for the primary Ŭ-AlFeMnSi particle. The facet morphology are 

generally cause by growth anisotropy (Dantzig and Rappaz, 2009). Given the BCC 

structure of primary Ŭ-AlFeMnSi and some description on the growth of bulk 

primary Ŭ-AlFeMnSi  (Sunagawa, 1999 2009; Gao, 2013)., the preferred growth 

orientation of primary Ŭ-AlFeMnSi can be proposed basing on the observation of the 

OM images (Fig. 4.5).  

 

Figure 4.5 Morphologies of growing primary Ŭ-AlFeMnSi particles (a) on {111} plane and 

(b) on {001} plane before completing into compact polyhedral structure in Al -6Si-5Fe-4Mn 

alloy by TP-1 casting. The arrows indicate secondary arm orientations whose angles to the 

observation plane were shown. Solid lines indicate the intersection of exposed plane and 

observation plane. 
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4.1.2.2 Eutectic Ŭ-AlFeMnSi  

The microstructure of Al-5Mg-2Si-1.2Fe-0.7Mn alloy shown in Fig. 4.3 and Fig. 4.7, 

has the binary eutectic Ŭ-AlFeMnSi/Ŭ-Al which exhibits Chinese-script morphology. 

This type of eutectic is often described as irregular or anomalous eutectic (Porter, 

Easterling and Sherif, 2009; Flemings, 1974). 3D morphology of the eutectic Ŭ-

AlFeMnSi was revealed by deep-etching, as shown in Fig. 4.6b and Fig. 4.6c. It 

isseen that the Ŭ-AlFeMnSi eutectic exhibits a branched structure where branch tips 

(region within solid-line circle in Fig. 4.6c) tend to be coarser compared with the 

branch joint (region within dash-line circle in Fig. 4.6c). Although the coarsening of 

Ŭ-AlFeMnSi branch tip is relatively more significant compared with the cases with 

Al -Al 6Fe and Sn-Cu eutectic system (Allen et al., 1998; Elliott, 2013), the tip 

coarsening phenomenon has been addressed as common eutectic solidification 

behaviour in other alloy systems (Kurz and Fisher, 1986). As shown in Fig 4.3 and 

Fig. 4.7 there are physical connections between eutectic Ŭ-AlFeMnSi and primary Ŭ-

AlFeMnSi observed in microstructure; and these connections are mostly located at 

the corner/edge of the primary Ŭ-AlFeMnSi polyhedrons. The physical relationship 

between primary Ŭ-AlFeMnSi, eutectic Ŭ-AlFeMnSi and the surrounding Ŭ-Al has 

been revealed by polarized light using OM (Fig. 4.7), showing both primary and 

eutectic Ŭ-AlFeMnSi (dark areas) are contained within the same Ŭ-Al grain (area 

with the same colour) which also compresses a considerable volume of Ŭ-Al which 

does not have any typical eutectic structure. Furthermore, a large amount of Ŭ-Al  is 

observed in microstructure without any Ŭ-AlFeMnSi or other Fe-IMCs. This gives an 

ideal of the severity of the drift in the Ŭ-AlFeMnSi/Ŭ-Al eutectic reaction from the 

couple growth regular eutectics and an insight of the solidification process of eutectic 

Ŭ-AlFeMnSi which will be discussed later. Given these points, the eutectic Ŭ-

AlFeMnSi/Ŭ-Al  in Al -5Mg-2Si-1.2Fe-0.7Mn alloy can be described as divorced 

(irregular) eutectic. 

4.1.2.3 Eutectic Mg2Si 

Eutectic Mg2Si, as shown in Fig. 4.8, exhibits irregular eutectic morphology with 

very fine lamellar spacing (not quantified here), located between Ŭ-Al dendrite arms 

and Ŭ-Al grain boundaries. The composition of the Mg2Si phase was confirmed with 

EDS as shown in Table 4.2. There are two type of Mg2Si eutectic observed in the 
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microstructure of Al-5Mg-2Si-1.2Fe-0.7Mn by TP-1 casting. With the assistance of 

SEM/EDS mapping and microstructure observation, the first one have a binary 

Mg2Si/Ŭ-Al structure, whereas the other one appears to be ternary Mg2Si/Ŭ-Al/Fe-

IMC. Interestingly, the binary Mg2Si eutectic often contains a polyhedral Mg2Si core  

 

Figure 4.6 SEM micrographs showing the 3 dimensional (3D) morphologies of (a) primary 

Ŭ-AlFeMnSi, (b) primary Ŭ-AlFeMnSi and its attached eutectic Ŭ-AlFeMnSi, (c) eutectic Ŭ-

