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A B S T R A C T

This review provides a comprehensive analysis of the current understanding of Fe-bearing intermetallic com
pounds (IMCs) in cast and wrought aluminium (Al) alloys, also covering their significance in recycling and 
sustainable materials development. It explores the various types of Fe-bearing IMCs, their nucleation and growth 
mechanisms under diverse processing conditions, with a particular focus on chemical, physical, and thermal 
modification strategies aimed at mitigating their detrimental effects. The review further examines the impact of 
these IMCs on defect formation, mechanical performance, and corrosion resistance. While Al recycling offers 
substantial energy savings (up to 95 %), the accumulation of impurities, notably Fe. This work provides practical 
insights to guide materials scientists and engineers in optimising processing conditions for Al alloys with elevated 
Fe content or those derived from recycled scrap. Understanding the behaviour and control of Fe-bearing IMCs is 
essential for improving alloy performance and advancing the sustainable production of Al.

1. Introduction

Aluminium (Al) is the second most important structural material 
after steel due to its unique properties. It is known for its exceptional 
strength-to-weight ratio, making it ideal for applications where weight 
reduction is crucial, such as in the aerospace and automotive sectors [1,
2]. Additionally, Al’s natural corrosion resistance, originating from a 
protective oxide layer, makes it suitable for outdoor use and harsh en
vironments, such as in the marine and chemical industries. Its excellent 
thermal and electrical conductivity further enhances its appeal, finding 
applications in electrical wiring, heat sinks, and cookware. Al’s ductility 
and malleability allow for easy shaping and forming, while its recycla
bility makes it a sustainable material of choice.

The diverse properties of Al alloys arise from their complex micro
structures, comprising primary-Al grains (called the α-Al henceforth), 
eutectic phases (often involving Si, Al2Cu, and Mg2Si), intermetallic 
compounds (IMCs), dispersoids (Al6Mn, Al3Zr, Al7Cr), and precipitates 
like Al2Cu, Al3Sc, Mg5Si6, MgZn2 formed through age hardening [1]. By 
strategically controlling alloying elements, solidification processes, and 
thermomechanical treatments, scientists and engineers can precisely 
tailor these microstructural features to achieve desired properties such 

as enhanced strength, ductility, and corrosion resistance. This versatility 
has resulted in a vast array of Al alloys, each carefully designed for 
specific industrial applications. Unveiling the mechanisms behind the 
development of these complex microstructures is crucial for both 
advancing research and optimising engineering applications of this vital 
material.

1.1. The role of aluminium recycling in sustainable growth

Al’s infinite recyclability [3,4], with properties preserved 
throughout the process, positions it as an important player in sustainable 
material solutions. Secondary Al production, consuming up to 95 % less 
energy than primary production, offers substantial energy savings and a 
significantly reduced carbon footprint [4]. This is particularly crucial as 
the demand for Al surges, especially in the automotive industry’s shift 
towards electric vehicles (EVs) [5]. Global Al demand is projected to 
surge by 40 % by 2030, requiring an additional 33.3 million metric tons 
– from 86.2 Mt in 2020 to 119.5 Mt in 2030 [6]. Primary Al production, 
with a carbon footprint of 12–16.6 tons of CO2-equivalent per ton 
(contributing to roughly 3 % of global greenhouse gas emissions), is 
environmentally and economically unsustainable [7–9]. Therefore, Al 
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recycling, which dramatically reduces carbon emissions and conserves 
resources, is not only vital for meeting the escalating demand, particu
larly in the EV sector, but also crucial for ensuring a sustainable and 
environmentally responsible future.

The current global Al recycling rate stands at approximately 76 %, 
with regional variations [10]. This impressive recycling rate encom
passes both closed-loop recycling, where recycled Al is reused to create 
the same products (e.g., recycling rate of beverage cans is approximately 
70 %) [11], and downcycling, where it is repurposed into lower-grade 
applications such as construction materials. Despite these achieve
ments, significant challenges persist, primarily due to the presence of 
diverse alloying elements in scrap Al [7,12]. This issue arises from the 
mixing of materials sourced from various products like beverage cans, 
engine blocks, and electrical components leading to impurity accumu
lation and reduced quality in the recycled Al. To unlock the full potential 
of Al recycling and facilitate more closed-loop processes, a compre
hensive approach is required. This includes designing simplified and 
highly recyclable alloys, reducing the variety of Al alloys used in 
products (e.g., simplifying the alloy composition in automobiles), and 
implementing effective scrap segregation practices. Scrap segregation 
involves systematically separating different types of Al scrap and recy
cling them individually to preserve material quality and properties. By 
optimising alloy design, and efficient dismantling for recycling , the 
production of high-quality recycled Al can be ensured [13,14]. These 
measures will help reduce impurities, enhance recycling efficiency, and 
contribute to a more sustainable and circular Al recycling ecosystem.

Currently there is no single effective approach used for Al recycling 
due to the various challenges associated with using a closed-loop ma
terial system. The typical secondary Al recycling process involves col
lecting scrap, separating and then melting it [15]. However, for high-end 
Al products, primary Al is used without any scrap, while for low-end Al 
applications, the secondary recycling process is used with the addition of 
at least 50 % primary Al. On average, approximately one-third of the Al 
currently in use is derived from recycled scrap [4]. Data from the In
ternational Aluminium Institute indicate that the proportion of Al in use 
derived from recycled scrap is projected to increase to 50 % by 2050 [7,
16]. This approach is taken to ensure that the quality of the recycled Al 
meets the required standards for the intended application. Despite the 
challenges, Al recycling remains a highly energy-efficient and sustain
able option for manufacturing Al products. Due to the large variety of Al 
alloys, additional challenges are faced with impurity contamination of 
Al. Eliminating these impurities is important for producing different 
grades of Al with the desired properties. Designing a realistic approach 
to recycling Al through secondary processes without losing its original 
properties requires the development of an ideal recycling supply chain. 
If such an approach is not achieved, the difficulty of Al recycling will 
persist, particularly when elements like Fe, Si, Cu, and Zn can damage 
the Al’s properties and processability [12]. Thus, it is crucial to have 
effective methods in place to minimise the contamination of Al during 
the recycling process and to maintain its desired properties.

Controlling or removing impurities, particularly Fe, during Al 
melting is vital for optimising material performance. Techniques such as 
gravity separation [17,18], centrifugal and electromagnetic processing 
[19], electrolysis [17,20], and flux refining [21] have been proposed to 
address this challenge. While these methods can reduce Fe content in Al 
alloys, their effectiveness depends on impurity levels, alloy composition, 
and specific processing conditions. Further research is necessary to 
evaluate and improve these methods and, particularly in enhancing 
scrap segregation and limiting impurities. Combining techniques like 
alloying element addition, physical force induction, and gravity sepa
ration can promote early nucleation of Fe-bearing IMC particles allow
ing removal of these inclusions prior to casting. Porous ceramic filtration 
[22] also offers an efficient method for removing IMCs and inclusions 
through a continuous process with shorter holding times than gravity 
separation. However, its efficiency depends heavily on Al composition 
and adequate pre-treatment.

The economic implications of poor scrap segregation and IMC for
mation are significant. Mixed scraps lead to higher processing costs, as 
more advanced and costly refining techniques are required to remove 
contaminants and restore material quality. Additionally, the presence of 
IMCs necessitates additional alloying to mitigate their negative effects, 
further increasing production costs [12]. Moreover, the reduced quality 
of recycled Al due to contamination limits its potential for closed-loop 
recycling, forcing manufacturers to rely more on downcycling or even 
primary material. This not only increases the overall cost of recycling 
but also hampers the sustainability of Al recycling processes, as 
lower-grade products cannot be recycled back into high-quality mate
rials. To address these challenges, innovative recycling strategies are 
required. These include advanced sensor-based sorting techniques for 
improved scrap segregation, designing alloys optimised for end-of-life 
recyclability, and refining metallurgical processes to better manage Fe 
content. Together, these approaches are essential for preserving material 
integrity and advancing closed-loop recycling practices in the Al 
industry.

1.2. Fe-bearing intermetallics in aluminium alloys

Fe impurities in Al alloys originate from initial manufacturing, 
contamination during fabrication, and incomplete separation during 
recycling [12,23]. Despite advancements in separation techniques, re
sidual Fe remains a significant challenge in Al recycling. This is pri
marily due to Fe’s limited solid-state solubility in Al (max. 0.05 wt%, 
0.025 at.%) [24], leading to the formation of complex, hard, and brittle 
Fe-bearing IMCs [1,2,25,26]. These IMCs not only degrade the me
chanical properties of Al alloys, reducing ductility and fatigue resis
tance, but also act as nucleation sites for pitting corrosion [12,26–30]. 
Furthermore, the presence of Fe-bearing IMCs poses processing chal
lenges, including reduced fluidity, defect formation, and poor cast
ability, formability and machinability.

There are a range of Fe-bearing IMCs phases, and the most common 
ones confirmed and identified in commercial Al alloys are; α–(Al8Fe2Si) 
or Al15(Fe,Mn)3Si2 (α-IMC), β–(Al5FeSi) (β-IMC), π–(Al8Mg3FeSi6), and 
δ–(Al4FeSi2) (δ-IMC) [12,23,25,30–38]. The formation of specific 
Fe-bearing IMCs is influenced by both alloy chemistry and processing 
methods. Understanding the nucleation, growth, and impact of each 
IMC on material properties is crucial, especially since Fe content in 
commercial alloys can increase from the standard 0.2 wt% to 0.3–0.8 wt 
% during recycling [39]. This level of Fe contamination promotes the 
formation of undesirable plate-like IMCs with acicular morphology, 
such as the β-IMC, which can significantly degrade the mechanical 
properties of Al alloys. To mitigate this, the addition of alloying ele
ments like Mn [40–47], Co [23,48], and Cr [40,48–51] is a common 
industrial practice to suppress the formation of these detrimental IMCs. 
While other elements like P [52], Be [32,53], Mg [54,55], Sr [54,55], V 
[56], Ni [41,51,57], and rare earth elements (REE) [58–65] can also 
influence Fe IMCs, their effects are generally less pronounced than Mn. 
Alternatively, physically induced methods such as ultrasonic treatment 
[66–73], shearing [74–80], mechanical vibration [81,82], and electro
magnetic fields [83,84] have been explored to suppress or modify 
Fe-bearing IMCs. However, these techniques require further research for 
effective industrial implementation. Additionally, solidification param
eters like cooling rate [44,85,86], superheating [44], and thermo
mechanical processes like extended heat treatment [87,88] can impact 
the nature and morphology of Fe-bearing IMCs. Despite ongoing 
research, a thorough understanding of Fe-bearing IMC formation 
through chemical additions, external fields, and other processing con
ditions remains elusive and presents significant challenges.

1.3. Scope of review

This review summarises the current understanding of Fe-bearing 
IMCs in Al alloys focusing on their nature, formation through 
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nucleation and growth, influence on material performance and defect 
(porosity) formation, and control over their occurrence and possible 
modification strategies. It discusses recent advancements and identifies 
key gaps in the current understanding of Fe-IMCs in Al alloys and, 
proposes actionable strategies for optimising Al recycling processes. By 
emphasising the unique challenges associated with Fe-bearing phases in 
recycled Al alloys, this work aims to direct strategic goals to improve 
efficiency and sustainability of Al recycling, a critical component of the 
circular economy. Through a deeper understanding and better man
agement of Fe contamination and IMC formation, this research aims to 
benefit sustainable Al production, aligning with Sustainable Develop
ment Goals (SDG) 12: Responsible Consumption and Production, SDG 
13: Climate Action, and SDG 9: Industry, Innovation, and Infrastructure 
[89]. Furthermore, this review serves as a comprehensive reference for 
researchers and engineers, particularly those engaged in developing 
advanced and sustainable Al alloys for future applications in the critical 
aerospace, automotive, and energy sectors.

The rest of the paper is organised as follows. Section 2 discusses the 
types, morphology, crystal structure, nucleation and growth conditions 
of binary and ternary Fe-bearing IMCs. Section 3 discusses various 
methods employed to modify them in Al alloys, enhancing their toler
ance through trace element additions, application of physical fields, and 
thermal processes. Section 4 then examines the role of IMCs in porosity 
formation. Section 5 explains their impact on the mechanical and 
chemical properties of Al alloys through relevant examples, and Section 
6 presents a perspective on the future of Al recycling and potential 
strategy for impurity tolerant Al alloys. Finally, Section 7 provides a 
critical summary of the literature, identifies existing research gaps, and 
outlines future directions for increasing the utilisation of recycled Al for 
sustainability purposes.

2. Phase diagram and crystal structure of Fe-bearing 
intermetallics

2.1. Fe-bearing intermetallics phase in binary Al–Fe alloy system

During solidification of the binary Al–Fe system (<1.8 wt% Fe), α-Al 
dendrites initially crystallise, representing the first solid solution of Fe in 
Al [36]. Under conventional conditions, these dendrites grow, rejecting 
Fe solute atoms ahead of the solid-liquid interface [90,91]. As the liquid 
reaches the eutectic point, its composition transforms, leading to a 
eutectic reaction (L →α − Al+Al3Fe) at 655 ◦C (Fig. 1(a)). The solubility 
of Fe in Al is highly limited, approximately 0.05 wt% at 655 ◦C [92,93]. 
Beyond this solubility limit, Fe tends to form stable IMCs such as Al3Fe. 

These IMCs are thermodynamically favoured due to their lower Gibbs 
free energy (ΔG) relative to the Al–Fe liquid solution. During slow 
cooling, the Al deposits on α-Al crystals, while the eutectic Al3Fe forms 
thin needles around the α-Al (Fig. 1(b)) [94,95]. Increased Fe content 
leads to thicker needles and in hypereutectic alloys (>1.8 wt% Fe), 
primary Al3Fe precipitates before the eutectic reaction (Fig. 1(c)).

Although Al3Fe is the generally accepted formula with a monoclinic 
lattice, other forms like Al7Fe2, Al23Fe7, Al19Fe6, and Al13Fe4 have been 
reported [51,96–98]. The eutectic structure is highly sensitive to solid
ification conditions, growth rate, and temperature gradient. Significant 
structural changes in binary alloys based on cooling rates have been 
widely documented [23,99,100]. Rapid cooling often favours the for
mation of metastable phases like Al6Fe and AlmFe (m~4.4, body-centred 
tetragonal [101]) over Al3Fe [91,102]. Additionally, the Al9Fe2 phase 
has been observed in strip cast materials containing Co [103]. Fig. 2
provide a comprehensive overview of various binary AlFe IMC phases 
and their morphologies.

2.2. Fe-bearing intermetallic phases in cast and wrought aluminium alloys

The presence of Fe in both wrought (typically <0.3 wt%) and cast 
(0.3–1.3 wt%) Al alloys leads to the formation of various Fe-bearing 
IMCs, as listed in Table 1. Cast Al alloys generally exhibit a higher 
tolerance for Fe impurities compared to wrought alloys. This distinction 
arises due to the coarser microstructure of cast alloys and less stringent 
requirement for ductility, thereby being less sensitive to the negative 
effects of IMCs. In contrast, wrought Al alloys, which undergo defor
mation processes such as rolling and forming, demand stricter control of 
Fe content to avoid material degradation and processing challenges.

An additional consideration in casting processes, particularly in 
gravity die casting, is the intentional maintenance of a controlled Fe 
content, typically around 0.3 wt%. This controlled Fe addition is crucial 
for preventing the ‘sticking’ or ‘soldering’ of molten Al to steel moulds, 
thereby improving casting efficiency and product quality. This dual role 
of Fe as both a potential contaminant and a functional element high
lights the importance of managing its concentration effectively in 
different types of Al alloys.

Expanding on this, the Al–Si–Fe phase diagram (Fig. 3(a) and (b)) 
further elucidates the behaviour of Fe in Al alloys. It illustrates the 
magnified liquidus projection near the Al corner at 540 ◦C, showing the 
maximum solubility of Fe and Si in Al [24,51,102]. Si modifies the 
thermodynamic landscape of the Al–Fe system, stabilising ternary IMCs 
like α and β over binary compounds. This is because Si reduces the ΔG of 
these ternary phases relative to binary phases, especially at lower Fe/Si 

Fig. 1. (a) Al-rich side of the binary Al–Fe phase diagram; Optical micrograph of the (b) hypoeutectic Al-0.8 wt% Fe, and (c) hypereutectic Al-2.5 wt% Fe alloy.
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ratios (Fig. 3(c)). Experimental studies have confirmed the formation of 
Al–Si–Fe IMCs during casting [91,114]. Moreover, non-equilibrium so
lidification and trace element additions can influence the formation of 
stable ternary IMCs (e.g., α and β phases). Table 2 provides a summary of 

the morphologies and characteristics of these α and β IMCs, as reported 
in the literature [37,102]. These insights emphasise the complex rela
tionship between Fe, Si, and processing conditions, highlighting the 
importance of tailored approaches to managing Fe content and 

Fig. 2. Various AlFe IMCs morpholoies (a) Al3Fe, (b) Al6Fe (X 7100), (c) AlxFe, (d) AlmFe and (e) Al9Fe, adopted from Ref. [104].

Table 1 
List of common Fe-bearing IMCs found in commercial cast and wrought Al alloys.

