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Abstract:

Iron (Fe) is an unavoidable impurity in recycled aluminium (Al), where the formation of Fe-
containing intermetallic compounds (Fe-IMCs) severely reduces ductility and performance due
to their coarse morphology. The nucleation difficulty of Fe-IMCs remains a critical barrier to
both Fe removal efficiency and refinement of Fe-IMCs as secondary phases, limiting the use
of recycled feedstock in high-performance applications. Conventional approaches have
focused on development potent grain refiners to promote heterogeneous nucleation by
providing structural and compositional templating. However, despite advances in nucleation
theory and refiner development, significant refinement of Fe-IMCs has proven elusive. In this
study, we report an unexpected case of impeding heterogeneous nucleation, where nanoscale
Fe-IMCs explosively form within confined oxide films in an Al-Fe-Mn-Si alloy. Using
advanced scanning transmission electron microscopy (STEM) we reveal that dense amorphous
oxide films and carbides act as substrates for impeding nucleation. These results highlight how
that confinement oxide films can activate non-classical nucleation pathways, offering the other
possibility to control Fe-IMC formation and enhance the upcycling potential of recycled Al
alloys.

Keywords: Oxide films, heterogeneous nucleation, amorphous oxides, Fe-containing
intermetallic compounds, Si

1. Introduction

In pursuit of a sustainable, net-zero future, efficient circulation of metals is critical for
minimizing environmental impact and conserving natural resources. Among industrial metals,
aluminium stands out due to its excellent recyclability, with recycled production consuming
only ~5-10% of the energy required for primary production [1-3]. As global demand for
aluminium continues to rise, particularly in automotive, aerospace, and packaging sectors,
recycling of Al alloys becomes increasingly vital for achieving sustainability goal. Despite
these advantages, recycling faces significant challenges, especially in managing impurities.
Among them, iron (Fe) is one of the unavoidable impurities and represents the most critical
issue [4-9]. Due to its low solubility in aluminium and its tendency to form coarse Fe-
containing intermetallic compounds (Fe-IMCs) at high temperature, Fe significantly degrades
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mechanical properties, particularly ductility. This limitation restricts the transition from
primary to secondary aluminium resources and poses a major challenge for producing high-
performance recycled alloys.

Over the past decades, two main approaches have been explored to address Fe-related
challenges in recycled aluminium. The first approach aims to remove excess Fe by accelerating
the nucleation of Fe-IMCs, attempting to overcome the current Fe removal limit of ~0.7 wt.%
[8-9]. The second approach focuses on refinement of Fe-IMCs through techniques such as
alloying additions (e.g., Mn, Cr) to modify morphology [10-11], grain refinement [12], or
physical treatments such as high-shear stirring [13]. While these methods have achieved some
success, they remain inherently limited by difficulties in controlling nucleation and growth of
Fe-rich phases, due to an incomplete understanding of their formation mechanisms.
Consequently, deeper insight into the evolution, distribution, and behaviour of Fe-containing
phases in recycled aluminium alloys is essential for advancing alloy design and processing
strategies.

Recent years, the formation mechanisms of Fe-IMCs in aluminium alloys have been
extensively investigated [14-17]. Systematic studies reveal that the unpredictable formation
behaviour of Fe-IMCs often deviating from equilibrium phase diagram prediction, which is
primarily due to nucleation difficulties arising from complex phase selection competitions
during solidification, followed by intricate transformation pathways. Although the existence of
Fe-IMCs in aluminium alloys was firstly recognized nearly a century ago [18-20], effective
and scalable solutions remain elusive. To date, reliably reducing Fe content below 0.3 wt.% or
refining secondary Fe-IMC particle sizes to nanometre scale continues to be extremely
challenging. The lack of fundamental understanding of nucleation and growth mechanisms,
particularly under non-equilibrium processing conditions, hinders the development of efficient
removal and/or refinement strategies.

Earlier studies under conventional casting conditions demonstrated that the nucleation of Fe-
IMCs requires both structural and compositional templating [12], highlighting the intrinsic
difficulty of their formation compared with single-phase nucleation such as a-Al. More
recently, the impeding nucleation theory has proposed a novel approach to achieve significant
grain refinement by increasing nucleation undercooling using impotent nucleation particles
[21]. Achieving explosive nucleation has long been regarded as a breakthrough strategy for
refining Fe-IMCs, particularly in controlling the nucleation of primary phases. Such a
mechanism would not only reduce Fe levels to ultra-low concentrations but also enable the
refinement of secondary Fe-rich phases.