AlFeMnSi branches and (d) eutectic Mg2Si with a octahedral compact core, (e) Al6(Fe,Mn) 

rods and (f) transverse section of Al6(Fe,Mn)/Ŭ-AlFeMnSi duplex particle that were obtained 

in Al -5Mg-2Si-1.2Fe-0.7Mn alloy by 15wt.% HCl etching. 
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Figure 4.7 OM polarized light image showing the microstructure of Ŭ-AlFeMnSi/Ŭ-Al 

eutectic grain in ȷl-5Mg-2Si-1.2Fe-0.7Mn alloy etched Barkerôs regent. The solid arrow 

indicates the primary Ŭ-AlFeMnSi whilst dash line arrow indicates the branch of eutectic Ŭ-

AlFeMnSi. 

 

Figure 4.8 SEM image showing the morphologies of few types of Mg2Si in Al -5Mg-2Si-

1.2Fe-0.7Mn alloy by TP-1 casting including polyhedral Mg2Si core, binary eutectic 

Mg2Si/Ŭ-Al eutectic and ternary eutectic Fe-IMC/Mg2Si/Ŭ-Al . 
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in the centre of the eutectic (Fig. 4.6 and Fig 4.8 indicated with solid arrow), which 

is normally identified as primary Mg2Si (Li, Liu and Wu, 2008; Ji et al., 2013a). This 

means that at the early stages of the formation of Mg2Si the local microsegregation 

of Mg and Si in the remaining liquid is adequate enough to exceed the eutectic point, 

13.9wt.% in Al -Mg2Si system.  

 

Figure 4.9 Micrographs of Al-5Mg-2Si-1.2Fe-0.7Mn alloy showing (a) the morphology of 

Al 6(Fe,Mn) in TP-1 casting and (b) the morphology of Al6(Fe,Mn)/Ŭ-AlFeMnSi duplex 

particle in CF condition  (identified with SEM/EDS). 

 

4.1.2.4 Primary and Eutectic Al6(Fe,Mn)  

As shown in Fig. 4.9a, there are small amount of Al6(Fe,Mn) clusters, confirmed 

with SEM/EDS, were observed in the microstructure of Al-5Mg-2Si-1.2Fe-0.7Mn 

alloy in TP-1 castings. It exhibits a hollowed parallelogrammatic morphology in 2D 

observation; and the 3D structure has been revealed in Fig. 4.6e showing a rod-like 

morphology. However, unlike the single phase Al6(Fe,Mn) particle in TP-1 condition, 

the Al6(Fe,Mn) exists in a form of Al6(Fe,Mn)/Ŭ-AlFeMnSi duplex particles (Fig. 

4.9b) in CF condition (0.02K/s). All such particles have a transition region which 

consists of Ŭ-Al regions and Ŭ-AlFeMnSi network between the coarse and compact 

Al 6(Fe,Mn) and Ŭ-AlFeMnSi branches. 3D observation, shown in Fig. 4.6f, illustrate 

that the Al6(Fe,Mn) has branched columnar morphology with faceted surface and the 

transition region observed combined with Ŭ-AlFeMnSi branches.    



77 

 

4.1.3. Solidification Sequence 

In this section, the phase transformation during solidification of the alloys is 

characterized with DSC and cooling curve measurements  are presented. The two 

methods provided the direct observation of the phase transformation temperature and 

nucleation temperature of Al-5Mg-2Si-1.2Fe-0.7Mn alloy at various cooling rate. 

The difference between simulated ideal solidification and experimental solidification 

will be discussed. 

4.1.3.1 DSC Curves 

The samples for DSC measurement were taken from the centre of TP-1 sample cast 

at 650ęC. There was a sufficient amount of primary Ŭ-AlFeMnSi (3.1% according to 

quantification shown later) before DSC characterization that was confirmed with OM. 

As shown in Fig. 4.10, three heat flow peaks have been detected commencing at 

639.0±3.4ęC, 619.5±2.1ęC and 586.0±1.7ęC, respectively, indicating the starting 

temperature of the phase transformations. However, there are a few minor 

turbulences at 614.0-610.0ęC, 608.0-605.5ęC and 590.0-586.5ęC on the cooling 

curves. These turbulences are most likely associated with experimental noises instead 

of phase transformation. Finding the liquidus temperature for a multi-component 

alloy system has always been difficult  using DSC as the melting in the multi-

component alloy system is a highly reversible transformation. Nonetheless, in this 

experiment the actual liquidus has been considered as the end point of the heat flow 

difference, which in this sample was 665.0ęC. 