Aluminum series Wrought/Cast Typical Fe-bering IMCs Note Reference(s)

1xxx/1xx.x (Pure Al alloys) Wrought & Cast Al3Fe, Al6Fe Primarily binary Al–Fe phases. [93,104,
105]

2xxx/2xx.x (Al–Cu) Wrought & Cast AlmFe, Al7Cu2Fe, AlCuFe Cu alters IMC formation. [106]
3xxx/3xx.x (Al–Mn) Wrought & Cast Al6(Fe,Mn) Mn controls IMC effects. [107]
4xx.x (Al–Si) Cast (Primarily) β-Al5FeSi, α-Al15(Fe,Mn)3Si2 (detailed listed in Table 2) Si is a strong IMC former. [37,93,102]
5xxx/5xx.x (Al–Mg) Wrought & Cast Al3Fe, Al3Mg2Fe, α-Al15(Fe,Mn)3Si2, Al8Mg3FeSi6 Mg influences IMCs, especially with Si. [108,109]
6xxx (Al–Mg–Si) Wrought 

(Primarily)
β-Al5FeSi, α-Al15(Fe,Mn)3Si2, Al8(Fe,Mn)2Si, 
Al8Mg3FeSi6

Similar to 5xxx with Mg influence the IMCs. [110,111]

7xxx (Al–Zn) Wrought 
(Primarily)

Al7Cu2Fe, Al5Mg8Cu2Zn Zn and Cu lead to complex IMCs. [112,113]

8xxx/8xx.x (Other 
elements)

Wrought & Cast Varies depend on the elements IMCs highly diverse depend on alloying 
elements.

​

Table 2 
List of substrates and their planar disregistries with Fe-IMCs [133].

Substrate and Phase Match Planes [uwv]s [uwv]n d[uwv]s (nm) d[uwv]n (nm) ∅ δ

MgO and β− Al7Cu2Fe (110)s// (110)n [001] [110] 5× 0.423 2× 0.896 0 7.94
[111] [111] 5× 0.733 2× 1.736 4.19
[110] [001] 5× 0.598 2× 1.487 0

MgAl2O4 and β− Al7Cu2Fe (110)s// (110)n [001] [110] 5× 0.808 4× 0.7859 0 5.72
[111] [111] 5× 1.399 4× 1.361 4.19
[110] [001] 5× 1.143 4× 1.111 0

γ − Al2 O3 and β− Al7Cu2Fe (110)s// (110)n [001] [110] 4× 0.7859 3× 0.896 0 7.18
[111] [111] 4× 1.361 3× 1.736 4.19
[110] [001] 4× 1.111 3× 1.487 0

α− Fe and β− Al7Cu2Fe (100)s// (100)n [001] [001] 1.265 1.487 0 6.00
[011] [011] 1.789 1.616 21.62
[010] [010] 1.265 1.267 0

Al6(FeMnCu) and α− Al15(FeMn)3(SiCu)2 (100)s// (100)n [001] [001] 3× 0.878 2× 1.265 0 6.46
[011] [011] 3× 1.152 2× 1.789 4.65
[010] [010] 3× 0.746 2× 1.265 0

Al3Ti and α− Al15(FeMn)3(SiCu)2 (100)s// (100)n [001] [001] 3× 0.397 1.265 0 5.80
[011] [011] 3× 0.562 1.789 0
[010] [010] 3× 0.397 1.265 0
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stabilising IMC formation in both cast and wrought Al alloys. The 
thermodynamic stability of Fe-bearing IMCs further emphasises the 
critical role of controlling the Fe/Si ratio in scrap materials. An imbal
ance in this ratio can lead to the excessive formation of β-IMC, which is 
often more detrimental to material properties compared to α-IMC. 
Effective management of these factors is essential to optimise alloy 
performance and maintain the integrity of recycled materials.

2.2.1. Fe-bearing intermetallics nucleation
The nucleation and growth of Fe-bearing IMCs in Al alloys constitute 

a complex process governed by a multitude of interacting factors. These 
include, but are not limited to, the alloy’s chemical composition, so
lidification parameters (such as cooling rate and thermal gradient), and 
the local microstructure. Fe-bearing IMCs can precipitate at various 
stages and locations during solidification, spanning from the pre- 
dendritic regions to the post-eutectic areas [116]. Understanding these 
nucleation mechanisms is crucial as they directly influence the size, 
distribution, and morphology of the IMCs, ultimately impacting the al
loy’s mechanical properties and overall performance.

Extensive research, employing both ex-situ [66,74,116–119] and 
in-situ [120–127] characterisation techniques, has been dedicated to 
elucidating the nucleation mechanisms and identifying potential 
nucleation sites for these phases. These investigations aim to establish a 
clear picture of the intricate interplay between the various influencing 
factors.

One area of focus has been the role of phosphorus (P) in Fe-bearing 
IMC nucleation. While some studies suggest that AlP particles, formed 
due to the presence of P, can act as heterogeneous nucleation sites for 
the β-IMC [52,85,86,128], potentially due to their structural similarity, 
conflicting evidence exists. Other researchers have questioned the 

effectiveness of AlP as a nucleant due to the significant planar disregistry 
between AlP and the β-IMC [31,129], suggesting that the lattice 
mismatch hinders effective nucleation. This highlights the complexity of 
the system and the need for further investigation to reconcile these 
contrasting observations.

Oxides have also been identified as potential nucleation sites for Fe- 
bearing IMCs, supported by both ex-situ [119] and in-situ observations 
[130]. Lattice mismatch calculations suggest that γ-Al2O3, α-Al2O3, and 
MgO could act as nucleation sites for the α-IMC. Khalifa et al. [34] 
investigated the influence of various oxides on Fe-bearing IMC nucle
ation (Fig. 4(a)), providing experimental evidence for their role. Que 
et al. [131] specifically found that Al13Fe4 IMCs nucleated on MgAl2O4 
particles. Interestingly, the size of the oxide particles does not appear to 
significantly influence their nucleation potency [34,116,119], suggest
ing that other factors, such as surface chemistry and defect density, 
might be more dominant.

The influence of processing parameters, such as cooling rate and 
solute effects, on Fe-bearing IMC nucleation has been highlighted by 
Campbell et al. [119], emphasising the importance of carefully con
trolling these conditions. Interfacial energies associated with oxide films 
can also play a crucial role in Fe-bearing IMC development by providing 
nucleation sites. Furthermore, the addition of trace elements, like Sr and 
Na, can modify these interfacial energies and impact the oxide film 
composition at the interface, demonstrating the complex interplay be
tween Fe-bearing IMCs, melt superheating, and these trace elements.

Intentional addition of nucleating particles (or grain refiner (GR)), 
such as TiB2, TiC, and Al3Ti, has been explored as a means to refine Fe- 
bearing IMCs [43,109,123,132]. Fig. 4(c) illustrates a TiB2 particle 
centrally located within an Fe-bearing IMC phase, providing direct vi
sual evidence of its role as a nucleation site. Nucleation on Al3Ti 

Fig. 3. (a) The Al-corner of the Al–Si-Fi phase diagram, (b) Al-rich corner of the computed Al–Fe–Si phase diagram at 540 ◦C, obtained using Thermo-Calc [51,115], 
and (c) possible IMC formation regions with respect to Si and Fe concentration, redrawn from Ref. [104].

Fig. 4. Examples of various substrates acting as nucleation sites for Fe IMCs: (a) direct nucleation of an IMC on an oxide particle, (b) initial nucleation of an IMC on 
an oxide followed by subsequent nucleation of an α-IMC on the existing IMC, and (c) nucleation of an IMC on a TiB2 grain refining particle [134].
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particles has also been observed. These inoculants, commonly used to 
refine α-Al grains in wrought Al alloys, can also refine Fe-bearing IMCs 
when present in excess. Additionally, pre-existing Fe-bearing IMCs can 
induce nucleation of other Fe-bearing IMCs [116], as shown in Fig. 4(b), 
potentially due to a peritectic reaction [133]. Table 2 presents the planar 
disregistry between various substrate materials and Fe-bearing IMCs, 
providing a quantitative measure of the lattice mismatch and thus, the 
potential for heterogeneous nucleation.

Feng et al. [123] demonstrated that TiB2 and TiC inoculation 
increased the number density and average formation rate of primary 
Al13Fe4 IMCs under varying thermal gradients and cooling rates. They 
observed that Al13Fe4 IMCs preferentially nucleated on TiB2 particles 
when present, rather than on oxide skins, highlighting the effectiveness 
of TiB2 as a nucleant. Under directional solidification conditions, the 
IMC density was found to be primarily controlled by the thermal 
gradient, with a weaker dependence on the cooling rate. The research 
also identified various shapes of Al13Fe4 crystals, which were attributed 
to the crystal structure and twinning susceptibility [127].

2.2.2. α-IMC phase
The α-IMC often appears as compact or Chinese script structures 

(Fig. 5). In the presence of Mn, it is identified as α-Al15(Fe,Mn)3Si2, a 
more compact and less detrimental IMC compared to the β-Al5FeSi 
phase. Both faceted and non-faceted morphologies are observed in cast 
and wrought Al alloys. The rounded and symmetrical structure of the 
α-IMC is beneficial, minimising micro-shrinkage during solidification 
compared to the plate-like β-IMC [9]. Additionally, the α-IMC acts as a 
feeder, reducing shrinkage by facilitating liquid flow into interdendritic 
regions [135]. Among the various reported α-IMC structures (Table 3), 
the cubic form is most common in commercially cast products, exhib
iting diverse compositions and morphologies.

In dilute Al–Si–Fe alloys undergoing non-equilibrium solidification, 
two monoclinic α-IMC, q1 and q2 (C-centred), can form. Reported 
phases such as αT-AlFeSi and α1-AlFeSi are likely modified structures of 
the common α-IMC, rather than distinct entities. Specifically, α′′-AlFeSi 
represents an intermediate structure between AlmFe and other α-IMCs 
with respect to Si content, while α1-AlFeSi is a modified cubic form of the 
α-IMC. In Al–Si–Fe alloys, α-IMC formation depends on the composition 

Fig. 5. Two distinct morphologies of α-IMCs: (a) Chinese script-shaped and (b) particle-shaped (from authors’ work).

Table 3 
List AlFe and AlSiFe IMC phases and their structures [37,93,102].

Name(s) Bravais Lattice Lattice Parameters Effect on mechanical properties Reference 
(s).

Al3Fe/Al13Fe4 BCT (C 2/m) a = 15.49 Å; b = 8.08 Å; c =
12.48 Å 
β = 107.75 deg

It cracks and reduces formability and fatigue resistance but improves 
wear resistance. 
When IMC is small or fibrous form (e.g. Al6Fe), effect on fatigue 
properties is not very clear.

[96–98]

AlmFe body-centred tetragonal a = 8.84 Å; c = 21.60 Å [138]
Al9Fe2 monoclinic a = 8.90 Å; b = 6.35 Å; c =

6.32 Å 
β = 93.4 deg

[103,139]

Al6Fe C-centred Orthorhombic (Ccmm 
or Ccm20

a = 6.49 Å; b = 7.44 Å; c =
8.79 Å

[140–143]
[144]

α-Al15(Fe,Mn)3 Si2/ 
α-AlFeSi

body-centred cubic (Im3) a = 12.5 Å Significantly deteriorate the mechanical properties of alloy, especially 
reduces ductility and fatigue life. 
Overall machinability and wear properties of alloys can be improved, if 
it is well distributed. 
Alloy mechanical properties can be improved after heat treatment, in 
comparison to cast condition.

[145]

α –AlFeSi Primitive cubic (Pm3) a = 12.52 Å [146]
α’-AlFeSi Hexagonal (P63/mmc) a = 12.30 Å 

c = 26.20 Å
[147,148]

α’’-AlFeSi/q1-AlFeSi C-centred orthorhombic a = 12.70 Å; b = 36.20 Å [149,150]
αT-AIFeSi C-centred monoclinic a = 27.95 Å; b = 30.62 Å; c 

= 20.73 Å 
β = 97.74 deg

[151]

q2-AlFeSi monoclinic a = 12.50 Å; b = 12.30 Å; c 
= 19,70 Å 
β = 111 deg

[150]

β – Al5FeSi monoclinic a = 6.12 Å; b = 6.12 Å; c =
41.50 Å 
α = 91.0 deg

[147,152]

β*-AIFeSi monoclinic a = 8.90 Å; b = 4.90 Å; c =
41.60 Å 
β = 92.00 deg

[149]

Al3FeSi/γ- A1FeS C-centred monoclinic a = 17.80 Å; b = 10.25 Å; c 
= 8.90 Å 
β = 132 deg

[153]

Al4FeSi2/δ- A1FeSi tetragonal a = 6.14 Å; c = 9.48 Å [147,152]
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and Fe/Si ratio. Slow solidification (<1 ◦C/s) favours stable hexagonal 
Al8Fe2Si, with Si content varying from 7 to 9.5 wt% depending on the 
initial Si levels [136]. However, high cooling rates (>10 ◦C/s) promote 
metastable cubic or monoclinic α-IMC structures. Increasing melt tem
perature or cooling rate [117,137] can suppress primary-Fe IMC for
mation, with the latter minimising nucleation events [117], (detailed in 
Sections 3.4).

Under non-equilibrium conditions, metastable α-Al15(Fe, Mn)3Si can 
form through two solidification paths: 

(i) Eutectic decomposition: α-Al15(Fe, Mn)3Si with a branch-like 
morphology precipitates directly from the melt, separating it 
into α and α-Al15(Fe, Mn)3Si2 phases (L →α − Al + L → α − Al +
α − Al15(Fe,Mn)3Si2).

(ii) Peritectic reaction: α-Al15(Fe, Mn)3Si2 forms on the surface of 
Al6Fe IMCs through a reaction between Al6Fe and the liquid. This 
results in metastable α-Al15(Fe, Mn)3Si2 with Chinese script 
morphology and higher Si content compared to the branch-like 
form, or it can form as particles (L + Al6Fe → α −

Al15(Fe,Mn)3Si2).

2.2.2.1. Growth mechanism of α-IMC morphology. The growth mecha
nism of α-IMC morphology in Al alloys is influenced by composition, 
cooling rate, and alloying elements like Mn. The cubic crystal structure 
of the α-IMC phase allows for isotropic growth, leading to various shapes 
that depend on growth conditions and trace elements such as Cr and Mn 
[130,154]. Diffusion-controlled mechanisms play a critical role in these 
growth processes. In-situ X-ray imaging revealed four distinct α-IMC 
morphologies (Fig. 6), determined by nucleation and growth mecha
nisms [130]. Low cooling rates (0.5 ◦C/s) produced massive hopper-like 
crystals, while cooling at 1.0 ◦C/s resulted in smaller six-edged crystals. 
Higher cooling rates reduce diffusion distances for solute atoms, leading 
to increased nucleation frequency and smaller Fe-bearing IMCs [47].

The highest atomic density crystal face, like the <110> plane in BCC 
structures, promotes hopper or dodecahedron shapes [155]. Lower 

nucleation frequency accelerates crystal growth, forming smaller hopper 
or dodecahedron crystals [130]. Hopper crystal instability at the 
solid-liquid interface causes protrusions to evolve in <001> and <100>
directions, followed by growth in <110> and <111> directions from 
pre-existing <100> arms [156]. Diffusion of rejected solute atoms 
around the crystal edges and corners is a critical process; these atoms 
preferentially migrate to areas of high curvature, where trace elements 
like Cr and Mn adhere, thereby limiting further growth [157]. As the 
crystal grows, the fast-growing faces vanish, consumed by 
slower-growing faces that ultimately determine the final crystal shape.

Gao et al. [158] investigated the relationship between solute con
centration, supersaturation, and crystal growth initiation. Their find
ings, illustrated in Fig. 7, demonstrate that solute diffusion under 
supersaturated conditions drives growth at crystal tips, where the solute 
concentration is highest. This mechanism favours growth in specific 
regions, influencing IMC morphology. They also observed the formation 
of dendrite crystals (Fig. 8), a phenomenon similarly reported by Zhang 
et al. [137], who proposed that cooling rate influences the growth of 
Fe-bearing IMCs. Slower cooling rates allow more time for solute atoms 
to diffuse, promoting the development of coarser, dendritic structures. 
Xiang et al. [159], through in-situ studies, observed the nucleation of 
α-phases in two distinct ways: either from pre-existing Al3Fe phases or 
directly from the liquid. Initially, the α-IMC nuclei exhibited a circular 
morphology. These nuclei then developed into uneven, faceted surfaces 
before gradually transforming into rhombic dodecahedra bounded by 
{110} dense planes. From the edges and vertices of these dodecahedra, 
skeletal growth proceeded, forming three-dimensional skeletons with 
α-Al residing within the hopper-like structures. This skeletal growth 
process repeated in three dimensions, ultimately leading to the forma
tion of complex, convoluted Chinese-script clusters or colonies. Tachi
bana et al. [160] further explored this dendritic growth through the lens 
of the Berg effect, a layer-by-layer mechanism that begins at the corners 
and edges of a crystal face. Under high supersaturation, solute diffusion 
supports the deposition of additional layers on the outer contours of the 
crystal. This localised solute diffusion causes the edges to extend out
ward, creating a dendritic growth pattern. This behaviour is illustrated 

Fig. 6. Variations in the morphology of α-Al(FeMnCr)Si IMC phase. Adopted from Ref. [130].
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in Fig. 8(a)–(c) in the <110>, <100>, and <001> directions and is 
directly associated with high supersaturation conditions [160].

2.2.3. β-IMC phase
Within Al alloys, the β-Al5FeSi phase, particularly in its plate-like 

morphology, has the most deleterious impact on mechanical proper
ties. This is due to its highly faceted nature, resulting in poor bonding 
with the Al matrix. The β-IMC is characterised by unique unit cell pa
rameters stemming from a distorted crystal structure damaged with 
faults and twins [161].