In this study, we report a significant refinement of Fe-IMCs to the nanoscale via explosive
heterogeneous nucleation occurring within confined melt regions encapsulated by oxide films
in an Al-Fe-Mn-Si alloy. The underlying mechanism and nucleation characteristics were
investigated using advanced scanning transmission electron microscopy (STEM), which
revealed features consistent with the impeding nucleation pathway. These findings are critical
for advancing technologies aimed at refining Fe-intermetallic compounds in recycled



aluminium alloys and reveal a promising pathway for inducing explosive nucleation of Fe-
IMCs to address the Fe challenge in high-performance recycled aluminium. Although this
study reports only an isolated case of nanoscale Fe-IMC refinement, it nevertheless
demonstrates the feasibility of nucleation-controlled strategies and provides a foundation for
developing practical technologies.

2. Experimental

2.1 Casting

The alloy investigated in this study had a composition of 0.92 + 0.3 wt.% Mn, 2.26 = 0.3 wt.%
Fe, and 4.85 + 0.5 wt.% Si, with the balance being Al. The composition was measured using a
Foundry Master spectrometer. The solidification sequence of this studied alloy was calculated
with Pandat software under the Sheil model [22] as follows: L— a-Alis(Fe,Mn)sSiz (P-IMC),
L — o-Alis(Fe,Mn)sSi2 (BE-IMC) + a-Al, L— a-Alis(Fe,Mn)sSi2 (TE-IMC) + a-Al + a-
AlgFesSi, L— a-Alis(Fe,Mn)sSi> (TE-IMC) + a-Al + B-AlsFeSi and L— a-Alis(Fe,Mn)sSis
(TE-IMC) + Si + B-AlsFeSi. The calculated melting temperature of the alloy was 694 °C.
Commercially pure (CP) Al (>99.8 wt.%) and master alloys of Al-50 wt.% Si, Al-20 wt.% Mn,
and Al-38 wt.% Fe were used for the casting. The CP-Al and all the master alloys were firstly
melted at 750 °C in an electric resistance furnace. Subsequently, the molten aluminium was
thoroughly stirred for approximately 1 hour to ensure complete dissolution of master alloys.
The melt was then held for an additional 30 minutes to promote homogeneity. After slag
removal, the melt was poured into a TP-1 mould [23], which had been preheated to 380 °C.
The TP-1 mould is specifically designed to produce a cooling rate of approximately 3.5 K/s at
a sample section located 38 mm from the bottom, comparable to that of directional chill casting.
The pouring temperature was maintained at 750 °C.

To investigate the role of oxides in the heterogeneous nucleation of Fe-IMCs, a pressurized
melt filtration technique was employed. Approximately 2 kg of melt at 800 °C was transferred
into a preheated filtration crucible equipped with a ceramic filter with a 40 pm mesh positioned
at the bottom. Argon gas was applied at a pressure of 58 psi (~4bar) to force the molten metal
through the filter while simultaneously isolating it from atmospheric exposure. The filtered
melt was collected, reheated to 750 °C, and subsequently cast into a TP-1 mould. The filtered
sample was sectioned for SEM and TEM analyses. The ceramic filter was removed to avoid
cutting difficulties, and the specimen was then cut along the longitudinal midline corresponding
to the filter position. After estimating the thickness of the oxide accumulation region, sample
was taken approximately 3-4 cm above the filter. The longitudinal section, extending from the
filter position to several centimetres above it, was mounted and polished for SEM observation.
A thin slice (~1 mm thick) taken just above the filter within the oxide accumulation region was
sectioned for TEM examination. Further details of the filtration method can be found in Ref.
[24].

Oxide retention was assessed by examining the distribution and morphology of oxide films and
inclusions in the solidified alloy above the filter. Optical microscopy and scanning electron
microscopy (SEM) were used to identify oxide-rich region, while image analysis was employed



to quantify the area fraction and thickness of the retained oxides. In addition, energy-dispersive
X-ray spectroscopy (EDS) was used to confirm the chemical composition. The assessment
focused on regions above the filter and within confined melt pockets to capture oxides trapped
during solidification.

2.2 Characterization

Metallographic specimens were prepared using standard metallographic procedures. The as-
cast microstructural features of the samples were examined using a Zeiss optical microscope
equipped with AxioVision 4.3 image analysis software. Scanning electron microscopy (SEM)
was conducted using a Zeiss Crossbeam 340 FIB-SEM, operated at accelerating voltages
ranging from 5 to 20 kV. To investigate the formation mechanism of nanoscale Fe-IMCs within
oxide films, transmission electron microscopy (TEM) specimen was prepared using focused
ion beam (FIB) milling on the same Zeiss Crossbeam 340 system. TEM observation was
performed using both a Talos F200i and Spectra 300 (Thermo Fisher), operated at 200 kV and
equipped with EDS detectors. The crystal structure of the Fe-IMCs was generated using
CrystalMaker (version 10.8.0) and STEM image simulations were performed using Tempas
software.