4.1.3.2 Cooling Curves  

The cooling curve measurement was carried out with liquid metal in two containers 

which are ceramic mould wrapped with thermal wools and steel mould for melt 

quench with water (see section 3.4.7). Thermal data were monitored with two 

thermocouples located at the centre (T1) and 8mm from T1 horizontally (T2), 

respectively. As shown in Fig. 4.11, the cooling curves and their first derivatives 

recorded by two thermocouples during the solidification of Al-5Mg-2Si-1.2Fe-

0.7Mn alloy in ceramic mould are almost overlapped. Thus, these results are reliable. 

The cooling curve and its first derivative of T2 was shifted 30s to the right along the 

x-axis for the convenience of the observation. In order to observe the transformation  
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Figure 4.10 DSC analyses showing the heating and cooling curves as a function of 

temperature of large mass cylindrical sample (180±20mg) taken from Al-5Mg-2Si-1.2Fe-

0.7Mn alloy cast withTP-1 at 650ęC; calculated first derivative of DSC heating and cooling 

curves as a function of temperature. Solid arrows indicate the three major heat flow changing 

points are at 639.0±3.4ęC, 619.5±2.1ęC and 586.0±1.7ęC, respectively. 

 

with lower amount of latent heat released, cooling curve was also measured at a 

higher cooling rate experiment. As shown in Fig. 4.12, two cooling curves were 

measured from water quench experiments and their first derivatives show that the 

heat releasing temperatures of the system are very similar. Hence these two sets of 

cooling curves are considered to be reliable. The recalescence and growth 

temperatures for binary eutectic transformation for T1 are indicated with arrows and 

marked as TR and TG, respectively. The first and second major eutectic 

transformation points are indicated by arrows and marked on the derivative curve of 

T1 as TEu1 and TEu2, respectively. For ceramic mould cooling curve measurement 

(0.18±0.01K/s), the data measured is selected from 680ęC where the system is 
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isothermal. Before solidification starts, the melt cooling rate stabilized at around 

0.18±0.01K/s (First derivative in Fig. 4.11). 

 

Figure 4.11 Two sets of measured cooling curves and its first derivatives of Al-5Mg-2Si-

1.2Fe-0.7Mn alloy cast at 730ęC into a ceramic crucible covered with 13mm thermal 

insulation. T1 is right in the centre of the mould, both horizontally and vertically. T2 is 

vertically in the centre of the mould, horizontally 8mm away from the centre. The 

recalescence and growth temperatures for binary eutectic transformation for T1 are indicated 

with arrows and marked as TR and TG, respectively. The first and second major eutectic 

transformation points are indicated by arrows and marked on the derivative curve of T1 as 

TEu1 and TEu2, respectively. 

There is no recalesence observed until 620.4Ñ0.2ęC. Two major growth temperatures 

(TG), which can be considered as the subtraction of a small growth undercooling 

from the phase transformation temperature, are 620.4Ñ0.2ęC and 594.0±0.1ęC, 

respectively. Since the growth undercooling (æTG) is relatively small for phase 

transformations, it can be considered that the growth temperature is approximately 

equals to the equilibrium phase formation temperature. The maximum nucleation 

undercooling (ЎTM) during solidification is defined to be the temperature difference 

between growth temperature (TG) and recalescence starting temperature (TR). As 

shown in Fig. 4.11, the transformation temperature ranges of the binary and ternary 

eutectic transformations in this cooling curve measurement are about 1.1K and 0.7K, 

respectively.  
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As shown with CALPHAD approach prediction (see Table 4.1 in section 4.1.1), 

ideally large volume fraction (60.34%) of solid should solidify continuously within 

the temperature range 620.5ęC to 584.2ęC, and 35.23% of solid should be solidifies 

below  

 

Figure 4.12 Two sets of measured cooling curves and their first derivatives for Al -5Mg-2Si-

1.2Fe-0.7Mn alloy quenched into water from 680±3ęC in the steel mould by water. TQ 

indicates the quenching temperature. On Quench A derivative curve t1, t2, t3 and t4 points 

where the cooling rate increased, represent the first, the second, the third and the fourth 

phase transformation points, respectively. 

 

584.2ęC till the end of the solidification. The 620.5ęC is considered as binary eutectic 

(Ŭ-AlFeMnSi/Ŭ-Al) formation temperature. Although calculated ternary eutectic 

(Mg2Si/Ŭ-Al/Fe-IMC) transformation temperature is 584.0ęC, the measured ternary 

eutectic transformation temperature appears to be 594.0±0.1ęC from the experimental 

cooling curve. When the alloy system is complex, actual solidification process may 

deviate significantly from the CALPHAD approach prediction due to the complexity 

in atomic interaction when the system is complex and the non-equilibrium 

solidification condition. 