The faceted morphology of β-IMC acts as local stress concentrators, 
promoting the initiation of sharp microcracks [162–166]. Moreover, 
surface defects become pronounced during thermomechanical 

processing of wrought Al alloys, such as extrusion [167]. Due to the 
weak interface between the β-IMC and the Al-matrix, these particles can 
detach and adhere to the die surface [168]. This is problematic as the 
β-IMC can then scratch the Al surface, creating an undesirable “eye 
scratch” appearance.

Consequently, strategies to encourage the formation of alternative, 
less harmful IMCs like the α-IMC are employed. The α-IMC exhibits 
better cohesion with the Al-matrix, reducing the risk of die adhesion and 
enhancing the overall mechanical properties of the material [168].

In typical Al–Si–Fe cast alloys, the phase transformation sequence 
proceeds as follows [39]: 

Fig. 7. Diverse morphologies of α-Al(FeMn)Si IMC (a–d), including varying growth directions for the rhombic dodecahedron morphology (e–g) [158].

Fig. 8. Morphological variations of dendritic crystals in the α-Al(FeMn)Si IMC phase [158].
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(i) α-Al formation: Prior to the Al–Si eutectic reaction, α-Al solidifies 
first, accompanied by the formation of a binary Al-β-Al5FeSi 
eutectic; (L →α − Al + β − Al5FeSi).

(ii) Ternary eutectic formation: Following the binary Al–Si eutectic 
reaction, a ternary eutectic reaction (Al–Si–Al5FeSi) occurs; 
(L →(α − Al + Si)+β − Al5FeSi ).

(iii) Dendritic growth: The ternary eutectic forms and solidifies after 
the initial development of the dendritic structure; (L →(α − Al +
Si) + Al2Cu + β − Al5FeSi).

2.2.3.1. Growth mechanism for β-IMC platelets. In contrast to the 
α-IMC’s diverse morphology, the β-IMC exhibits a distinct plate-like 
structure, occasionally appearing as acicular or needle-like forms. 
Three main subgroups of plate-like β-IMC, with orthorhombic, tetrag
onal, and monoclinic crystal structures, have been reported [169,170]. 
The crystallographic details of these phases are summarised in Table 3, 
and their morphology is represented in Fig. 9.

Kral et al. [171] observed that in Al alloys with high Si content (~11 
wt%), the dominant plate-like structure was typically a blade-shaped 
tetragonal phase, Al3FeSi2 (sometimes referred to as δ-Al3FeSi2), not 
to be confused with other β-IMCs. They reported an approximate 1:1 Fe: 
Si ratio for the β-IMC and a 1:2 Fe:Si ratio for the δ-IMC.

The growth mechanism of the β-IMC is significantly governed by its 
crystal system and preferred growth direction, likely along the <001>
axis [172,173]. This directional growth is influenced by the rate at 
which solute elements diffuse and incorporate into the advancing steps 
of the crystal. Cooling rates strongly affect these dynamics; slower 
cooling allows for more solute diffusion and larger plate structures, 
while faster cooling results in finer, less developed plates. Additionally, 
imperfections such as twins and faults in the β-IMC can cause branching 
of the plate structures, as shown in Fig. 9(c) and (d). This branching is a 
direct consequence of localised solute redistribution and lattice insta
bility during growth.

Trace elements like Mn, Cr, and Sr play a pivotal role in modifying 
the β-IMC growth kinetics (explained in Section 3.1). These elements can 
“poison” kink sites along the growth steps, disrupting the step flow 
mechanism and altering the crystal growth pattern. Mn and Cr, for 
instance, distort the kink sites, increasing the internal energy of the 
growing plate structure due to enthalpic contributions [174]. Elevated 
internal energy enhances solubility at the solid-liquid interface, 
reducing the degree of supersaturation and slowing the plate’s growth.

Sr further modifies the growth of β-IMC plates by promoting the 
formation of low-energy configurations along the steps, creating local
ised “dead zones” where growth is inhibited. This results in a higher 
frequency of faults and twins within the crystal structure, which corre
lates with another growth mechanism: layer-by-layer propagation 
influenced by solute redistribution. These imperfections directly affect 
the morphology and stability of the β-IMC plates [160].

The secondary solidification of the β-IMC is significantly impacted by 
the preceding growth of α-Al dendrites and the α-IMC. These prior so
lidification events influence solute availability, leading to localised re
gions of solute supersaturation. Consequently, by the time β-IMC 
formation initiates, solute concentrations at the solid-liquid interface 
may be depleted. This depletion directly affects the nucleation and 
growth kinetics of the β-IMC plates. Furthermore, extensive research has 
systematically investigated β-IMC modification by manipulating α-Al 
grain size and the distribution of solute/residual liquid (detailed in 
Sections 3.2 and 3.3). This complex interaction between solute avail
ability, diffusion kinetics, and trace elemental incorporation highlights 
the governing mechanisms for β-IMC growth.

Over the past two decades, extensive research has utilised advanced 
techniques, such as synchrotron-based methods, to gain real-time in
sights into the formation of β-IMC in Al alloys [120–127]. These studies 
have primarily focused on nucleation, growth, and the influence of 
cooling rate, external fields, and trace elements. High-speed tomo
graphic imaging has revealed a diverse range of nucleation events for 
the β-IMC in Al–Si alloys, significantly impacting the lateral growth 

Fig. 9. Two-dimensional (2D) and three-dimensional (3D) morphology of the β-IMC phase: (a) optical micrograph, (b) SEM image of extracted β-IMC, (c) in-situ study 
of the β-IMC during growth [120], and (d) Growth of the β-IMC phase during solidification [159].
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direction and morphology. The specific temperature range of nucleation 
influences the rate, direction, and ultimate microstructure of the β-IMC, 
highlighting the complex relationship between temperature, nucleation, 
and growth during solidification. Nucleation of the β-IMC has been 
observed near the α-Al phase, on oxide nucleation sites, and through 
self-nucleation via branching. In-situ studies have shown that β-IMC can 
obstruct interdendritic channels, contributing to micro-gap and porosity 
formation. While direct Fe-bearing IMCs nucleation on pores was not 
observed, β-IMCs were found to block and hinder pore growth, 
increasing pore tortuosity [84]. Synchrotron X-ray tomography has 
explained the intricate morphology of Fe-bearing IMCs, revealing 
interconnected shrinkage pores and globular pores, with pore sphericity 
increasing with Fe concentration (0.5–1.0 wt%) [126]. Terzi et al. [120] 
reported that β-IMC plates in Al–Si alloys can grow and enlarge through 
branching, sometimes leading to an acicular needle-like morphology. 
Branching occurs randomly on β-IMC plates, likely due to the interfer
ence of Al dendrite arms with IMC growth. Thickening of β-IMC plates 
often results from ridge lines caused by dendritic enclosure. Addition
ally, some β-IMC plates exhibit splintered, curved, or arched morphol
ogies due to interactions with dendrite arms during solidification. 
Notably, trace additions of Sr have been shown to prevent β-IMC for
mation [125].

Although this section focuses on the β-IMC, research on related Fe- 
bearing IMCs, such as AlFe, offers valuable comparative insight. For 
instance, Zhao et al. [175] investigated the influence of Al–5Ti–1B on 
Fe-containing IMCs in an Al–10Fe alloy. They observed that adding 
Al–5Ti–1B decreased both the thickness and number of primary Al3Fe 
phases while increasing the formation of eutectic Al6Fe. Primary 
Fe-bearing phases exhibited lateral growth. The growth rate of these 
phases was significantly enhanced by the Al–5Ti–1B addition, increasing 
from 3 to 18 μm/s to 5–45 μm/s. This addition also reduced nucleation 
undercooling and increased the growth rate of the Fe-bearing IMC. 
Separately, studies in Al–Cu(-Fe) alloys have shown that increasing the 
cooling rate five-fold reduces both the length and growth rate of Al3Fe 
IMC by approximately half [176]. This is because higher cooling rates 
limit the diffusion time available for Fe atoms, thus restricting the 
growth of Fe-bearing IMC and preventing them from attaining larger 
dimensions. Combined SEM and in-situ synchrotron X-ray radiography 
studies have shown that the addition of Al–Ti–B to both Al–Cu–Fe and 
Al–Cu–Fe–Si alloys leads to a significant reduction in both the size and 
number density of primary Al3(CuFe) phases [177].

2.2.4. δ-IMC phase
The δ-Al4FeSi2 (or δ-Al3FeSi2) IMC is commonly found in Al–Si based 

alloys. Although appearing needle-like in two-dimensional views, its 
true morphology, observed in three dimensions, reveals a faceted plate- 
like structure similar to the β-IMC (Fig. 10). The δ-IMC typically forms in 
Al–Si alloys with high Si content or upon the addition of transition el
ements like Sr [178]. Although δ-IMC formation is typically sensitive to 

cooling rates, compositional variations can induce formation at lower 
rates, a behavior similarly noted for β-IMC [42,125,179–181]. The 
mechanisms underlying this behaviour are detailed in Section 3.4.1.

Choi et al. [182] observed that in an Al–20Si–8Fe alloy cooled at 
10 ◦C/s, the δ-IMC formed before Si precipitation. In contrast, under 
slower cooling conditions, the δ-IMC appeared after Si precipitation and 
the formation of α-Al. Lu and Dahle et al. [31] suggested that the δ-IMC 
forms via a reaction at the ternary eutectic point, after Si has solidified, 
through the eutectic reaction: L→α − Al + (Al − Si) + δ − Al4 FeSi2. This 
is distinct from the β-IMC, which forms independently during solidifi
cation and does not require the completion of the α-Al and Si phases 
before its nucleation.

The nucleation and growth of the δ-IMC are highly influenced by the 
Fe:Si ratio and the cooling rate, which control solute distribution and 
supersaturation in the liquid. The formation of the δ-IMC is favoured at a 
higher Fe:Si ratio, and the phase itself is often metastable, potentially 
transforming into more stable phases upon heat treatment [181]. The 
higher the supersaturation of solute elements in the liquid, the more 
likely nucleation of the δ-IMC is to occur on dendrite surfaces, oxides, 
inclusions, GRs, and other IMCs [180,181]. The diffusion of Fe and Si 
atoms to these nucleation sites is crucial for initiating the formation of 
δ-IMC.

The formation of the δ-IMC is a diffusion-controlled process, where 
the rate of solute diffusion, especially that of Fe and Si, plays a critical 
role in determining the phase’s growth rate and morphology. Similar to 
the β-IMC, rapid cooling rates increase the solute supersaturation in the 
liquid phase, which promotes faster nucleation and smaller, more 
densely distributed δ-IMC particles. On the other hand, slower cooling 
rates allow for more controlled diffusion, leading to a slower nucleation 
rate and the development of larger, more distinct plate-like structures.

This diffusion-controlled growth mechanism, coupled with the 
interaction between Fe and Si, emphasises the importance of cooling 
rate and alloy composition in governing the formation and character
istics of the δ-IMC. Furthermore, the metastability of the δ-phase em
phasises the potential for post-solidification transformations under heat 
treatment, which can affect the overall material properties of the Al–Si 
alloy.

Contrary to prior understanding, Yu et al. [125,181] found that the 
δ-IMC can also form in high-Si alloys with low cooling rates. In-situ 
observations revealed that δ-IMC plates primarily nucleate on eutectic Si 
but can also nucleate on inclusions or oxides within a narrow temper
ature range (553-551 ◦C). Critically, solute concentration, rather than 
substrate potency, was identified as the key factor for δ-IMC nucleation. 
Branched δ-IMC plates were always present, but branching occurred 
solely through plate impingement, not nucleation on existing plates. The 
orientation of δ-IMC plates was determined by the surrounding liquid 
and nucleation sites, while branching was mainly influenced by plate 
orientation and blockage by solidifying eutectic Al–Si.

Overall, the nature and morphology of the IMCs can be modified by 
various factors, including cooling rate, alloy composition, impurities, 
and targeted additives. However, essential solute diffusion remains a 
key fundamental process influencing the morphology and distribution of 
Fe-bearing IMCs, highlighting the need for precise control over cooling 
rates, alloy composition, and solute levels during the solidification 
processes.

3. Modification of Fe-bearing intermetallics

The size and distribution of Fe-bearing IMCs significantly influence 
the mechanical properties of Al alloys. Finer, well-distributed IMCs are 
generally preferred. Achieving this can be accomplished through various 
strategies, including chemical modification with alloying elements, 
application of external fields like ultrasonic or electromagnetic fields 
during solidification, and precise control of solidification parameters 
such as thermal gradient and cooling rate.

Fig. 10. Two-dimensional (2D) and three-dimensional (3D) morphology of 
δ-IMC: (a) needle-like appearance in 2D and (b) plate-like structure revealed in 
3D [178].
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3.1. Effect of alloying elements

The detrimental impact of Fe impurity on the mechanical properties 
of Al alloys can be mitigated by the addition of trace elements like Cr, 
Mn, Co, Sr, Be, Mo, Ni, S, and rare earth elements (REE). These elements, 
selected for their atomic size similarities to Fe (Table 4), can modify the 
step edge growth of Fe IMCs by acting as kink blockers, surfactants, 
incorporators, or step pinners. They possess similar bravais lattices and 
planar disregistries, facilitating effective interaction with Fe-bearing 
IMCs. Additionally, Mn, Cr, Ni, Co, and Fe share similar atomic radii 
and crystal structures, making them particularly influential in modifying 
Fe-bearing IMCs formation and characteristics [31,183]. Table 5 pre
sents a summary of the effects of different alloying elements on the 
Fe-bearing IMCs.

3.1.1. Manganese
The formation and morphology of Fe-bearing IMCs in Al–Si alloys are 

significantly influenced by the addition of manganese (Mn) [40,44–47]. 
The metastable α-AlFeSi phase, which is typically promoted by faster 
cooling rates, can transform into a script-type or polygonal α-AlFeMnSi 
phase, such as α-Al19(FeMn)4Si2 or α-Al15(Fe,Mn)3Si2, when Mn is 
introduced across a wide range of cooling conditions [184]. However, 
achieving complete control over Fe-bearing IMC morphology remains 
challenging, as the formation of the desired script-type α-IMC does not 
always occur with increasing Mn content or faster cooling rates [35,42,
179,185–187]. The cooling rate and Fe-to-Mn ratio play critical roles in 

determining the final microstructure (Fig. 11) [42,185]. At low cooling 
rates (~0.4 ◦C/s), a higher Mn-to-Fe ratio (~1 wt% Mn and 0.7 wt% Fe) 
favours the formation of script-like α-IMC, whereas intermediate cooling 
rates (~5 ◦C/s) lead to a mixed α and β-IMC structure [42,185,186,188]. 
At high cooling rates (~65 ◦C/s), the formation of needle-like β-IMC can 
reappear despite the presence of Mn (Fig. 11) [185]. Additionally, 
depending on the solidification conditions, the α-IMC can either 
nucleate as a primary phase within Al dendrites or form in the eutectic 
regions after α-Al solidification [42].

Two primary mechanisms have been proposed to explain the evo
lution of Fe-bearing IMCs with varying Mn levels and cooling rates [35,
42,179,185–187]. The first mechanism suggests a peritectic reaction, 
where the Al6Fe phase transforms into α-IMC, which can further tran
sition into β-IMC at slower cooling rates [187]. The second mechanism, 
supported by in-situ solidification studies, indicates that β-IMC pre
cipitates directly between 570 ◦C and 550 ◦C without an intermediate 
α-IMC transformation. Furthermore, high cooling rates (>200 ◦C/s) in 
Si-rich alloys (>7 wt% Si) have been found to suppress β-IMC formation 
and extend the stability of α-IMC regions [39,121].

The incorporation of Mn reduces the amount and volume fraction of 
the harmful β-IMC and refines its structure by substituting Fe atoms [23,
31]. This modification alters step edge growth and improves material 
properties by transforming the morphology of Fe IMCs from plate-like to 
particulate. However, high Mn additions alongside Fe (up to 3 wt% Mn 
for 2.5 wt% Fe) promote the precipitation of large, star-like polyhedral 
α-IMC structures with dendritic morphology, which are detrimental to 
mechanical properties. In Cu-free alloys, the primary compounds 
formed are Al6(Fe,Mn) and Al15(Fe,Mn)3Si2, while in Cu-bearing alloys, 
Al6(Cu,Fe,Mn), Al15(Cu,Fe,Mn)3Si2, and Al20Cu2Mn3 are predominant. 
Mn also promotes the nucleation of Fe-bearing IMCs by favouring the 
formation of α-IMC over β-IMC, stabilising the α-IMC through both 
thermodynamic and kinetic effects, especially at lower supersaturation 
levels in the melt.

Additionally, Mn:Fe ratio optimisation is crucial for achieving 
favourable IMC morphology without excessively increasing IMC volume 
fraction. A 1:2 Mn:Fe ratio is often recommended to minimise β-IMC 
formation, though suppression is not always complete even at 2:1 [42,

Table 4 
Trace elements atomic number, Bravais lattice and atomic radius.

Transition metal Atomic number Bravais lattice Atomic radius, Å

Ti 22 HCP 1.47
V 23 BCC 1.34
Cr 24 BCC 1.27
Mn 25 SC 1.26
Fe 26 BCC 1.26
Co 27 HCP 1.25
Ni 28 FCC 1.24

Table 5 
Effect of trace element additions on Fe-bearing IMC formation and morphology in Al–Si alloys.

Element Effects on Fe-bearing IMCs Key observations Reference(s)

Mn Transforms β-IMC into script-like α-IMC, refines Fe IMCs, and reduces 
β-IMC volume fraction.

• At low cooling rates (~0.4 ◦C/s), high Mn:Fe ratio (~1:1) 
favours script-like α-IMC formation.

• At high cooling rates (~65 ◦C/s), β-IMC can reappear.
• Excess Mn leads to star-like polyhedral α-IMC, affecting me

chanical properties.