For steel mould cooling curve measurement (45±15K/s), the alloy was molten at 

750ęC and held for an hour before pouring into an ø40x50mm steel mould (Fig. 3.5). 
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Two thermocouples were inserted into the melt once melt was transferred into the 

steel mould (see section 3.4.7). Prior to quenching, the cooling rate shown in Fig. 

4.12 stabilized at around 0.15K/s. However, the recalescence temperature was unable 

to be identified as the system heat releasing was significantly larger than the latent 

heat releasing from the melt. Therefore, the first derivatives increasing points of the 

cooling curves, which can be considered as recalescence starting points, are marked 

in Fig 4.12 as t1, t2, t3 and t4, are 624.1±2.2ęC, 618.9±0.6ęC, 614.7±2.1ęC and 

585.7±2.3ęC, respectively. The maximum nucleation undercooling æTN for binary 

eutectic transformation in steel mould experiment (45±15K/s) is hard to describe 

using the principle for determining TG and TR with previous case, as the heat 

extraction is too rapid for recalescence. Thus, the æTN for primary transformation and 

eutectic transformations cannot be concluded from the experimental result as the 

recalescence for these two transformations was not observed owing to the large 

transformation temperature range for primary Ŭ-AlFeMnSi (50K), Ŭ-AlFeMnSi 

eutectic (35K) and Mg2Si eutectic (40K) as suggested by equilibrium phase diagram 

(Table 4.1). 

4.2 Phase Identificatio n 

For any new alloy system and casting conditions, it is crucial to confirm the 

thermodynamically predicted phases with experimental analyses. For this purposes, 

two casting methods, TP-1 and CF, were adopted for microstructure observation and 

phase identification. Characterization techniques, including OM, SEM and TEM, 

were used for microstructure observation. Chemical composition and crystal 

structure of the phases were determined with SEM/EDS, XRD and SAED. The 

average compositions and their error associate for existing phases in Al -5Mg-2Si-

1.2Fe-0.7Mn alloy are shown in Table 4.2. EDS analysis is considered reliable as the 

chemical compositions remained within errors. The morphologies of solidified 

phases were presented in section 4.1.2. Generally any identical phase should have the 

same chemical composition and growth habit; hence in this study, the phases are 

classified using chemical compositions and observed morphologies. 

Polyhedral/Chinese-script Fe-IMCs, hollowed-rod/skeleton-like Fe-IMCs, star-like 

Fe-IMC and the lamellar irregular eutectic, have the stoichiometry of  
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Table 4.2 Chemical composition of the major phases in Al -5Mg-2Si-1.2Fe-0.7Mn 

alloy at two cooling rate, 3.5K/s (TP-1) and 0.02K/s (CF). 

Sample Phase 

Morphology 

Elements (at.%)  Stoichiometry 

Al  Mg Fe Mn Si  

TP-1 

Polyhedral Bal. - 10.2±1.0 7.1±0.7 6.0±0.8 Al 12(Fe,Mn)3Si 

Chinese-

Script 
Bal. - 10.8¤1.7 5.5±2.2 5.8±1.0 Al 12(Fe,Mn)3Si 

Hallowed 

Rod 
Bal. - 9.4¤0.4 4.6¤0.3 - Al 6(Fe,Mn) 

Skeleton Bal. - 10.6¤2.4 4.7¤2.1 - Al 6(Fe,Mn) 

Star-like Bal. - 16.4¤1.4 5.6¤0.7 2.0¤0.4 Al 38(Fe,Mn)11Si 

Lamellar 

Eutectic 

- 66.6¤3 - - 33.4¤3 Mg2Si 

Matrix Bal. 3.6¤0.6 - - - - 

CF 

Polyhedral Bal. - 10.7¤1.1 7.5±0.8 5.8±0.9 Al 12(Fe,Mn)3Si 

Chinese 

-Script 

Bal. - 11.6¤1.3 6.0±1.4 5.9±1.5 Al 12(Fe,Mn)3Si 

Hallowed 

Rod 

Bal. - 9.3¤0.3 5.0±1.0 - Al 6(Fe,Mn) 

Lamellar 

Eutectic 

- 63.3¤5 - - 36.7¤4.1 Mg2Si 

Matrix Bal. 3.3¤0.2 - - - - 

 

Al
12
(Fe,Mn)

3
Si, Al

6
(Fe,Mn), Al

38
(Fe,Mn)

11
Si and Mg2Si, respectively. However, the 

skeleton-like Fe-IMC and star-like Fe-IMC were not observed in the sample by CF 

conditions as neither microstructure observation nor EDS analysis can detect the 

existence these two phases. EDS spectrum from Ŭ-Al in TP-1 shows that there is 

about 3.3at.% of Mg in the solid solution distributed uniformly in the matrix. 