[40,42,44–47,161,
189–191]

Sr Modifies β-IMC by fragmentation, dissolution, and poisoning of 
nucleation sites; promotes δ-IMC at high Sr levels.

• 70–300 ppm Sr refines β-IMC needles.
• >200 ppm Sr promotes δ-IMC growth.
• Sr interacts with P to influence β-IMC nucleation.

[179,208–213]

Cr Replaces β-IMC with Chinese script α-IMC; excessive Cr leads to sludge 
formation.

• Optimal Fe:Cr ratio ~3:1 for β-IMC modification.
• Enhances dispersoid formation in wrought alloys.

[40,48–51]

Co Transforms needle-like Al3Fe into a compact or Chinese script-like 
structure.

• Fe:Co ratio ~1:1 promotes favourable transformation.
• Co reduces solute segregation, improving homogeneity.

[23,48]

K Lowers eutectic temperature, refines β-IMC. • Acts as a nucleation aid via potassium oxide formation. [226]
B Suppresses β-IMC growth, promotes α-IMC, and enhances nucleation. • Forms AlB2 and TiB2 for grain refinement.

• Improves Fe IMC morphology through thermodynamic 
interactions.

[227,228]

Be Converts β-IMC into a fine Chinese script or globular morphology. • 0.2 wt% Be significantly refines β-IMC.
• Be–Fe phases serve as nucleation sites for α-Al.

[53,208,229]

Mn + Cr Synergistically transform β-IMC into α-IMC, preventing needle-like IMCs. • Enhances mechanical properties by refining Fe IMCs.
• Mn:Cr ratio influences morphology and phase stability.

[130]

Mn + Sr Sr enhances the fragmentation effect of Mn on β-IMC, promoting α-IMC 
formation.

• Mn and Sr together lead to finer Fe-bearing IMCs.
• Sr addition may reduce α-IMC script size.

[209,219]

Mn + Be Promotes globular α-IMC over β-IMC; excessive Be can form Al–Fe–Be 
compounds.

• Be enhances Fe-bearing IMC modification, improving 
ductility.

[208]

Sr + Cr Cr limits Sr poisoning of nucleation sites, stabilising α-IMC. • Sr reduces Cr-induced sludge formation. [54,208,221]
Mn + Cr +

Sr
Achieves optimal β-IMC suppression and α-IMC refinement. • Balancing Mn:Cr:Sr ratios is key to refining IMCs and 

enhancing mechanical properties.
[54,179,208,221]

REE Modify AlxFey phases, influence formation temperatures, and refine 
β-IMC morphology.

• Ce, La, Nd, and Y alter Fe–Si phase formation. [58–65]
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161,189–191]. The optimal Mn:Fe ratio depends on both cooling rate 
and Si content. Faster cooling (e.g., high-pressure die casting, HPDC) can 
suppress the peritectic transformation of L + α-Al8Fe2Si to β-Al5FeSi, 
leading to microstructures with both α-Al8Fe2Si and α-Al15(Fe,Mn)3Si2. 
In contrast, slower cooling rates (e.g., sand casting) allow the peritectic 
reaction to proceed, forming β-Al5FeSi unless sufficient Mn is available 
to stabilise α-Al15(Fe,Mn)3Si2.

Achieving optimal microstructures in secondary Al–Si alloys requires 
careful consideration of several interacting parameters. These include 
the overall alloy composition (Si content and total transition metal 
content), and the Mn content relative to total transition metal content. A 
higher Mn/(Fe + Mn) ratio correlates with an expanded range of in
termediate cooling rates where only the α-IMC with a Chinese-script 
morphology forms, and this is associated with a greater presence of 
sludge particles [42]. However, Mn additions can increase the overall 
volume fraction of IMC phases in the bulk material (excluding sludge 
regions), which may offset the benefits of the improved IMC morphology 
[130,192–195]. Conversely, lower cooling rates coupled with increasing 
Mn content increase the propensity for undesirable sludge formation 
[40,196–201]. While sludge can potentially be removed from the melt 
[18,196,202–205], its formation alters the remaining alloy composition 
due to Mn partitioning, consequently affecting the microstructure [196]. 
Beyond modifying Fe-bearing IMCs, Mn provides additional benefits in 
Al alloys. It improves corrosion resistance, particularly in Cu-free Al 
alloys, by influencing both the IMCs and the Al matrix. Mn also enhances 
ductility, mitigates the negative impact of Fe-bearing IMCs, and 

improves fatigue resistance. Additionally, it contributes to better casting 
quality by reducing porosity and refining the microstructure.

3.1.2. Strontium
Strontium (Sr) is widely recognised for its role in modifying eutectic 

Si in Al–Si alloys [206,207], but its influence on Fe-bearing IMCs is 
complex and still a subject of debate [179,208]. Studies indicate that Sr 
alters both the nucleation and growth mechanisms of Fe-bearing IMCs, 
particularly β-IMC, but its effects depend on factors such as Sr concen
tration, Fe and Mn content, and cooling rate [179,208–211]. The 
modification of Fe IMCs by Sr can occur through fragmentation [40], 
dissolution [212,213], poisoning of nucleation sites [209,210,214], or 
phase transformation mechanisms [212]. However, inconsistencies in 
reported findings highlight the need for further investigation into the 
governing thermodynamics and kinetics of these transformations.

One of the primary effects of Sr addition is the refinement of the 
β-IMC (Fig. 12). Incremental Sr additions (70–300 ppm) at faster cooling 
rates (~60 ◦C/S) reduce the size distribution of β-IMC platelets from 
elongated, branched needles to finer, more fragmented structures [208]. 
This refinement is attributed to the poisoning of branching sites and the 
dissolution of thick β-plates, which results in one or more breaks along 
lengthy β-IMC needles [212,213]. The higher diffusion coefficient of Si 
in the presence of Sr further destabilises β-IMC platelets, facilitating 
their fragmentation into shorter, less harmful structures [208,213,215]. 
Despite the clear evidence of β-IMC refinement, there is no consensus on 
whether Sr promotes the β to α-IMC transformation [212]. Some studies 

Fig. 11. The figure presents the formation map of Fe-containing IMCs in Al–8Si-0.35Mn-XFe-YMn alloys, illustrating the relationship between the Fe:Mn ratio and 
cooling rate. Figure redrawn from Ref. [185].

Fig. 12. Phase formation map of Fe-bearing IMCs, including Sr addition at an Fe-to-Mn ratio of 2 under the same casting conditions for Al–9Si–0.6Fe–0.3Mn–0.35 Mg 
alloys (redrawn from Ref. [179]).
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suggest that Sr suppresses β-IMC nucleation in Al alloys by poisoning AlP 
and oxide particles, which serve as primary β-IMC nucleation sites in Al 
melts [216,217]. However, the presence of additional nucleation sub
strates, such as MgO, TiB2, and SiC, complicates the exact mechanism, as 
these particles exhibit no strict orientation relationship with β-IMC [34,
119]. Interestingly, P has been shown to increase the number density of 
β-IMC platelets, while Sr addition to a P-containing melt decreases their 
density, suggesting an interaction between Sr and P in controlling β-IMC 
formation [86]. The effect of Sr on Fe-bearing IMCs is strongly depen
dent on the cooling rate [179].

While β-IMC refinement is widely reported, Sr also plays a role in 
promoting δ-IMC formation, particularly in low-Fe alloys (Fe < 0.6 wt%) 
[125]. At high cooling rates (~60 ◦C/s), Sr additions (60 ppm) signifi
cantly refine δ-IMC, reducing its length to 3–5 μm and confining it 
within eutectic regions [216,218]. However, increasing Sr concentra
tion (above 200 ppm) leads to the formation of Al2Si2Sr IMC, which 
influence the nucleation of δ-IMC, promoting its early formation and 
unrestricted growth into long, branched needle-like structures [216,
218]. This observation highlights the dual role of Sr: at lower concen
trations (~60 ppm), it refines δ-IMC through poisoning of nucleation 
sites, whereas at higher concentrations (~200 ppm), it enhances δ-IMC 
formation and branching through nucleation. The detailed work con
ducted by Balasubramani et al. [179] on the phase formation map of 
Fe-bearing IMCs, including Sr addition at an Fe-to-Mn ratio of 2 under 
identical casting conditions for Al–9Si–0.6Fe–0.3Mn–0.35 Mg alloys, is 
presented in Fig. 12.

In Mn-containing alloys, Sr can also influence the formation of 
α-IMC. While Mn is known to transform the acicular β-IMC into a more 
compact α-IMC, Sr may further promote this transition by altering 
nucleation conditions [209,219]. However, at lower Sr levels, this effect 
can be neutralised, leading to a reduction in α-IMC formation [220]. The 
combined addition of Mn and Sr is generally more effective in refining 
Fe-bearing IMCs than Sr alone, as it leads to the formation of script-like 
α-IMC instead of harmful β-IMC platelets [209].

The interaction of Sr with other alloying elements such as Mn, Mg, Ti, 
Cr, and Ca further complicates its role in Fe-bearing IMCs modification. 
Mn and Sr together refine β-IMC and promote α-IMC formation, while Cr 
additions contribute to restricting β-IMC growth and morphology [54,
208,221]. Sr also interacts with Ti to refine β-IMC platelets, possibly 
through a combined effect on nucleation and growth mechanisms [208,
222,223]. Additionally, the combination of Sr and Ca enhances eutectic 
Si modification and reduces β-IMC platelet size [208]. Notably, Sr does 
not form IMCs with Fe or Mn, indicating that its influence is primarily 
through nucleation and growth modification rather than phase forma
tion [179]. At higher Sr concentrations (~200 ppm), the formation of 
Al2Si2Sr IMC in the liquid melt (~650–700 ◦C) suggests that these 
phases may play a role in β/δ- IMC nucleation, though their exact in
fluence remains uncertain [224].

Unresolved issues persist regarding the precise mechanisms by which 
Sr influences Fe-bearing IMCs, particularly in distinguishing between 
fragmentation and nucleation suppression of the β-IMC. While many 
studies support the fragmentation and refinement of β-IMC needles, a 
detailed understanding of Sr’s effect on nucleation remains elusive, 
whether it delays β-IMC nucleation by poisoning AlP and oxide particles 
or promotes early δ-IMC formation at higher Sr concentrations. The 
optimal Sr concentration for β-IMC refinement remains debated, with 
conflicting reports on whether Sr primarily suppresses or enhances 
δ-IMC growth, further complicated by the formation of Al2Si2Sr IMC at 
elevated Sr levels. The influence of cooling rate also lacks clarity, as high 
Sr (200 ppm) unexpectedly promotes elongated δ-IMC needles rather 
than refinement under certain conditions.

3.1.3. Chromium
Chromium (Cr), similar to manganese (Mn), can modify the detri

mental β-IMC in casting alloys, replacing it with more beneficial phases 
such as the Chinese script phase, which improves ductility and fracture 

toughness [40,48–51]. However, excessive Cr can lead to the formation 
of undesirable sludge phases, including Fe/Cr-containing phases [221]. 
To balance the beneficial modification of the β-IMC with the risk of 
sludge formation, an optimal Fe:Cr ratio of approximately 3.0 is often 
employed. Lower Cr levels (around 0.1 wt%) facilitate the development 
of both primary Si crystals and the Chinese script phase [48]. In Al-rich 
Al–Fe–Cr alloys, the equilibrium phases with Al are Al3Fe and Al7Cr, 
with no ternary compounds forming. The Al3Fe phase can dissolve up to 
4 wt% Cr, and the compound Al7(Fe,Cr) is sometimes observed in these 
alloys [23]. Addition, Cr is particularly beneficial for the formation of 
dispersoids (α-Al(Fe,Cr)Si and αʹ-AlCrSi) during the thermomechanical 
processing of alloys [225], especially in wrought alloys, where it en
hances the stability and distribution of these dispersoids, further 
improving the material’s properties.

3.1.4. Cobalt
In the Al–Fe system, cobalt (Co) does not form ternary phases with Al 

and Fe but instead leads to the formation of Al3Fe and Al9Co2 [23]. 
Notably, the Al3Fe phase can dissolve up to 12.4 wt% Co, and the Al9Co2 
phase can dissolve up to 10.8 % Fe, represented by the formulas Al3(Fe, 
Co) and Al9(Fe,Co)2, respectively.

A small addition of 0.1 wt% Co in the Al-0.5Fe system significantly 
transforms the needle-like Al3Fe morphology into a more compact form. 
Increasing Co content to 0.2 wt% further modifies the morphology to a 
Chinese script-like structure. An Fe:Co ratio of approximately 1.0 is 
crucial for this transformation of the β-IMC platelet phase to the Chinese 
script morphology [48].

Cobalt’s influence on Fe phases stems from its effect on solidification 
sequences in the ternary [23], L →α − Al+ Al3(Fe,Co)+ Al9(Fe,Co)2. A 
key advantage of Co addition is its ability to reduce solute segregation 
during solidification, promoting a more homogeneous microstructure.

3.1.5. Potassium
Potassium (K) addition in Al–Si alloys can significantly influence 

both the eutectic reaction and the formation of Fe-bearing IMCs. Spe
cifically, K lowers the eutectic reaction temperature while increasing the 
liquidus and crystallisation onset temperatures for the β-IMC [226]. The 
presence of potassium promotes nucleation by introducing additional 
particles that serve as nucleation sites, thus reducing the necessary 
undercooling. These nucleation sites arise from the reaction of K with 
oxides, forming potassium oxides with planar registries similar to 
Fe-IMCs. This mechanism can ultimately lead to the refinement of 
Fe-IMCs in the alloy.

3.1.6. Boron
Boron (B) plays a multifaceted role in refining Fe-bearing IMCs 

within Al–Si alloys. It achieves this by several interconnected mecha
nisms. Primarily, B suppresses the growth of detrimental β-IMC platelets 
and encourages their transformation into the more desirable α-IMC, 
contributing to a more favourable microstructure. In-situ synchrotron X- 
ray radiography has demonstrated that B significantly lowers the for
mation temperature of primary Fe-bearing IMC [227,228], indicating its 
influence on the early stages of solidification. This effect is linked to B’s 
ability to alter the thermodynamic stability of IMCs. By interacting with 
Fe and Si, B shifts phase equilibria towards the α-IMC, effectively 
reducing the formation of less desirable phases. The effectiveness of B is 
further modulated by other alloying elements. For instance, while Mn 
independently stabilises the α-IMC, B enhances this stabilisation, leading 
to a refined and more uniform microstructure. Song et al. [227,228] 
worked with Al–3B master alloys in Al–7Si-1.2Fe alloys illustrating some 
of these effects. While B effectively refined the grain structure, the for
mation of Al–AlB2 during the eutectic reaction limited its impact on the 
morphology and distribution of Fe-bearing IMCs. However, in alloys 
with higher Fe content (≥2.36 wt%), B did offer some refinement of 
primary Fe-IMCs, although it could not completely eliminate the for
mation of plate-like β-IMC. At the atomic level, B’s strong adsorption to 
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α-Al2O3 (0001) crystal planes, compared to Mn and Fe, allows it to act as 
an active element. B preferentially interacts with the oxide film surface, 
hindering Fe-bearing phase formation at high temperatures. This not 
only prevents nucleation at the Al–AlB2 eutectic temperature but also 
promotes more controlled phase transformations. First-principle calcu
lations support this, showing that B’s higher adsorption energy on 
nucleation sites, such as α-Al2O3, inhibits primary Fe-IMC nucleation 
above the Al–AlB2 eutectic temperature, leading to undercooling and a 
refined microstructure. The Al–AlB2 eutectic reaction, producing AlB2 
and α-Al, further contributes to refinement through competitive growth, 
encouraging the transformation of Fe-bearing IMCs into multibranched 
structures. The in-situ synchrotron X-ray radiography, revealing the 
reduced formation temperature of primary Fe-IMC, reinforces the idea 
that B enhances α-Al grain nucleation and controls Fe-bearing IMC 
growth [227,228]. These combined effects of B, encompassing refined 
phase morphology and improved nucleation control, ultimately enhance 
the microstructure and boost the overall performance and stability of the 
alloy.

3.1.7. Beryllium
In Al–Si–Fe alloys, beryllium (Be) plays a crucial role in refining and 

modifying Fe-bearing IMCs. It transforms the plate-like β-IMC into a 
Chinese script morphology or fine globules. Notably, 0.2 wt% Be has 
been shown to significantly refine the β-IMC [53]. The interaction be
tween Mn and Be can result in either fine or coarse Chinese script IMCs, 
depending on the cooling rate [208]. At low cooling rates, Be neutrali
sation of Fe-based IMCs promotes the formation of Chinese script 
structures within the α-Al grains. Murali et al. [53] reported that in an 
Al–7Si-0.3 Mg alloy with 0.27 wt% Be, Be–Fe phases form within the 
α-Al matrix, likely due to a peritectic reaction. Similarly, Wang and 
Xiong [229] observed that in Al–7Si-0.4Mg-0.2Ti alloys, Be–Fe phases 
may serve as nucleation sites for α-Al during solidification, supporting 
Murali et al.’s findings [53]. However, under high cooling rates, the 
number of Be–Fe phases within α-Al decreases, shifting their formation 
to the interdendritic region. This suggests that Be–Fe phases form at 
higher temperatures than the β-IMC platelets, which typically precipi
tate after α-Al and Be–Fe phase formation. At high cooling rates, the 
growth of Al dendrites dominates, limiting Be–Fe phase formation in 
interdendritic regions. In Al–7Si-0.3Mg-0.8Fe alloys, the combined 
addition of 0.15 % Be and 0.15 % Mn promotes the formation of Mn–Fe 
and Be–Fe Chinese script IMCs, which effectively reduce the overall Fe 
content by depleting Fe from the matrix.