Interestingly, there was a macro segregation of Mg in CF samples where the Mg 

concentration was around 4.4at.% at the bottom of the sample where the primary Ŭ-
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AlFeMnSi sediment locate and 3.0at.% in other areas where Al6(Fe,Mn)/Ŭ-AlFeMnSi 

duplex particle exists.  

4.2.1 Chemical Composition  

Ŭ-AlFeMnSi particles have a very similar stoichiometry to that of Al12(Fe,Mn)3Si, 

but there were some compositional variations with different casting conditions. The 

average composition and the composition fluctuation are sown in Table 4.2. As 

shown in Fig. 4.13, the concentrations of Fe in primary and eutectic Ŭ-AlFeMnSi are 

higher at a cooling rate of 0.02K/s compared with 3.5K/s, by 0.5at.% and 0.8at.%, 

respectively. Same applies to Mn concentration in primary and eutectic Ŭ-AlFeMnSi 

which are both higher at a cooling rate of 0.02K/s compared with 3.5K/s by 0.4at.% 

and 0.7at.%, respectively. In addition, there is generally more Fe in eutectic particles, 

but the Mn content in eutectic particles was up to 2.2at.% less than the primary 

particles. In the meantime, Si concentration and (Fe+Mn)/Si ratio showed little 

change when cooling rate changes at 5.8at.% and 2.9at.%, respectively. 

 

Figure 4.13 Comparison of the chemical composition variation of primary and eutectic Ŭ-

AlFeMnSi solidified at cooling rates of 0.02K/s (CF) and 3.5K/s (TP-1) using values from 

Table 4.2. 

 

Eutectic 

3.5 K/s 

0.02 K/s 

Primary 
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SEM/EDS mapping was performed to understand the distribution of elements areas 

containing Fe-IMCs including eutectic Ŭ-AlFeMnSi, eutectic Mg2Si//Ŭ-Al/Fe-IMC 

and Al6(Fe,Mn) particles. For Ŭ-AlFeMnSi/Ŭ-Al eutectic, the elemental distribution 

of Mg, Si and Fe around eutectic Ŭ-AlFeMnSi area is shown in Fig 4.14. It is seen 

that the distribution of Si and Fe are consistent on all the Ŭ-AlFeMnSi branches. 

Additionally, Mg is adequately contained in Ŭ-Al matrix and Mg2Si phase but barely 

detected on Ŭ-AlFeMnSi branches.  

 

Figure 4.14 SEM micrograph showing (a) the morphology of binary eutectic Ŭ-AlFeMnSi/Ŭ-

Al grain in Al -5Mg-2Si-1.2Fe-0.7Mn alloy; SEM/EDS mapping showing the elemental 

distribution of (b) Mg, (c) Si and (d) Fe corresponding to (a). Fe distribution in (d) is 

coherent with the morphology of the grey phase in (a). The quantitative chemical 

composition of eutectic Ŭ-AlFeMnSi is presented in Table 4.2. 
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Figure 4.15 SEM micrographs showing the morphology of (a) binary Mg2Si/Ŭ-Al eutectic 

and (inserted with SEM/EDS spectrum on the core area of Mg2Si) (b) ternary Mg2Si/Ŭ-

Al/Al 6(Fe,Mn) eutectic (Mg2Si in dark grey, Al in light grey and Ŭ-AlFeMnSi in white); 

SEM/EDS mapping showing the elemental distributions of (c) Mg, (e) Si and (g) Al in 

binary Mg2Si/Ŭ-Al eutectic, and (d) Mg, (f) Si and (h) Fe in ternary Mg2Si/Ŭ-Al/Fe-IMC 

eutectic corresponding to (a) The quantitative chemical composition of Mg2Si will be 

presented in Table 4.3. 
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Figure 4.16 SEM micrographs showing (a) the morphology of Al6(Fe,Mn) particle, (b) the 

morphology of duplex Al6(Fe,Mn)/Ŭ-AlFeMnSi particle, (b) Fe distribution corresponding to 

(a), (d) Fe distribution corresponding to (b), (e) Si distribution corresponding to (a) and (f) Si 

distribution corresponding to (b). Transition area is indicated with solid arrow in (b). The 

quantitative chemical composition of duplex particle will be presented in Table 4.3. 