3.1.8. Rare of earth element (REE)
Rare earth elements (REE), including Ce, La, Nd, and Y, affect the 

morphology and formation of Fe-bearing IMCs in Al alloys, particularly 
in phases such as Al3Fe, Al6Fe, and β-IMC [58–65]. The addition of Ce 
and La to Al alloys leads to phase formation shifts, evidenced by changes 
in the temperatures at which these phases form, though the morphology 
of eutectic AlxFey phases remains largely unchanged [230,231]. In 
particular, La has a refining effect on the β-IMC in 
Al–7Si–4Cu-0.35Mg-0.2Fe alloys. La additions induce the formation of 
La-rich IMCs like Al4Cu2SiLa, which act as nucleation sites for β-IMC 
[231]. These IMCs promote the nucleation of β-IMC while restricting its 
growth by altering the solid-liquid interfacial energy and diffusion 
processes. This results in cross-like and parallel-like growth patterns of 
β-IMC, controlled by solute concentration and the anisotropy of inter
facial energy.

In addition to refining the β-IMC, REE such as Ce and La are also 
effective in refining the α-Al grains and Fe-bearing IMCs in Al–Fe alloys 
[230]. For instance, a 0.5 wt% REE addition can reduce the average size 
of α-Al grains by half compared to alloys without REE, enhancing the 
structural properties of the material. Similarly, Nd, when added in small 
amounts (0.03 wt%) to Al–Si–Mg alloys, promotes undercooling and the 
formation of the π-phase, though excessive Nd can lead to the formation 
of larger Nd-rich particles that reduce the amount of π-phase formed 

through peritectic reactions [62]. Y additions in Al–Si–Mg–Fe alloys also 
refine the acicular β-IMCs and decrease their volume fraction, further 
improving the alloy’s properties [63]. When combined with REE, Mn 
further stabilises the α-IMC, leading to a more refined and homogeneous 
microstructure. The combined influence of Mn and REE contributes to a 
controlled and optimised phase structure, offering substantial im
provements in both microstructural uniformity and overall alloy 
performance.

The casting method and cooling rate also play a crucial role in the 
formation of Fe-bearing IMCs. In particular, squeeze casting, which in
volves rapid solidification under pressure, has been shown to refine the 
microstructure and improve mechanical properties [232]. However, the 
impact of REE on Fe-bearing IMCs during rapid solidification is still not 
fully understood.

3.2. Effect of physically induced force

Chemical modification of Al–Si alloys to refine Fe-bearing IMCs can 
be limited by undesirable side effects like sludge phase formation or 
poisoning effects. An alternative approach involves physically induced 
forces, such as high-intensity shear [74–76], low-frequency mechanical 
mould vibration [81,82], electromagnetic stirring [84], and ultra
sonication [66–69,72]. These techniques (Table 6), applicable to both 
cast and wrought Al alloys, offer advantages like avoiding the formation 
of detrimental IMCs but may face limitations in terms of scalability.

3.2.1. Effect of high-intensity ultrasonication (UT)
Ultrasonication’s (UT) influence on metallic melts is generally 

explained through the principles of cavitation and acoustic streaming 
[73]. Cavitation induces the formation, growth, and violent collapse of 
dissolved gas bubbles within the melt (when the cavitation threshold of 
the melt is exceeded). The collapse of cavitation bubbles generates 
localised shockwave pulses nearing 1000 atm and liquid microjets of 
100 m/s velocity [71,233]. The cavitation threshold for Al melt, 100 
W/cm2, is far exceeded in melt ultrasonication with estimated energy 
density of 1500 W/cm2 reported [234]. Acoustic streaming from ultra
sound attenuation induces steady fluid flow dissipating heat and 
homogenising solute distribution while dispersing nuclei throughout the 
melt. While microstructural refinement effect is generally attributed to 
cavitation, the precise mechanisms remain unclear. Suggested contrib
uting factors include dendrite fragmentation from cavitation and sub
sequent fragment dispersion by acoustic streaming [73], as well as 
alternative theories on enhanced heterogeneous nucleation through 
pressure-induced alterations to the freezing point or adiabatic melt 
cooling at the cavitation bubble surfaces [235,236].

UT has been shown to induce the transformation of both thin β-IMC 
plates and dendritic (Chinese-script) α-IMC into compact α-IMC of 
polyhedral form and finer and fragmented β-IMC (Fig. 13). However, the 
efficacy of this modification is influenced by several parameters besides 
alloy composition, including treatment temperature, melt volume, 
sonication duration, melt viscosity, and the distance from the ultrasonic 
horn. Existing literature indicates that α-IMC can form via peritectic 
reactions (occurring before α-Al nucleation) [237], a process directly 
affected by UT. Furthermore, α-IMCs are known to nucleate on oxides 
[130]. Considering the proposed mechanism of cavitation-assisted 
forced wetting of inclusions [233,238], it is plausible that 
cavitation-induced wetting of oxide films increases the number of het
erogeneous nucleation sites, contributing to the observed α-IMC nucle
ation peak under UT. Our findings [239], demonstrated that UT 
promotes α-IMC nucleation, with a clear reduction of nucleation 
undercooling in the measured cooling curves. However, growth kinetics 
continue to play a significant role in the subsequent morphological 
development of these phases with ultrasound assisted solute homoge
nisation preventing dendritic growth and leading to compact polygonal 
particle formation as illustrated in Fig. 13(a–d). Xiang et al. [159] used 
in-situ techniques to study the impact of ultrasound on the solidification 
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of Fe-bearing IMCs nucleated after α-Al formation. Their research 
demonstrated that brief applications (7 s) of high-frequency ultrasound 
to the liquid melt generate substantial oscillating pressure and velocity 
fields, reaching up to 1.5 MPa and 150 mm/s, respectively. These 
intense fields induce significant homogenisation of the melt’s thermal 
and solute distribution. This homogenisation is a key factor in the 
observed morphological evolution. The enhanced nucleation under 
ultrasonication leads to a dramatic refinement of the α-Al dendrite 
structure, with the average dendrite size reduced approximately 
five-fold during the initial stages of solidification. This significant 
microstructural refinement plays a crucial role in controlling the sub
sequent growth of Fe-bearing phases when these IMCs form later 
through eutectic reactions (Fig. 13 (e) and (f)). The constrained inter
granular growth space imposed by the finer α-Al dendrites ultimately 
results in a comparable five-fold reduction in the average size of the 
Fe-bearing phases compared to conventionally solidified samples.

3.2.2. Effect of electromagnetic stirring (EMS)
Electromagnetic stirring (EMS), utilising high magnetic fields, has 

emerged as a promising technique for microstructural modification in Al 
alloys, affecting α-Al grain size, eutectic structures, and Fe-bearing IMCs 
[83,240,241]. This method involves the generation of anisotropic 
magnetic fields to influence the solidification process, offering a 
different approach compared to other techniques like UT. The applica
tion of magnetic fields can significantly alter several key aspects of so
lidification, including surface tension, diffusion, and undercooling, all of 
which play crucial roles in crystal nucleation. Furthermore, static 
magnetic fields are known to modify the morphology of solid/liquid 
interfaces, induce instability, and influence crystal orientation within 
the liquid metal [242,243].

Studies on the hypereutectic Al–Fe binary system have provided 
valuable insights into the effects of magnetic fields on Fe-bearing IMCs 
[244,245]. These studies have demonstrated that the primary Al3Fe 
phase tends to coarsen under the influence of a magnetic field. This 
coarsening phenomenon is likely attributed to a combination of factors, 
including enhanced diffusion and potentially reduced undercooling, 
which facilitate the growth of existing Al3Fe particles at the expense of 
smaller ones. Interestingly, despite the coarsening observed in some 

cases, magnetic field-induced melt stirring can also lead to changes in 
IMC morphology that are similar to those observed with UT. However, 
the overall impact of EMS on Fe-bearing IMC modification is often less 
pronounced than that of UT and also depends on the specific parameters 
of the applied magnetic field and the alloy system.

The underlying principles of EMS differ significantly from those of 
UT. While ultrasonication relies on the introduction of high-frequency 
pressure waves to induce cavitation and acoustic streaming, EMS gen
erates bulk melt flow through Lorentz forces. These forces arise from the 
interaction between the applied magnetic field and the electric currents 
induced within the conductive melt. The resulting large-scale melt flow 
promotes the uniformity in solute and temperature distribution, mini
mising localised supersaturation and temperature gradients that can 
influence nucleation and growth [83,246,247]. Additionally, the stir
ring action can break up existing dendrites or introduce foreign particles 
into the melt, providing additional heterogeneous nucleation sites. This 
is analogous to the cavitation-assisted wetting of oxide films proposed 
for UT, where the increased availability of nucleation sites leads to a 
higher number density of IMCs.

The impact of EMS on Fe-bearing IMCs is highly dependent on the 
solidification sequence, specifically the timing of IMC nucleation rela
tive to the α-Al phase. When IMCs nucleate after the α-Al dendrites, the 
refined α-Al microstructure (due to EMS) can constrain the subsequent 
growth of the IMCs. This constraint, coupled with the increased number 
of heterogeneous nucleation sites, can lead to a higher number density of 
IMCs with smaller individual sizes, similar to the refinement observed 
with ultrasonication. However, when Fe-bearing IMCs nucleate before 
the α-Al, EMS can have a different effect. The stirring can break up the 
primary Fe-IMCs, distributing them throughout the melt (Fig. 14) [241]. 
This can lead to a more uniform distribution of the IMCs, but it may also 
coarsen them if the stirring promotes Ostwald ripening, as observed in 
the hypereutectic Al–Fe system [244,245].

3.2.3. Effect of stirring or shearing
The application of stirring or shearing forces during the solidification 

of metallic alloys, including Fe, Al, Mg, and immiscible alloys has been 
widely investigated to refine and homogenise microstructures. Early 
studies in this field concentrated on semi-solid metal (SSM) processing, 

Table 6 
Effect of physically induced methods on Fe-bearing IMCs in Al- alloys.

Method Mechanism Effect on Fe-bearing IMCs Key Findings Reference(s)

UT Cavitation and acoustic streaming generate 
localised shockwaves (1000 atm) and 
microjets (100 m/s).

Transforms β-IMC into particulate α-IMC, 
refining IMCs.

• Enhances heterogeneous 
nucleation via oxide wetting.

• Increases nucleation rate, leading 
to finer α-Al and Fe-IMCs.

• Reduces Fe-IMC size by ~5 × due 
to constrained growth space.

[71,159,233,
234,237,238]

EMS Lorentz forces generate bulk melt flow, 
affecting nucleation and diffusion.

Alters Al3Fe and other Fe-IMC morphology; may 
coarsen or refine IMCs depending on 
solidification sequence.

• Improves solute distribution, 
reducing localised 
supersaturation.

• Constrains IMC growth when 
nucleation occurs after α-Al.

• Can coarsen IMCs in 
hypereutectic alloys via Ostwald 
ripening.

[83,240,241,
244–247]

Shearing/Stirring Forced convection via mechanical impellers 
or mould design.

Promotes compact Fe-IMCs, particularly refining 
β-IMC morphology.

• Breaks dendrites to finer 
particles.

• Enhances solute and thermal 
homogenisation.

• Disrupts diffusion layer, 
favouring compact IMC 
morphologies.

[75,252–255]

Combined chemical 
physical & 
methods

Physical treatment followed by chemical 
stabilization (Mn, Sr, Ti, GR).

Further IMC refinement and improved 
microstructural control.

• Reduces Fe-IMC size, effective in 
large melt volume.

• TiB2 dispersion enhanced, 
restricts Fe-IMC growth.

• Balances cost and environmental 
impact for sustainable recycling.

[264]
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elucidating dendrite fragmentation as the dominant mechanism for 
achieving microstructural refinement [78–80], distribution of particles 
[248,249] and immiscible liquid phases [250,251]. However, subse
quent studies on shearing Al and Mg alloys melts above their liquidus 

temperatures have explored the potential for nucleation-driven refine
ment [252,253], shifting the focus beyond simple fragmentation. 
Shearing introduces controlled fluid flow within the metallic melts. This 
forced convection differs fundamentally from the mechanisms involved 

Fig. 13. Effect of ultrasonication on two high-Fe Al alloys: (a, b) Al–2Si–2Mg–1.2Fe–0.5Mn and (c, d) Al–2Si–2Mg–1.2Fe–1Mn. (a, c) represent conventionally cast 
samples, while (b, d) are ultrasonicated until the end of solidification. Ultrasonication promotes the formation of particulate α-IMCs instead of β-IMC and the Chinese 
script α-IMC phase (from authors’ work). Inserted image shows α-Al grain refinement with ultrasonication. (e, f) 3D spatial relationships between α-Al dendrites and 
Fe-bearing phases (adopted from Ref. [159]).

Fig. 14. Al–10Si–2Fe–2Mn alloy solidified (a) without and (b) with EMS, adopted from Ref. [241].
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in UT and EMS. While UT utilises high-frequency acoustic waves and 
EMS employs magnetic fields to induce melt movement, stirring and 
shearing typically involve mechanical means, such as rotating impellers 
or specially designed mould geometries.

Shearing during solidification offer an alternative route to micro
structural refinement in Al alloys, particularly in DC casting [254]. This 
approach hinges on several key mechanisms. First, similar to UT, 
shearing can fragment existing dendrites, especially early in solidifica
tion. These fragments then act as nuclei, leading to a finer grain struc
ture [254]. However, unlike UT’s localised cavitation-induced 
fragmentation, shearing provides fragmentation of early dendrites 
throughout the melt [252–254]. Second, mirroring both UT and EMS, 
the forced convective flow from shearing promotes solute and thermal 
homogenisation. This reduces localised supersaturation and tempera
ture gradients that may influence IMC nucleation and growth [255]. 
Third, the shear forces may directly impact nucleation kinetics. They can 
increase heterogeneous nucleation sites by dispersing particles or 
enhancing inclusion wetting, depending on the potency of those parti
cles to nucleate Fe-bearing IMCs [252–254]. Finally, and perhaps most 
significantly, shearing can control IMC growth morphology. High shear 
rates can disrupt the diffusion boundary layer around growing crystals, 
preventing directional growth and favouring a more isotropic growth of 
compact shape [80,256,257]. This spheroidising effect is particularly 
important for refining plate-like IMCs [75,255].

The effectiveness of shearing depends on several factors, including 
alloy composition, shearing rate, application temperature, and crucially 
the solidification sequence of IMCs relative to the α-Al phase. Kotadia 
et al. [75] demonstrated the impact of near-liquidus casting with 
shearing on IMC morphology and distribution. They observed a clear 
shift towards more compact, globular β and α-IMCs (Fig. 15) at high 
shear rates. This spheroidisation is attributed to the disruption of 
plate-like β-IMC growth by the shear forces and the promotion of more 
globular α-IMC growth.

The solidification sequence plays a critical role, much like in UT and 
EMS. When IMCs nucleate after α-Al dendrite formation, the refined α-Al 
structure resulting from shearing constrains IMC growth in the smaller 
liquid pockets. The increased nucleation sites also contribute to a higher 
number density of smaller IMC particles. Conversely, if IMCs nucleate 
before α-Al, the shear forces can break up and redistribute the IMCs, 
preventing large, detrimental clusters. However, this can also lead to 
coarsening via Ostwald ripening under certain conditions.

3.3. Synergistic strategies: combining chemical and physical methods

While physical methods such as UT and EMS offer significant ad
vantages for refining Fe-bearing IMCs in recycled Al alloys, they are not 
without limitations. UT, for instance, exhibits high efficacy in small melt 
volumes, particularly in DC casting where the molten sump is contained 
and continuously processed. However, scaling UT to large-volume, 

batch casting operations presents challenges in achieving uniform 
cavitation and retaining treatment benefits during liquid metal transfer. 
Furthermore, the selection of horn materials for UT is critical, requiring 
resistance to molten Al to prevent contamination and minimise 
replacement costs. While non-contact UT shows promise [258–260], its 
large-scale applicability remains to be thoroughly investigated.

EMS, effective for reducing segregation and promoting α-IMC for
mation, faces limitations in highly viscous melts and complex geome
tries. Similarly, intensive shearing, though beneficial for inclusion 
dispersion and primary Fe-IMC refinement, struggles with large melt 
volumes and demands precise operational control to prevent equipment 
wear. These limitations underscore the need for a more comprehensive 
approach to Fe-bearing IMC management.

Conversely, chemical methods, relying on alloying additions, also 
have inherent limitations. While elements like Mn and Cr can effectively 
stabilise the α-IMC, excessive additions can negatively impact alloy 
properties, such as ductility and electrical conductivity [261]. Further
more, the introduction of alloying elements increases material costs and 
may complicate recycling processes due to compositional changes. 
Precise control over alloying additions is also crucial, as deviations from 
optimal compositions can lead to unintended phase formation and 
microstructural defects. Additionally, chemical methods can generate 
secondary waste streams, necessitating careful consideration of envi
ronmental impact. Furthermore, the “poisoning effect” and 
cross-interactions among alloying elements in Al alloys pose significant 
challenges, particularly in recycled materials where impurity levels 
fluctuate. For example, excessive Si can weaken the efficacy of Mn in 
promoting the beneficial α-IMC [35]. Specifically, when the Fe: Si ratio 
is low, such as below 1:2, Si favours the formation of the brittle β-IMC, 
even with adequate Mn additions. Similarly, high Fe levels, coupled with 
insufficient Mn, can lead to the formation of undesirable Fe-bearing 
IMCs like β-IMC [189]. These interactions can ultimately result in the 
formation of phases that negatively impact mechanical properties, such 
as ductility and fracture toughness. Moreover, the presence of other 
elements, like Ti, can be affected by Si; high Si content can promote 
Al3Ti formation over the intended TiB2 [262]. Additionally, in 
near-eutectic Al–Si alloys containing both Sr and B, the formation of 
Sr3B4 leads to a stoichiometric depletion of these elements from the 
melt, showing minimal effect on microstructural refinement [263].