 

As described previously there are two types of Mg2Si which are Mg2Si/Ŭ-Al eutectic 

with a compact core and ternary Mg2Si/Ŭ-Al/Fe-IMC eutectic, which are 

characterised by SEM/EDS point analysis as shown in Table 4.2. Their elemental 

distributions are characterized and shown in Fig 4.15. The Mg and Si distribution 

have been consistent with dark areas in morphology image (Fig. 4.15a and Fig. 

4.15b). As shown in Fig. 4.15g, Al was minimal in the polyhedral core area of 

eutectic Mg2Si and Fe content was not detected in this eutectic region. Moreover, as 
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shown in Fig. 4.15h, Fe distribution in ternary Mg2Si eutectic region and did not 

overlap with Si or Mg, indicating a concentration of Al and Fe elements on Fe-IMC 

between eutectic Ŭ-Al and Mg2Si lamellae.  

The Al 6(Fe,Mn) particles, as demonstrated previously in section 4.1.2, occurs in 

different forms including Al 6(Fe,Mn) particles and branched Al6(Fe,Mn)/Ŭ-

AlFeMnSi duplex particles. As shown in Fig. 4.16, their elemental distribution maps 

indicate the regions and the interfaces of Al 6(Fe,Mn) and Ŭ-AlFeMnSi on this two 

types of Al6(Fe,Mn). Fig. 4.16c and Fig. 4.16e show that the distributions of Fe and 

Si were completely independent and no Si was found in Al6(Fe,Mn) phase. As shown 

in Fig. 4.16d and Fig. 4.16f, the distributions of Fe and Si overlap on branches and 

transition regions, but Si is not detected in the parallelogram particle within the 

transition regions. Meanwhile, in the transition region of the duplex particle, the 

spots in the gap of Ŭ-AlFeMnSi network were confirmed to be Al, Mg rich. The 

SEM/EDS point analysis performed on both branch area and transition region shows 

a stoichiometry of Al 12(Fe,Mn)3Si. 

4.2.2 Crystal Structure 

TEM SAED and XRD were used to identify the crystal structure of Ŭ-AlFeMnSi in 

TP-1 and CF for Al-5Mg-2Si-1.2Fe-0.7Mn alloy. The bright field images of primary 

(Fig. 4.17a) and eutectic (Fig. 4.17b) Fe-IMC and SAED patterns of primary (Fig. 

4.17c) and eutectic (Fig. 4.17d) Fe-IMC were obtained from Al-5Mg-2Si-1.2Fe-

0.7Mn alloy using TEM. Both polyhedral and Chinese-script Al12(Fe,Mn)3Si have 

lattice parameters consistent with a body-centred cubic, space group Im-3 and lattice 

parameter of 1.256nm (see Fig. 4.18) Ŭ-AlFeMnSi phase identified by Cooper 

(Cooper, 1967). The Ŭ-AlFeMnSi in CF condition usually shows a coarse polyhedral 

morphology (Fig. 4.3b) and settles at the bottom of sample along with the attached 

Chinese-script Ŭ-AlFeMnSi (Fig. 4.3b). For its crystallographic characterization, a 

slice of material (3mm thickness) was taken from the bottom of CF sample for Fe-

IMC particle extraction using methodology introduced in section 3.3.4. Once the Fe-

IMCs extracted from the material, the Fe-IMC particle powder (average particles size 

of 251.3Ñ75.3ɛm) was characterized with XRD. As shown in Table 4.4, the 

experimentally measured data shows very good matching with the standard crystal  
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Figure 4.17 TEM bright field images showing the morphology of (a) polyhedral and tip of 

(b) Chinese-script Fe-IMC when the incident electron beam is parallel to [11-1] and [001], 

respectively; Selected Area Electron Diffraction (SAED) pattern taken from the blue circled 

area in (c) polyhedral Fe-IMC and (d) Chinese-script Fe-IMC. The schematic illustrations of 

diffraction pattern indexing are shown next to the SAED patterns respectively.  

 

 

Figure 4.18 Comparison of experimental XRD result of exacted Ŭ-AlFeMnSi particles and 

standard Ŭ-AlFeMnSi crystallography information provided by ICSD. 
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information of BCC Ŭ-Al19Fe4MnSi2 (Cooper, 1967), No.655126 in Inorganic Crystal 

Structure Database (ICSD).  

Thus, we can conclude that the polyhedral and Chinese-script Fe-IMC in Al-5Mg-

2Si-1.2Fe-0.7Mn alloy both share BCC, space group Im-3, a=1.256nm crystal 

structure with a stoichiometry of Al12(Fe,Mn)3Si.  This phase is designated in present 

study as Ŭ-AlFeMnSi. 

4.3 Effect of the Casting Temperature and the Cooling Rate 

on Phase Formation and Microstructure  

These experiments look at the role of casting temperature or cooling rate on the 

microstructural revolution to understand the solidification behaviour of Ŭ-AlFeMnSi 

in Al -5Mg-2Si-1.2Fe-0.7Mn alloy. The thermocouple monitoring during experiments 

have suggested that the cooling rate during CF was 0.02K/s, CA was 0.8K/s and TP-

1 water bath was (3.5K/s). Thus, in various casting temperature experiment, pouring 

the melt into TP-1 mould at different temperature is fundamentally equivalent to 

changing the cooling rate from 0.8K/s to 3.5K/s at different temperatures. The 

cooling rate experiment is focused on microstructure evolution and phase 

transformation at a constant cooling rate. This investigation has been focusing on the 

microstructure evolution when casting temperature varies (section 3.2.1). Finally, 

water quench experiment at various temperature is designed to observe the phase 

transformation of Al6(Fe,Mn)-to-Ŭ-AlFeMnSi (section 3.2.4). The relevant 

quantification results will be presented in this section. 

4.3.1 Casting Temperature  

Eight pouring temperatures to TP-1 mould was selected ranging from a maximum of 

50K superheat (liquidus at 670ÁC) to eutectic temperature, which are 720ÁC, 700ÁC, 

680ÁC, 670ÁC, 660ÁC, 650ÁC, 640ÁC, 630ÁC and 620ÁC. Before casting into TP-1 

mould, the melt is cooled in CA condition with gentle stirring until the pouring 

temperature is achieved. The microstructures of each sample are presented in Fig. 

4.19. When cast with 30K and 10K superheat (Fig. 4.19a and Fig. 4.19b), there is no 

primary (polyhedral) Ŭ-AlFeMnSi observed in microstructure, and Fe-IMCs exists 
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predominately eutectic Ŭ-AlFeMnSi (Chinese-script) located mainly between 

dendrite of primary Ŭ-Al grains. As the casting temperature decreases (Fig. 4.19c, 

Fig. 4.19d and Fig. 4.19e) a noticeable amount of primary Ŭ-AlFeMnSi particles 

which are commonly attached to the Chinese-script Ŭ-AlFeMnSi form. For those Ŭ-

AlFeMnSi grains contained within Ŭ-Al grains, meanwhile some eutectics sit at the 

inter-dendritic regions of primary Ŭ-Al grains. As shown in Fig. 4.19f, Fig. 4.19g 

and Fig. 4.19h, a sufficient amount of primary Ŭ-AlFeMnSi located in Ŭ-Al dendrites 

form when the casting temperatures further decreases (640ÁC or lower). Meanwhile, 

the branches of eutectic Ŭ-AlFeMnSi become much less leading to a smaller eutectic 

size in 2D observation. The location of the eutectic Ŭ-AlFeMnSi is mainly related to 

the position of primary Ŭ-AlFeMnSi as they commonly have a primary Ŭ-AlFeMnSi 

ñcoreò. As shown in Fig. 4.19, the solidification of Ŭ-AlFeMnSi is significantly 

affected with changing the TP-1 casting temperature. The eutectic Ŭ-AlFeMnSi 

dominant microstructure evolved to a primary and eutectic Ŭ-AlFeMnSi mixed 

microstructure as temperature decreased. The micrographs at the same magnification 

were taken from similar regions for metallographic observation for the quantification 

of volume fraction and size distribution of Ŭ-AlFeMnSi. The volume fraction 

evolution of primary and eutectic Ŭ-AlFeMnSi (Fig. 4.20) shows three distinct 

regions where the volume fraction changes. During first stage the volume fraction of 

primary Ŭ-AlFeMnSi increased moderately from casting between 680ęC and 660ęC. 

The primary Ŭ-AlFeMnSi first emerged in the microstructure in sample cast at 680ęC 

casting sample with a volume fraction around 0.2Ñ0.1vol.%, and increased slowly to 

0.5Ñ0.2vol.% until casting at 660ęC. However, during the second stage volume 

fraction of primary Ŭ-AlFeMnSi increased rapidly to 3.2Ñ0.3% when cast at 650ęC, 

and followed by a minor increase to 3.6Ñ0.5Ñ% until casting at 630ęC. 