To maximise the benefits of both physical and chemical methods and 
mitigate their respective drawbacks, a synergistic strategy combining 
these routes is proposed. Physical techniques like UT or EMS can be 
strategically employed to refine α-Al grains and homogenise melt 
composition and temperature, thereby inhibiting the formation of large, 
plate-like IMCs. Subsequently, alloying elements such as Mn or Cr can be 
judiciously introduced to stabilise the α-IMC, leveraging the strengths of 
both approaches while minimising their individual weaknesses. Our 
recent work [264] demonstrated the combined effect of UT and 
growth-restricting elements (Ti) in refining α-Al grains and subsequently 

Fig. 15. Modification of Fe-bearing IMC morphology under intensive shearing [75].
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influencing the morphology and distribution of Fe-bearing IMCs. The 
study revealed the significantly refined Al-grain structure leading to the 
finest and most uniformly distributed Fe-IMCs in treated ingots, even 
when these compounds formed outside the application regime of 
ultrasonication. When UT was applied in conjunction with Ti or GR 
additions, the size of Fe-IMCs was further reduced compared to the use 
of chemical treatments alone. The most notable refinement of Fe-IMCs 
was observed in alloys treated with both GR and UT, which also 
exhibited better dispersion of residual TiB2 particles in intergranular 
regions. The synergy between UT and GR was critical in controlling the 
distribution of intergranular liquid pockets, which appeared to be the 
predominant factor influencing the growth and size of Fe-IMCs. By 
reducing the size and improving the uniformity of these liquid pockets 
through combined application of UT and GR, the growth of coarse 
Fe-IMCs was restricted (even though they solidified following ultra
sound withdrawal), thereby improving the microstructural homogeneity 
of the alloy. This combined approach offers a scalable and effective 
solution for high-quality recycling processes as confining ultrasound 
application only during the early stages of solidification may address the 
practical limitations in process development. Furthermore, this com
bined strategy balances cost and environmental considerations, 
leveraging the strengths of each approach to overcome their respective 
limitations. While physical methods are particularly effective for 
refining and homogenising the melt without introducing additional 
materials, chemical methods enable precise phase transformations and 
compositional adjustments. Together, they offer a comprehensive solu
tion for managing Fe-bearing IMCs in recycled alloys, paving the way for 
more efficient and sustainable large-scale recycling processes.

3.4. Effect of cooling, superhating and post-solidification heat treatment

3.4.1. The effect of cooling rate
Al alloys can be cast using various techniques, including gravity 

casting, high-pressure die casting (HPDC), and direct chill (DC) casting. 
Each technique offers a distinct range of cooling rates, influenced by 
factors like mould material and design, casting volume, and distance 
from the centre to the mould walls. DC casting typically exhibits cooling 
rates between 0.1 and 20 ◦C/s [102], while HPDC can achieve rates up to 
1000 ◦C/s [74]. Gravity casting cooling rates can also reach 60 ◦C/s. It is 
important to note that rapid solidification, as observed in HPDC, can 
significantly impact the resulting microstructure, leading to increased 
solute solubility, decreased grain size, altered microsegregation pat
terns, and the potential formation of metastable phases.

The influence of cooling rate on the formation and stability of Fe- 
bearing IMCs in Al–Si alloys has been investigated extensively [91,
104,265–268]. Increasing the cooling rate has been shown to promote 
the formation of metastable phases while suppressing the formation of 
stable IMCs. For instance, the Al3Fe phase can be replaced by the 
metastable Al6Fe phase at higher cooling rates, and the Fe content in the 
eutectic decreases with increasing cooling rate [104,265,266].

In the ternary Al–Si–Fe alloy, various metastable phases, including 
Al3Fe, Al6Fe, and AlmFe, have been observed in the eutectic at high 
cooling rates [102]. Moreover, increasing the cooling rate from 6 to 
8 ◦C/s led to the formation of Al6Fe, α-AlFeSi, and α’-AlFeSi phases. 
Notably, the Al3Fe phase, prevalent at low cooling rates, was absent at 
higher cooling rates [102]. In the Al-0.5Fe-0.2Si alloy system, Griger 
et al. [269] observed the substitution of Al13Fe4 by the α-IMC at cooling 
rates of 2.3 ◦C/s.

Dutta et al. [99] investigated the effects of cooling rate 
(0.04–3.5 ◦C/s) on the eutectic fraction, dendritic arm spacing, and 
refinement of Fe-bearing IMCs in Al–Si–Fe alloys. They found that 
higher cooling rates decrease the Fe:Si ratio in the eutectic, promoting 
the formation of metastable Al6Fe and/or α-IMCs while suppressing the 
Al3Fe phase. The size of secondary phases is also influenced by the bulk 
alloy composition and repeated nucleation during eutectic solidifica
tion. Further research is needed to understand the composition of the 

liquid eutectic and its impact on phase selection. Belmares-Perales et al. 
[270] observed the disappearance of the β-IMC at both high (>3.5 ◦C/s) 
and low (<0.1 ◦C/s) cooling rates, hypothesising that this is related to 
growth kinetics and chemical composition.

Becker et al. [42] observed a cooling rate window for α-IMC for
mation and plate-shaped particle (β and δ-IMC) suppression, bounded at 
both low and high cooling rates, and expanding with increasing Mn 
content. The δ-IMC fraction increases significantly with increased 
cooling rate and slightly with Mn content, while the β-IMC fraction 
decreases. At 0.05 ◦C/s, β-IMC dominates; at 200 ◦C/s, δ-IMC becomes 
the major phase. This phase dominance shift occurs at both low and 
high, but not intermediate, cooling rates. The coexistence of β and δ-IMC 
within single particles suggests multiple formation mechanisms: (1) 
incomplete δ-to-β transformation or (2) direct as-solidified δ and β re
gions. Both relate to how cooling rate affects the reaction pathway 
kinetically, leading to different microstructures. Rapid cooling can 
suppress nucleation, growth, and diffusion, favouring non-equilibrium 
phases. This implies that primary phase crystallisation regions may 
differ significantly from equilibrium predictions, altering the solidifi
cation path. Experimental result has shown that in hypoeutectic Al–Si 
alloys under non-equilibrium solidification, the melt’s Si content rises, 
approaching the δ-IMC region. Thus, δ-IMC can solidify at β-IMC particle 
peripheries. The β and δ-IMC structural similarity makes β a good δ-IMC 
nucleation site. Local compositional variations (e.g., higher Si) can cause 
deviations from the overall path, leading to δ-IMC formation on β-IMC 
even at low cooling rates. Higher cooling rates extend the δ-IMC region 
to lower Si concentrations, increasing the δ-IMC fraction, a trend 
enhanced by Mn. Also noted that with increasing cooling rate, α-Al 
phase sludge particles transition from bulky polyhedral to coarse den
dritic with their volume fraction decreasing. This concentrates IMCs in 
the bulk. Balancing plate-shaped particle suppression against increased 
bulk IMC content (including sludge) is crucial, not only with Mn addi
tions [40,190,194], but also with Mn:Fe ratio adjustments. At 200 ◦C/s, 
smaller, mainly δ-IMC plate-shaped particles appear in eutectic regions. 
At very high cooling rates, sludge is suppressed. However, plate-shaped 
particles can reappear, depending on the Mn:Fe ratio. If these particles 
are within the Al–Si eutectic, their negative impact may be negligible 
[191,271,272], likely due to smaller size.

The cooling rate significantly influences the solidification process, 
grain structures, and morphology of Fe-bearing IMCs in AA6063 Al al
loys [109,110,134]. Slower cooling rates led to larger, more inter
connected IMCs, while faster rates resulted in smaller, less 
interconnected ones. The interconnectivity, size, and morphology of the 
IMCs are determined by the α-Al grain structure and the solute-rich 
liquid surrounding the grain boundaries. While changes in α-Al grain 
structure do not directly affect phase selection, the cooling rate can 
dictate the dominant precipitation of β-IMC (lower rates, 1.1 ◦C/s) or 
α-IMC (higher rates, 16.6 ◦C/s) [110]. Fe-bearing IMCs solidify at the 
intergranular region. The solute-rich liquid around these grain bound
aries governs the interconnectivity and morphology of Fe-bearing IMCs 
[134]. Coarse feathery α-Al grains result in a less interconnected 
network of coarser IMCs, whereas globular structures increase their 
interconnectivity along with some refinement (Fig. 16). Conversely, a 
fine dendritic microstructure enhances chemical uniformity and mini
mises liquid pockets, favouring the formation of a fine, less inter
connected α-IMC, that can be further refined through solutionising heat 
treatment [134,264].

3.4.1.1. The effect of rapid solidification. Rapid solidification processing 
(RSP) techniques, characterised by extremely high cooling rates, offer a 
powerful approach to modify the microstructure and properties of Al 
alloys. Recent research has focused on the potential of high Fe- 
containing Al alloys produced via additive manufacturing (AM) pro
cesses like Laser Powder Bed Fusion (L-PBF) to achieve superior high- 
temperature mechanical properties compared to conventional cast and 
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Fig. 16. Optical microstrucure and schematic illustration of the solidification process, depicting different α-Al morphologies: (a) feathery-dendritic structure with a 
significant β-IMC volume fraction, (b) equiaxed dendritic structure refining both α and β-IMCs, and (c) equiaxed-globular structure with fine β-IMC and small volume 
of eutectic Chinese script α phase. The refinement of IMCs in (b) and (c) is achieved through increasing nucleation sites for IMCs using an inoculant and changing the 
liquid pockets between α-Al. Polarised (a1, b1, c1) and dark field (a2, b2, c2) light microscopy images showing different α-Al grain morphologies and corresponding 
positions of the secondary phases in the same area. It is important to note that this schematic is not drawn to scale. Figure adopted from Ref. [134].

Fig. 17. SEM and TEM image of LPBF-built Al–15Fe alloy samples confirming the presence of nano-scaled Al–Fe phases in grain boundary and within α-Al. Adopted 
from Ref. [274].
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wrought processing [273–279].
The incorporation of Fe in Al alloys is known to enhance high- 

temperature strength, creep resistance, and fatigue life. This enhance
ment is significantly amplified by the rapid cooling rates (reaching up to 
107 ◦C/s) achievable with L-PBF [280]. These extreme cooling rates 
induce several microstructural modifications: 

(1) The RSP suppresses the formation of coarse and equilibrium Fe- 
bearing IMCs typically observed in conventionally processed al
loys. Instead, it promotes the formation of a fine dispersion of 
nano to micron-sized Al–Fe phases (as illustrated in Fig. 17). This 
fine dispersion provides effective strengthening through mecha
nisms like precipitation hardening and Orowan strengthening, 
where the fine particles impede dislocation movement.

(2) RSP extends the solid solubility of Fe in the Al matrix beyond the 
equilibrium limits. This supersaturation of Fe in the α-Al matrix 
can further enhance precipitation hardening during subsequent 
heat treatments or high-temperature service.

(3) Under extreme cooling conditions, metastable phases, which are 
not thermodynamically stable under equilibrium conditions, can 
form. These metastable phases can have unique crystal structures 
and properties that can contribute to improved mechanical 
performance.

(4) The unique thermal history (repeated heating and cooling) of L- 
PBF results in microstructures that are distinct from those ob
tained through traditional casting and wrought thermomechan
ical processes.

As shown in Fig. 17(c), L-PBF can generate unique strengthening 
phases within the α-Al matrix that are not typically observed in con
ventional alloys. These phases, often with intricate morphologies and 
distributions, can significantly contribute to the overall mechanical 
properties, especially at elevated temperatures. RSP can also involve 

refinement of grain structure, formation of cellular or dendritic micro
structures with fine IMC networks, or even formation of amorphous 
regions. For example, L-PBF-processed Al–9Si–3Cu, which contained 1 
wt% Fe, exhibited significantly finer IMC dispersions compared to its 
cast counterpart with 0.65 wt% Fe [278]. This refinement led to a 
remarkable increase in elongation at fracture from 0.6 % (cast) to 5.3 % 
(L-PBF), along with a near doubling of the yield strength. Similarly, 
Yamasaki et al. [279] demonstrated that Al–12Si–1Cu–1Mg–1Ni alloys 
with Fe concentrations up to 5 wt% retained superior strength and 
ductility when processed by L-PBF. These findings suggest that 
impurity-tolerant alloy design could be particularly effective in AM 
applications.

3.4.2. The effect of melt superheating
Superheating influences the characteristics of Fe-bearing IMCs in Al 

alloys, impacting their morphology, size, and distribution. A key benefit 
of superheating is the observed transformation of the detrimental β-IMC 
into α-IMC. This transformation, coupled with RSP, leads to a cascade of 
microstructural improvements: reduced interdendritic spacing, refined 
eutectic constituents, and decreased grain size, ultimately enhancing 
mechanical properties as shown in Fig. 18 [281–284].

While high superheating temperatures (above 500 ◦C) decrease the 
number and size of nucleation sites, they do not eliminate them entirely 
[281]. The β-IMC has a propensity to nucleate on fine γ-Al2O3 inclusions, 
while α-Al2O3 inclusions appear to be less conducive to its formation. 
This suggests that the transformation of γ-Al2O3 to α-Al2O3 during 
superheating might play a role in suppressing β-IMC formation [285]. 
However, it’s important to acknowledge that superheating can also 
introduce challenges, such as increased hydrogen and oxide inclusion 
concentrations in the melt, potentially affecting overall alloy quality.

Superheating has proven particularly effective in refining the α-IMC, 
even surpassing the effects of Mn additions in alloys with 1 % Fe [271,
286]. Experiential evidence demonstrates that relatively high melt 

Fig. 18. Microstructural and mechanical properties comparison of two Fe containing alloys cast in (a) metal gravity casting and (b) HPDC, demonstrating a sig
nificant reduction in the size and distribution of Fe-bearing IMCs. Figure redrawn from Refs. [283,284].
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superheating enhances the mechanical properties of Al–Mg–Si–Mn al
loys. Improvements in yield strength, ultimate tensile strength, and 
elongation are observed as a result of the refined Fe-bearing IMCs and 
α-Al grains. Studies on alloys with 1.12 % and 1.94 % iron content, 
across a melt temperature range of 720 ◦C–1000 ◦C, confirm that 
superheating transforms coarse β-IMC plates into more compact, glob
ular structures, leading to substantial gains in strength and ductility in 
the cast alloys (Fig. 18(a)) [284]. At the atomic level, higher melt 
temperatures reduce the size of atomic clusters and diminish the number 
of heterogeneous nucleation sites. This promotes greater undercooling 
and increased nucleation rates, which, in turn, drive simultaneous grain 
growth, reduce solidification time, and refine the as-cast microstructure. 
In HPDC, the significantly higher cooling rates (up to 1000 ◦C/s) in the 
die cavity compared to gravity casting further amplify undercooling and 
promote the formation of fine Fe-bearing IMC particles (Fig. 18(b)) 
[283].

3.4.3. The effect of post-solidification heat treatment
Post-solidification heat treatment, including solutionising, homoge

nisation, and aging plays a crucial role in modifying the morphology, 
stability, and mechanical impact of Fe-bearing IMCs in Al alloys. These 
processes enhance microstructural refinement, improve mechanical 
properties, and optimise the alloy’s performance.

Solution heat treatment (SHT) significantly alters the morphology of 
Fe-bearing IMCs in cast Al–Si–Cu alloys. At high solutionising temper
atures, β-IMC plates dissolve and fragment, reducing their width and 
thickness, which refines the microstructure [286]. Conversely, lower 
solutionising temperatures induce necking and splitting of β-IMC plates, 
shortening their length without altering their thickness (Fig. 19) [287]. 
These transformations mitigate the detrimental effects of coarse 
Fe-bearing IMCs, improving the alloy’s ductility and toughness. In 
addition, solid-state transformations between different Fe-bearing IMCs 
can occur during SHT. Studies on 2xxx series Al–Cu cast alloys have 
demonstrated the transformation of AlmFe to β-Al7Cu2Fe, driven by 
nucleation and growth mechanisms. These transformations are crucial 
for breaking up large Fe-bearing IMC particles, enhancing hot work
ability, and refining the microstructure.

Homogenisation heat treatment further refines Fe-bearing phases by 
promoting the transformation of β into α-IMC. This transformation oc
curs through a eutectoid decomposition mechanism, where β-IMC 

decomposes into α-IMC and an Al solid solution. The nucleation of the 
α-IMC at the particle–matrix interfaces is followed by rapid growth, 
effectively replacing the β-IMC [288]. Mn acts as a catalyst, accelerating 
diffusion and facilitating the formation of the α-IMC, which is beneficial 
for mechanical properties [288]. Experimental studies have demon
strated that intermediate homogenisation temperatures lead to the 
transformation of fragmented plate-like Fe-bearing IMCs into the α-IMC. 
However, prolonged heat treatment can induce coarsening of the α-IMC 
and spheroidisation of the β-IMC. Ibrahim et al. [289] reported that 
homogenisation promotes the transformation of fragmented Fe-bearing 
IMCs into α-IMC structures, leading to a more uniform microstructure. 
Similarly, Tanihata et al. [290] observed that at 858 K for 54 ks, a 
substantial amount of the α-IMC remained, but extending the treatment 
to 2400 ks resulted in the formation of an α’ phase and a reduction in 
β-IMC content. These findings indicate that optimising homogenisation 
parameters is essential for achieving a refined and stable microstructure.

The thermal stability of Fe-bearing IMCs is particularly relevant in 
ultrafine-grained (UFG) Al alloys. In Al–2 %Fe alloys, severe plastic 
deformation (SPD) followed by heat treatment can lead to the partial 
dissolution of metastable Al6Fe particles, forming a Fe-supersaturated 
solid solution [291]. During annealing, nanoscale Fe-bearing pre
cipitates nucleate and pin grain boundaries, preventing excessive grain 
growth. This process stabilises the fine-grained structure, preserving 
grain sizes as small as 300 nm even after exposure to 250 ◦C for 1 h. 
Strengthening mechanisms in heat-treated alloys include grain bound
ary strengthening, dislocation hardening, and precipitation hardening. 
In UFG Al alloys, grain boundaries and dislocations each contribute 
approximately 40 % to microhardness, while nanoscale Fe particles and 
solid solution strengthening account for the remainder. Aging further 
modifies Fe-bearing IMCs, with Al6Fe particles undergoing limited 
growth and Al13Fe4 precipitating at defects. Strain-induced defects, such 
as dislocations and grain boundaries, enhance diffusion and accelerate 
precipitation kinetics, improving the alloy’s mechanical performance.

In wrought Al alloys, Fe-bearing IMCs influence mechanical prop
erties through their morphology and transformation behaviour [106,
292–294]. The Chinese-script α-IMC morphology is preferred due to its 
superior dissolution characteristics during homogenisation, resulting in 
a more uniform microstructure. Processing conditions including tem
perature, time, and cooling rate significantly impact the dissolution and 
transformation of Fe-bearing IMCs. By optimising these parameters, 

Fig. 19. Effect of solution treatment on α and β-IMC of Al-6.5Cu–1Si-0.6Mn-0.5F: (a) to (c) optical microstructure and (d) to (f) TEM microstructure with increasing 
solutionisation and heat treatment time. Increasing solutionisation time led to reduction of IMC particle size through dissolution, coarsening and fragmentation. Heat 
treatment led to precipitation within Al matrix (θ (Al2Cu), T (Al20Cu2Mn3), and α-Fe phases). Figure adopted from Ref. [287].
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post-solidification heat treatment effectively refines Fe-bearing IMCs, 
enhances microstructural homogeneity, and improves alloy perfor
mance [295].

4. Role of Fe-bearing intermetallics in porosity development

Porosity formation is a common occurrence in commercial Al alloys 
during casting, influenced by a set of factors including the casting pro
cess, mould design, thermal and environmental conditions, melt 
feeding, riser/gate design, and applied pressure [296–298]. The pres
ence of hydrogen, inclusions, trace elements, and minor elements can 
also play a role in porosity development. Notably, several studies have 
correlated increased porosity with the presence of β-IMC platelets [25,
31,299]. Given the prevalence of Fe in Al–Si alloys and its impact on 
porosity, extensive research has explored the underlying mechanisms 
and proposed various theories to explain this phenomenon.

4.1. Intermetallics role in obstructing feeding

The prevailing theory suggests that the formation of β-IMC platelets 
in the interdendritic regions is the primary cause of porosity develop
ment in Al alloys [31]. These platelets can obstruct liquid feeding, 
leading to hot tearing and voids (Fig. 20). However, Taylor et al. [297,
298] found no direct correlation between porosity and 
shrinkage-induced micro-gaps, proposing instead that the β-IMC in
fluences the nucleation and growth of eutectic Si. While some studies 
have observed a direct relationship between porosity and Fe content, 
this correlation appears limited to alloys containing trace elements like 
Cu, Mn, and Sr, which can alter the solidification sequence [297,298]. 
An in-situ study further supports this observation [121], highlighting the 
complex relationship between various factors in porosity formation.

4.2. Pore nucleation and growth restraint

Roy et al. [299] proposed that the presence of Fe in Al–Si alloys in
creases porosity, with β-IMC platelets acting as nucleation sites for 
pores. They suggested a linear relationship between the volume fraction 
of β-IMC platelets and porosity levels, implying that more β-IMC plate
lets lead to more nucleation sites and consequently, increased porosity. 
However, this theory requires further investigation due to limited un
derstanding of how porosity forms as a function of β-IMC platelet vol
ume fraction, and insufficient observations on the impact of β-IMC 
platelets on pore nucleation.

In-situ experiments have revealed that while the β-IMC itself does not 
nucleate porosity, pores tend to grow along its surface [121]. This is due 
to the β-IMC’s lower interfacial energy with the gas-solid interface 
compared to α-Al, promoting pore growth. Moreover, while IMCs do not 

directly nucleate pores, they obstruct interdendritic channels, thereby 
decreasing shrinkage feeding and porosity permeability. This highlights 
the complex relationship of factors influencing porosity formation in 
Al–Si alloys, extending beyond the role of β-IMC platelets alone.

4.3. Nucleation of the Al–Si eutectic by intermetallics

Taylor et al. [296–298] proposed that porosity development in Al–Si 
alloys is linked to β-IMC platelets acting as nucleation sites for eutectic 
Si. Their analysis of the ternary Al–Si–Fe phase diagram (Fig. 21) 
highlighted a correlation between Fe content and porosity, specifically 
related to the formation of the Al–Si–Al5FeSi ternary eutectic. They 
found that critical Fe content, defined by a specific Fe and Si composi
tion line, led to the most permeable structures due to fine Al–Si eutectic 
nucleation on β-IMC platelets. The solidification path and directional 
changes at the ternary eutectic point were identified as influential fac
tors in porosity susceptibility. However, it is important to note that 
defects can still arise under poor casting conditions, regardless of Fe 
content.

Taylor’s model [296–298] predicted low porosity permeability at 
critical Fe levels in Al alloys, but subsequent studies have yielded 
varying results. For instance, Al–10Si–1Cu alloy castings with approxi
mately 0.7 wt% Fe exhibited low porosity, while Al–5Si–1Cu castings 
showed higher porosity. Otte et al. [300] modified Taylor’s theory, 
finding that porosity in Al–9Si-0.5Mg–3Cu castings was not directly 
linked to eutectic grain nucleation on β-IMC platelets and that no min
imum Fe content was required for porosity formation in this specific 
alloy. They suggested that the solid/liquid interface morphology may 
directly influence porosity, with high Fe concentrations in Al–Si eutectic 
grains leading to increased interfacial area and decreased porosity 
permeability. The discrepancies between Taylor’s and Otte’s models 
may be attributed to differences in Cu concentrations.

4.4. Effect of alloying elements

The concentration of Fe and Si in Al alloys significantly influences 
the formation of residual liquids, which, in turn, enrich β-IMC platelets 
and promote the development of solid fractions prior to the Al–Si-β 
ternary eutectic reaction. This ternary eutectic, composed of 11.5 % Si 
and 0.8 % Fe, is a critical point in the solidification process. Any alter
ation in the solidification sequence, particularly those affecting inter
dendritic permeability, can lead to porosity formation.

The addition of trace elements like Cu and Mn to Al–Si foundry alloys 
can further modulate porosity levels. While Mn has been observed to 
increase porosity [201], Cu tends to reduce it. However, the interplay 

Fig. 20. Shrinkage porosity formation surrounded by β-Al5FeSi platelets (from 
authors’ work).

Fig. 21. The calculated segregation lines (freezing/solidification paths) across 
the liquidus surface of the Al–Si–Fe ternary phase diagram. These calculations 
are based on three different solidification models for AA309 alloy, varying in 
iron content. The fraction solid values at the eutectic trough intersections 
(points a, b, c, and d) are roughly 35, 46, 57, and 61 %, respectively. 
Figure redrawn from Ref. [297].
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between Fe, the specific solidification sequence, and trace elements such 
as Mn, Ca, Sr, and Be adds complexity to understanding the precise 
mechanisms underlying porosity formation. Although high Fe levels are 
generally associated with increased porosity, further research is needed 
to fully explain the specific relationship between Fe content and porosity 
levels in Al–Si alloys, considering the complex interactions with other 
alloying elements and solidification parameters.

5. Influence of Fe-bearing intermetallics on properties

5.1. Mechanical properties

The presence, morphology, and distribution of Fe-bearing IMCs exert 
a significant influence on the mechanical properties of Al alloys, 
particularly in cast and wrought Al alloys [1,2,25–27]. Plate-like IMCs, 
especially the β-IMC, are detrimental to ductility, fatigue resistance, 
formability, and processability [33]. Beyond their direct impact on 
mechanical properties, these IMCs can also exacerbate porosity forma
tion, as discussed earlier. During thermomechanical processing (e.g., 
extrusion, rolling), Fe-bearing IMCs can act as stress concentrators, 
contributing to the formation of cavities or cracks. While any form of 
IMC can reduce ductility, morphology is crucial. The finer, more 
rounded α-IMC is generally preferred over the plate-like β-IMC in both 
cast and wrought alloys. Refined IMCs facilitate slip movement, as dis
locations can bypass small, rounded particles more easily than faceted 
structures.

Fe-bearing IMCs are inherently brittle and prone to fracture under 
tensile loading [301,302]. As shown in in-situ tensile testing (Fig. 22
(a)), microcracks initiate frequently around these IMCs, and their sub
sequent propagation can lead to ultimate material failure [162–166,
303]. Studies have shown a strong correlation between particle size 
distribution and fracture strain [304]. Smaller average particle sizes lead 
to higher fracture strains, with particles larger than 5 μm being partic
ularly susceptible to fracture [305]. Furthermore, coarser particles 
(>3–4 μm) are prone to multiple fractures, increasing the local crack 
density and accelerating damage propagation. The mechanism of 

particle failure is either by fracture or decohesion from the matrix [304], 
depending on factors like morphology, size, alignment, and the stress 
mismatch between the IMC and the matrix. Specifically, as illustrated in 
Fig. 22(b), the size of β-IMCs plays a crucial role in determining the 
strength of the material. Matrix hardness also plays a role; in softer 
matrices debonding is favoured while in harder matrices particle frac
ture is more common [306]. Both decohesion and cracking increase with 
plastic strain, but in hard matrices, cracking occurs at lower strains and 
increases sharply with further strain. Particle morphology significantly 
affects strain localisation and damage mechanisms. Plate-like β-IMC is 
more detrimental than round α-IMC due to its elongated shape [307,
308]. β-IMC particles aligned parallel to the loading direction tend to 
fracture easily, while those perpendicular, along with α-IMC, typically 
lead to void nucleation through debonding. Generally, particles with a 
long axis at an angle >45◦ to the loading direction tend to decohere, 
while those at smaller angles crack. Larger plate-like particles often 
fracture into multiple fragments [307]. Increased Fe generally reduces 
ductility while slightly increasing yield strength [100]. Low Fe content 
(<0.06 wt%) can increase toughness due to dispersoids, but higher Fe 
content (~0.3 wt%) decreases it due to coarse IMC formation [100, 
888]. Furthermore, the quantitative impact of Fe-bearing IMCs on me
chanical properties varies across alloy types. In cast Al–Si alloys, each 
0.1 wt% increase in Fe content can increase tensile and yield strength by 
3–5 MPa but reduce elongation by approximately 2 % (Fig. 22 (c)) 
[309]. Coarse β-IMC can substantially reduce yield strength by up to 20 
% compared to alloys containing only fine α-IMC particles. An increase 
in the volume fraction of β-IMC in these alloys negatively impacts 
fracture toughness. Conversely, modifying the morphology of 
Fe-bearing IMCs from plate-like to script-like can improve fatigue life by 
10–20 % [164,310–312].

As discussed previously, modifying Fe-bearing IMCs through alloy
ing additions or any other means offers a pathway to alter mechanical 
properties. For example, Co additions, while influencing Fe distribution 
through the formation of Al7(Fe,Co)Cu2, can increase the volume frac
tion of plate-like IMCs, leading to decreased mechanical properties (e.g., 
a reduction from 385.7 MPa to 309.6 MPa) [261]. Mn additions, on the 

Fig. 22. (a) Progression of cracking in the Al-8.5Si-0.84Fe-0.92Mn alloy with increasing elongation [303]. (b) Ultimate tensile strength (UTS) as a function of the 
maximum Fe-bearing IMC particle equivalent diameter in the Al-7.3Si-3.5Cu-0.3Mg-0.75Ti alloy with modification [261]. (c) Variation in mechanical properties with 
increasing Fe content (wt.%) in Al–3Mg-0.9Mn-xFe based alloys [309].
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other hand, refine the size of Fe-bearing IMCs and promote the β-to-α 
IMC transformation, generally improving mechanical properties (e.g., 
an increase from 385.7 MPa to 427.9 MPa). Cr additions, by influencing 
Fe distribution through Al13Cr4 and Al7(Fe,Cr) formation, have a less 
pronounced effect than Mn (e.g., a 3.1 % improvement). Combined 
additions can also have complex effects. Be, Ca, and Sr additions to 
Al–7Si-0.3Mg-0.8Fe alloys improve impact strength [208] by modifying 
eutectic Si and refining β-IMCs. However, combining these elements 
with Mn (Be + Mn, Ca +Mn, Sr + Mn) reduces impact strength 
compared to individual additions [205], highlighting the need for 
careful optimisation. In wrought Al alloys, Fe-bearing IMCs significantly 
influence mechanical properties. Increased Fe content generally reduces 
ductility while slightly increasing yield strength [46]. While low Fe 
content (<0.06 wt%) can improve toughness due to dispersoids, higher 
Fe content (~0.3 wt%) leads to a decrease in toughness due to the for
mation of coarse IMCs [46,313]. Lower Si content enhances the spher
oidisation of these IMCs [12]. Mg content, while not significantly 
affecting Fe-bearing IMCs, influences the formation of Mg2Si particles 
and can promote the formation of π-Al8FeMg3Si6, which exhibits a 
Chinese-script morphology [308]. In 5xxx and 6xxx alloys, course and 
flake shaped IMCs can decrease fatigue life by 20–35 % compared to 
alloys with predominantly fine and well distributed particles [314,315]. 
AM alloys can increase strength up 950 MPa, however, ductility reduced 
to around 3 % [316]. High-strength 2xxx and 7xxx series alloys are also 
affected. Large, blocky Al7Cu2Fe IMC can decrease tensile strength by 
10–15 % compared to alloys with smaller IMCs or less Fe containing 
alloys [317]. However, modifying the morphology of IMCs from 
plate-like to script-like in these alloys can notably improve fracture 
toughness by 15 %. These quantitative examples highlight the impor
tance of controlling the formation and morphology of IMCs to tailor the 
mechanical properties of Al alloys for specific applications. Therefore, 
controlling the morphology and distribution of Fe-bearing IMCs, 
through alloying and processing techniques like those discussed previ
ously (UT, EMS, shearing), is crucial for tailoring the mechanical 
properties of Al alloys.

5.2. Corrosion properties

The presence and morphology of Fe-bearing IMCs significantly in
fluence the corrosion behaviour of Al alloys, with varying impacts 
observed across different alloy types [12,26–30,113,318–325].

In cast Al–Si alloys, Fe-bearing IMCs, particularly the β-IMC, play a 
crucial role in determining corrosion behaviour [323]. The β-IMC ex
hibits a higher corrosion potential (nobility) compared to the Al matrix. 
In aggressive environments, the combination of the Al matrix and the 
β-IMC leads to the formation of a microgalvanic cell, wherein the Al 
matrix acts as the anode (undergoing oxidation) and the β-IMC serves as 
the cathode (site of the reduction reactions) [318,319]. The oxidation of 
the Al matrix surrounding the β-IMC results in its dissolution into the 
environment. Once the Al matrix in the vicinity of the IMC is completely 
dissolved, the β-IMC detaches from the matrix. This detachment exposes 
a new Al matrix surface, leading to the formation of a secondary 
microgalvanic cell, where the newly exposed Al matrix acts as the anode, 
and the Al passive film functions as the cathode, initiating pit formation. 
This type of localised corrosion, known as galvanic corrosion, arises 
from the galvanic cell formation within the alloy. The detachment of the 
β-IMC or other IMCs during galvanic corrosion disrupts the passive film, 
compromising its integrity and further accelerating corrosion (Fig. 23). 
The plate-like morphology of the β-IMC exacerbates this effect by 
providing a large cathodic surface area.

In common cast Al–Si alloys, increased Fe content has been linked to 
reduced corrosion resistance due to the higher area fraction of Fe- 
bearing IMCs [323]. The extent and rate of galvanic corrosion are 
amplified by an increased cathodic/anodic area ratio. Additionally, the 
presence of coarse β-IMC platelets has been associated with greater 
susceptibility to pitting corrosion, as these IMCs can serve as initiation 
sites for localised corrosion attacks.

In wrought Al alloys, the effect of Fe-bearing IMCs on corrosion is 
less pronounced but still significant. In wrought 6061 Al alloy, Park et al. 
[324] observed that corrosion pits initiate at Al3Fe sites in Al-6061 when 
exposed to aerated 0.6 M NaCl solution. Al3Fe also contributes to 
microgalvanic cell formation due to its cathodic effect on the Al matrix. 
In 2xxx series alloys, the presence of AlFeMnSi dispersoids can enhance 

Fig. 23. Wrought 5182 Al alloy after Potentiodynamic Polarisation test (exposed to 0.6 M of sodium chloride) showing pitting corrosion initiation through Fe- 
bearing IMC (from authors’ work).
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pitting corrosion resistance by acting as barriers to pit growth. These 
dispersoids contribute to the formation and stability of the passive film. 
Additionally, Al–Mg alloys containing Sr and Zr, produced through AM, 
exhibit improved corrosion resistance due to the presence of fine IMCs 
[321]. Sr and Zr promote the formation and enhance the stability of the 
Al passive film [321]. However, in high-strength 7xxx series alloys, large 
Al7Cu2Fe IMCs can be detrimental to corrosion resistance due to their 
significant electrochemical potential difference relative to the matrix, 
leading to localised galvanic corrosion. The rate of galvanic corrosion 
increases with greater potential differences between phases [322].