During the last stage, the volume fraction of primary Ŭ-AlFeMnSi decreased rapidly 

to 0.66% when cast at the eutectic temperature, 620ęC. Meanwhile, the eutectic Ŭ-

AlFeMnSi was also affected by the casting temperatures. As shown in Fig. 4.20, the 

volume fraction of eutectic Ŭ-AlFeMnSi remained at 6.5Ñ0.4vol.% at casting 

temperatures above 660ęC and decreased to 3.4Ñ0.3vol.% when casting at 650ęC 

which is followed by a considerable decrease to 3.1Ñ0.3vol% at 620ęC. The overall 

volume fraction of Ŭ-AlFeMnSi remained at 6.5Ñ0.5% from 720ęC to 630ęC, and  
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Figure 4.19 Optical microscopy images showing the microstructure evolution of Al-5Mg-

2Si-1.2Fe-0.7Mn alloy at various TP-1 pouring temperature: (a) 700°C, (b) 680°C, (c) 670°C, 

(d) 660°C, (e) 650°C, (f) 640°C, (g) 630°C and (h) 620°C. Observation was carried out from 

the similar place of TP-1 sample which has a cooling rate of 3.5K/s. 
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Figure 4.20 Volume fraction (Bars) and colony size (Markers) of primary Ŭ-AlFeMnSi (blue) 

and eutectic Ŭ-AlFeMnSi (red) in Al -5Mg-2Si-1.2Fe-0.7Mn by TP-1 casting as a function 

temperature. The bars with red dot filling and blue strap line filli ng represent volume fraction 

of eutectic and primary Ŭ-AlFeMnSi, respectively; Red line and blue line refers to the grain 

size of eutectic and primary Ŭ-AlFeMnSi, respectively. 

 

decreased sharply at 620ęC mainly due to the volume fraction decrease in the 

primary Ŭ-AlFeMnSi. Fig. 4.20 shows that the particle size of primary Ŭ-AlFeMnSi 

is also affected when casting temperature changes, and shows a moderately 

decreasing trend from 52.6Ñ5.0ɛm to 35.0Ñ9.6ɛm when pouring temperature 

decreased from 680ęC to 620ęC. In another word, the size of primary Ŭ-AlFeMnSi 

was not affected greatly by the volume fraction change. Meanwhile, the size of 

eutectic Ŭ-AlFeMnSi grain is obviously dependent on the casting temperature. It was 

approximately 165.1Ñ24.4ɛm when there was no primary Ŭ-AlFeMnSi observed and 

then increased to approximately 175.5Ñ32.5ɛm when a moderate amount of primary 

Ŭ-AlFeMnSi forms. A significant decrease in eutectic Ŭ-AlFeMnSi to 120.9Ñ30ɛm 

when there is large amount primary Ŭ-AlFeMnSi (casting at 650ęC or below). 

0

50

100

150

200

250

0

3

6

9

720700680670660650640630620

S
iz

e
 (ɛ

m
) 

V
o

lu
m

e
 F

ra
c
ti
o

n
 (

%
) 

Pouring temperature (ÁC) 

Primary fraction Eutectic fraction

Primary Size Eutectic Size



93 

 

 

Figure 4.21 The size distribution of Ŭ-AlFeMnSi particles in TP-1 cast at 650ęC. The 

lognormal curves are fitted on the frequency bars. 

 

The particle size distribution of primary and eutectic Ŭ-AlFeMnSi was quantified to 

reveal the relationship between the two morphologies. The quantification was 

performed on the same micrographs used for volume fraction analysis. As shown in 

Fig. 4.21, in Al-5Mg-2Si-1.2Fe-0.7Mn alloy cast with TP-1 at 650ęC the mean 

primary Ŭ-AlFeMnSi particle size is about 35.0Ñ9.6ɛm which nearly 4 times smaller 

than the eutectic colony size (120.9Ñ30.8ɛm). The eutectic colonies were more 

frequent than primary Ŭ-AlFeMnSi. The 3D morphology of eutectic Ŭ-AlFeMnSi 

(Fig. 4.6c) allows one colony to look as two separate grains in 2D observation 

depending on the section plane, but this was not the case with for primary Ŭ-

AlFeMnSi due to the compact morphology (Fig. 4.6a). The Ŭ-AlFeMnSi colony size 

can be significantly reduced when the formation of primary Ŭ-AlFeMnSi is 

encouraged. 

4.3.2 Cooling Rate 

The Cu wedge mould schematically explained in section 3.2.3 is used here to get 

various cooling rates for the solidification process. The microstructure and Fe-IMCôs 

morphology in Cu wedge mould sample will be compared with TP-1 and CF samples 

with the same casting temperatures above liquidus (similar superheating). Three 










































































































































































