Generally, fine and well-dispersed IMCs are less detrimental than 
coarse, plate-like ones. The specific impact of IMCs is influenced by their 
type, morphology, and distribution, as well as the alloy composition and 
environmental conditions. Understanding these effects is crucial for 
developing corrosion-resistant Al alloys and optimising their perfor
mance in various applications.

6. Outlook for aluminium recycling

Al recycling presents a far more sustainable and energy-efficient 
alternative to primary Al production. Recycling Al consumes only 
about 5 % of the energy required for primary production, resulting in 
significant energy savings. The recycling process typically requires 3–6 
MJ/kg of Al, while primary Al production demands 60–80 MJ/kg. In 
addition, recycling significantly lowers the carbon emission to only 
0.5–1.0 kg CO2 per kg of Al as compared to 12–16.6 kg CO2 per kg for 
primary production [10]. This highlights the substantial environmental 
benefits of Al recycling, especially as the global manufacturing industry 
pushes for greater sustainability.

The Al recycling process involves several stages, each with varying 
energy requirements and emissions, depending on scrap quality and the 
technologies employed. Closed-loop recycling of high-quality, low- 
contaminant scrap stands out as one of the most energy-efficient ap
proaches (Fig. 24) [11]. Such scrap is more predictable and easier to 
process, requiring less sorting, improving material quality, and leading 
to higher recycling rates. A prime example of efficient closed-loop 
recycling is the beverage can industry. Used beverage cans, which are 
cleaned and melted down to produce new cans, have a high recycling 
rate up to 70 % or more in some regions [326]. The consistent quality of 
the scrap and established collection systems make this a highly sus
tainable and energy-efficient recycling method.

In the automotive industry, a shift has occurred toward recycling 
production scrap, such as those generated during forming or punching 
operations (e.g., car doors). This scrap is directly supplied to Al manu
facturers before being mixed with other alloys. By recycling this 
manufacturing waste through closed-loop systems, the industry en
hances recycling efficiency and reduces the need for additional sorting 
and processing, contributing to lower energy consumption and carbon 

emissions.
Closed-loop recycling also plays a significant role in stabilising Al 

prices and reducing price volatility, benefiting Original Equipment 
Manufacturers (OEMs). Al prices can fluctuate due to global supply and 
demand, energy costs, and geopolitical factors. Such price shifts create 
uncertainty, making it difficult for OEMs to manage production costs 
effectively. By adopting closed-loop recycling, OEMs can secure a 
consistent and cost-effective supply of Al, particularly from high-quality 
scrap like beverage cans and automotive production waste. This reduces 
dependence on primary Al, which is more vulnerable to price fluctua
tions, helping manufacturers maintain predictable costs and avoid hes
itation in using Al in production. Moreover, the closed-loop system 
ensures a steady supply of Al, allowing OEMs to plan material needs 
with greater certainty, thereby ensuring competitive pricing and mini
mising production delays.

Effective sorting of general Al scrap is crucial for maximising recy
cling efficiency and ensuring the quality of the final product, which can 
be achieved using technologies like X-ray transmission. However, 
recycling companies often classify scrap into broad categories, such as 
cast and wrought alloys, based on product type and scrap volume. This 
general sorting often leads to downcycling, which reduces the potential 
value of the recycled material. Cast alloys are more impurity-tolerant 
and easier to recycle, while wrought alloys lose significant value due 
to the introduction of impurities during recycling and corresponding 
degradation of mechanical properties. The inefficiency of sorting can 
diminish the quality of the recycled material and limit its use in high- 
value applications. Although sorting and shredding in the recycling 
process are energy-efficient compared to primary production, the loss of 
material quality and value due to inadequate sorting remains a key 
limitation. Innovations in sorting and separation technologies are 
needed to enhance the efficiency of recycling processes. Technologies 
such as sensor-based sorting, advanced eddy current separation, and 
machine learning algorithms can more accurately identify and separate 
different Al alloys, minimising contamination and improving the quality 
of the recycled material. These innovations could significantly reduce 
downcycling and increase the value of recycled Al. This will also help 
prevent cross-contamination with other alloys, such as steel, where Al 
and Cu must be avoided during recycling.

The global trade of Al exhibits a complex flow, with developed na
tions frequently importing primary Al while simultaneously exporting Al 
scrap, often to developing countries. This two-way trade presents sig
nificant economic and environmental sustainability concerns. Econom
ically, developed nations generally receive lower market value for the 
exported scrap compared to the value of primary Al or semi-finished 
products. Environmentally, the long-distance maritime transport 
inherent in this trade pattern generates substantial carbon emissions, 
exacerbating the overall lifecycle carbon footprint of Al production and 
consumption. This practice thus undermines global efforts towards a 

Fig. 24. Aluminium production process, illustrating both open-loop and closed-loop recycling.
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circular economy and sustainable resource management.
Collaboration between Al manufacturers, OEMs, and recycling 

companies is essential to improve recycling rates and create more effi
cient closed-loop systems. By adopting Design for Recycling (DFR) prin
ciples, OEMs can design products with end-of-life recyclability in mind, 
ensuring that materials are easier to disassemble and separate during 
recycling. This can improve the efficiency of recycling operations and 
reduce contamination. Al manufacturers can provide guidance to OEMs 
on the recyclability of materials and help standardise alloy composition 
to facilitate smoother recycling processes. Recycling companies, in turn, 
can invest in advanced sorting technologies to enhance the quality of the 
recycled material, ensuring that more Al can be used in high-value 
applications.

Ultimately, the success of closed-loop recycling depends on creating 
a more circular supply chain, where Al products are continuously 
recycled back into production processes. By fostering collaboration 
across the entire value chain from product design to recycling, stake
holders can help overcome current limitations and increase recycling 
rates, making Al production more sustainable and cost-effective. Such 
collaborations will not only improve recycling efficiency but also reduce 
the reliance on primary Al, supporting a circular economy that priori
tises sustainability and resource efficiency. Incorporating DFR princi
ples, improving recycling technologies, and enhancing communication 
between stakeholders will allow the Al industry to transition toward a 
more sustainable, closed-loop system. These efforts will not only pro
mote environmental benefits but also make Al manufacturing more 
competitive and less reliant on volatile primary production, contributing 
to a more sustainable and resilient global economy.

6.1. Designing impurity-tolerant alloys for sustainable manufacturing

The push for sustainability in metal manufacturing necessitates 
innovative strategies for alloy design that can accommodate higher 
impurity levels while maintaining or even enhancing performance. 
Traditionally, impurities in Al alloys have been regarded as detrimental, 
affecting phase equilibria, mechanical and corrosion properties, and 
recyclability, as discussed in the previous sections. However, emerging 
research suggests that certain impurity elements, particularly Fe, can be 
leveraged to develop impurity-tolerant alloys suitable for both conven
tional and advanced manufacturing processes such as AM. These stra
tegies can significantly reduce reliance on high-purity primary Al, 
facilitating the use of secondary (recycled) Al and contributing to lower 
carbon emissions. Following approaches can be explored to design next 
generation impurity tolerant alloys: 

(1) Microstructural refinement via RSP/AM: Investigations into L- 
PBF processed Al alloys with higher Fe impurity levels demon
strate that RSP significantly refines Fe-bearing IMCs, as detailed 
in Section 3.4.1.1. This microstructural refinement effectively 
mitigates the detrimental effects of increased Fe and other re
sidual elements, leading to enhanced mechanical properties. 
Consequently, L-PBF enables the development of tailored Al–Fe 
alloys with superior properties for high-temperature applications 
in aerospace, automotive, and energy sectors. Optimal control of 
L-PBF parameters and alloy composition is crucial for achieving 
the desired balance of strength, creep resistance, and fatigue life. 
However, the specific IMC phases and their morphology remain 
dependent on precise alloy composition and L-PBF parameters, 
necessitating further research to comprehensively understand 
their complex interplay. Future AM research could explore the 
incorporation of peritectic-forming elements, such as Zr, to 
induce the formation of novel IMCs that refine α-Al grains. These 
IMCs can enhance microstructural stability and improve high- 
temperature properties above 200 ◦C, expanding the potential 
applications of impurity-tolerant Al alloys in aerospace and 
automotive industries. Leveraging advanced alloy design in AM 

allows for systematic control of impurity-driven phase formation, 
ultimately enabling superior mechanical performance in recycled 
Al-based components

(2) Strategies for trace alloying elements: Beyond AM, the stra
tegic incorporation of Fe and Mn into Al alloys has shown sig
nificant potential for enhancing mechanical properties while 
maintaining processability. Patent disclosures from AMAG Cast
ing GmbH and AUDI AG [327] demonstrate that adding 0.5–1 wt. 
% Fe to Mn-modified wrought Al alloys in the 5xxx, 6xxx, and 
7xxx series leads to improvements in tensile strength, elongation, 
and resistance to hot cracking. These findings suggest that 
controlled Fe additions, when combined with Mn, can enhance 
alloy performance while expanding the use of secondary Al. 
Additionally, research indicates that the addition of elements 
such as Sr, Ti, and GR, in conjunction with cooling rate control 
and external field applications, significantly influences the 
modification of Fe-bearing IMCs. This is particularly important 
because, as is well known, impurities are often found to become 
accumulated in dispersoids, in IMCs, in the bulk, and at grain 
boundaries, posing challenges to the use of recycled materials. To 
fully exploit these strategies, systematic investigations are 
necessary to establish the complete processing window and 
maximise impurity tolerance. A deeper understanding of phase 
transformations is essential for optimising alloy design, enabling 
more effective impurity management in recycled and secondary 
Al alloys.

(3) Crossover and multi-purpose alloy development: An alterna
tive strategy involves developing “crossover alloys” that bridge 
traditionally distinct alloy classes to enhance impurity tolerance 
and recyclability. Research on 5xxx-7xxx crossover alloys [12], 
for instance, has explored the combined addition of Zn and Cu to 
5xxx series Al, enabling age hardening without compromising 
formability. This approach not only improves strength but also 
enhances recyclability by reducing the number of distinct alloy 
compositions used in manufacturing. This concept can be further 
extended to 6xxx and 2xxx series alloys, offering additional 
benefits in strength, processability, and sustainability. For 
instance, incorporating Cu into 6xxx series alloys can enhance 
strength while maintaining extrudability, whereas integrating 
Mg–Si into 2xxx series alloys can improve weldability and reduce 
quench sensitivity. A key challenge in crossover alloy develop
ment is managing impurity tolerance, particularly the influence 
of Fe and Si on mechanical properties. Strategies to suppress 
detrimental β-IMCs through controlled additions of Mn, Cr, or 
REE elements could be instrumental in optimising alloy perfor
mance. Additionally, advancements in processing techniques, 
such as controlled solidification, thermomechanical treatments, 
and external field applications (e.g., UT, EMS), offer new path
ways to refine Fe-bearing IMCs and improve overall alloy quality. 
To accelerate the design of these multi-purpose alloys, compu
tational thermodynamics and machine learning models can be 
leveraged to predict phase stability and optimise 
composition-processing-property relationships. A systematic, 
multi-disciplinary approach, combining alloy development, 
advanced processing methods, and recyclability assessments, will 
be crucial in creating high-performance, impurity-tolerant Al al
loys that align with the demands of both industry and sustainable 
manufacturing.

(4) Process optimisation for sustainable recycling: Research has 
also explored novel processing techniques to accommodate im
purities in Al alloys. For example, high-speed twin-roll casting 
has been investigated as a method for integrating higher impurity 
levels into recycled Al streams without significantly degrading 
mechanical performance. This method has shown that alloys such 
as 5182 can tolerate up to 2 wt% Si while retaining good draw
ability and ductility, suggesting potential pathways for broader 
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industrial adoption [328]. Advanced solidification control 
methods, such as ultrasonic melt treatment and electromagnetic 
stirring, have demonstrated effectiveness in breaking up 
Fe-bearing IMCs, leading to finer and more dispersed phases. To 
complement these approaches, gradient thermal treatments are 
being explored to optimise phase transformations, particularly in 
high-impurity 5xxx, 6xxx, and 2xxx alloys. Also, the strong 
dependence of the nature and morphology of Fe-bearing IMCs on 
the prevalent cooling rate during solidification, as discussed in 
previous sections, allows process optimisation for controlling 
Fe-IMCs. Precise control and tailoring of cooling rates during 
conventional casting-based processing can improve material 
performance in recycled Al alloys. By integrating computational 
alloy design and machine learning, researchers are accelerating 
the development of impurity-tolerant processing pathways, 
ensuring efficient adaptation to high-recycled-content Al streams.

Despite these promising developments, key gaps remain in the 
widespread implementation of impurity-tolerant alloys. Most current 
studies focus on mechanical performance, with limited research on how 
impurity levels impact corrosion resistance, fatigue behaviour, and long- 
term stability in different processing environments. Moreover, while AM 
techniques like L-PBF demonstrate high impurity tolerance, their scal
ability and cost-effectiveness for mass production remain challenging. 
Additional research is needed to establish grade-specific impurity 
thresholds for various alloy families, ensuring consistent performance 
across different manufacturing conditions.

Furthermore, while impurity-tolerant alloy design offers clear sus
tainability benefits, industrial adoption will require alignment with 
existing standards and regulatory frameworks. The integration of 
crossover alloys into mainstream manufacturing will depend on 
demonstrating their long-term performance, recyclability, and cost- 
effectiveness compared to traditional alloys.

7. Summary and outlook

Al is a key material for a sustainable future due to its recyclability, 
lightweight, strength, and durability. As the demand for Al continues to 
grow in industries like construction, automotive, aviation, and pack
aging, its role in the circular economy becomes even more critical. By 
2050, the amount of recycled Al is projected to double, underscoring the 
need to address challenges and seize opportunities in Al recycling. 
Recycling Al not only conserves natural resources but also offers sig
nificant energy savings (95 %) and helps reduce greenhouse gas 
emissions.

A major challenge in Al recycling is the accumulation of impurities, 
particularly Fe, which complicates the recycling process due to the 
harmful effect of Fe-based IMCs on the mechanical and chemical prop
erties of Al, especially in the presence of common alloying elements like 
Si. Significant research on the formation of such IMCs has identified 
complex interdependencies on the alloy chemistry and processing pa
rameters, with a comprehensive understanding in mitigating their 
detrimental impact still remaining elusive. The mixing of different Al 
grades during recycling further complicates the task. To address these 
challenges, future research should prioritise a comprehensive, inte
grated approach to Fe mitigation in Al alloys. Strategies encompassing 
processing, alloying, physical methods, solidification control, and heat 
treatment require further refinement. Specifically, the influence of 
cooling rate modulation in advanced manufacturing techniques such as 
HPDC and AM on Fe-bearing IMC formation necessitates detailed 
investigation. Solidification control, leveraging increased cooling rates 
and peritectic elements like Zr, Ti, or GR, offers promising avenues for 
minimising IMC growth. Optimised heat treatment protocols are crucial 
for further refining IMC microstructures. A critical focus should be 
placed on elucidating the complex multi-elemental effects on IMC 
modification. Leveraging thermodynamic data and machine learning 

techniques will enable predictive modeling and optimisation of alloying 
strategies, minimising elemental usage while maximising Fe tolerance. 
Physical methods, such as ultrasonication, hold potential for large-scale 
IMC refinement, but require further optimisation and strategy for in
dustrial implementation.

Beyond these processing-focused strategies, several key areas de
mand deeper investigation. Firstly, the nucleation mechanisms of Fe- 
bearing IMCs on inoculants require detailed study to understand the 
influence of alloying elements on interfacial atomic arrangements and 
nucleation substrates. Secondly, a more quantitative understanding of 
Fe’s impact on mechanical and corrosion properties, considering weight 
percentage, phase type, and morphology, is essential for establishing 
informed composition requirements and facilitating broader recycled Al 
utilisation. Thirdly, the integration of AI-driven sensor technology for 
scrap separation and sorting offers significant potential for enhancing Al 
recycling efficiency and improving lifecycle assessments. Finally, opti
misation of established Fe removal techniques, such as gravity separa
tion and foam ceramic filtration, is necessary for achieving industrial- 
scale effectiveness.

Developing high-quality Al-alloys with improved tolerance to im
purities is crucial. These advanced alloys will enable greater utilisation 
of recycled Al, especially in high-end applications that require strict 
performance standards. Additionally, designing alloys specifically for 
recycling, such as reducing the use of multiple alloys in applications (e. 
g., in automobiles), will make it easier to separate and recycle materials 
effectively, thus contributing to the circular economy.

In conclusion, addressing the challenges associated with Fe-bearing 
IMCs and improving the efficiency of Al recycling will play a vital role 
in advancing the circular economy. By focusing on designing alloys that 
are more impurity-tolerant, promoting cleaner recycling processes, and 
leveraging advanced technologies can improve the quality of recycled 
Al. This will contribute to achieving Sustainable Development Goals 
(SDG #12, #13, #9), supporting a more sustainable future for Al pro
duction and recycling.
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[301] C.H. Cáceres, J.A. Taylor, Enhanced ductility in Al-Si-Cu-Mg foundry alloys with 
high Si content, Metall. Mater. Trans. B 37 (6) (2006) 897–903.
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