3. Results

3.1 Nucleation difficulty of Fe-IMCs

The Al-1.0Mn-2.2Fe-5Si alloy, both before and after pressurized filtration, was cast at 750 °C
under a controlled cooling rate of 3.5 K/s. The resulting microstructures were examined and
presented in Fig. 1. Fig. 1a shows the microstructure prior to filtration, revealing several large
primary dendritic Fe-IMCs, later identified as a-Alis(Fe,Mn)sSiz using SEM-EDS and TEM
analysis. These Fe-IMCs exhibit sizes of several hundred micrometres. A higher magnification
image, shown in Fig. 1b, reveals that the microstructure consists of three main structures: (i)
primary Fe-IMCs, (ii) a binary eutectic structure of Fe-IMCs and a-Al, and (iii) a ternary
eutectic composed of Fe-IMCs, a-Al, and Si. The volume fraction of the large primary Fe-
IMCs particles was measured to be 9.8+0.5% and their number density was determined as 4.3
X 107> um~2,

Fig. 1c shows the microstructure of the alloy solidified at 3.5 K/s cast with after pressurized
filtration melt, revealing a noticeable reduction in the number of primary Fe-IMCs and a
significant increase in the volume fraction of coarse binary eutectic Fe-IMCs. This observation
indicates the role of native oxides and inclusions in the nucleation of primary Fe-IMCs. The
volume fraction of the large primary Fe-IMCs particles was measured to be 2.6+£0.2% and their
number density was determined as 8.5 x 1076 pum™2,

Fig. 1d presents the microstructure of the original alloy solidified at a slow cooling rate of
0.01 K/s. Under this condition, compact primary Fe-IMC particles are observed to have settled,



and several long, dark lines, identified as oxide films with SEM later, are seen intersecting or
surrounding the Fe-IMC particles, indicating the nucleation of Fe-IMCs on these oxide films.

3.2 The nano-sized Fe-IMCs

Fig. 2a presents an SEM image of the Al-1.0Mn-2.2Fe-5Si alloy solidified from the melt
located above the filter following pressurized filtration. The grey particles, later identified by
SEM-EDS as AlFeMnSi IMCs, exhibit a distinct size gradient, increasing in size with distance
from the filter. Their morphology evolves from compact to dendritic as size increases,
indicating a change in solidification conditions along the vertical section. The compositions of
the Fe-IMC particles in the TP-1 and prefilled samples are nearly identical, as confirmed by
SEM-EDS analysis (Table 1).

Fig. 2b shows an SEM inlensDuo image of the accumulation of oxides and inclusions in the
melt above the filter. The concentration of these collected inclusions decreases with distance
from the filter, up to 1 mm in this study. The oxide films appear to be embedded in or associated
with Si particles (black) and Fe-rich IMCs (grey). Fig. 2c displays a higher-magnification SEM
in-lens image, revealing that the inclusions within the oxide films consist primarily of Al.O3
particles (white), along with some carbides (dark grey), indicating the complex nature of the
non-metallic inclusions retained in the melt.

An abnormal region approximately 300 um in diameter, densely populated with nanoscale
particles, was observed at about 600-1000 um above the filter, as shown in Fig. 2d. Fig. 2e
reveals that this nanoparticle-rich area is sharply delineated from the surrounding matrix,
indicating a distinct boundary. Within this region, the nanoparticles contain embedded oxides
(white) and numerous Fe-IMCs (grey). Most of these Fe-IMCs range from 50 to 300 nm in size,
although a few particles reach up to approximately 1 pm. High-resolution SEM imaging, shown
in Fig. 2f, further reveals the presence of even finer black particles, less than 10 nm in size,
distributed throughout the nanoparticle-rich area and frequently associated with or embedded
within the Fe-IMCs. These Fe-IMCs particles were measured to have a volume fraction of
22.681% and a number density of about 3.5 um2, which showing an explosively increase in
number density compared to the TP1 samples before filtration (Fig. 1a 4.3 x 10~°> um™2) and
after filtration (Fig.1c, 8.5 x 107° pm™2).

A FIB lamella was extracted from the nanoparticle-rich region and examined using STEM. Fig.
3apresents a high angle annular dark field (HAADF)-STEM image of the FIB lamella, showing
Fe-IMC particles with compact morphologies and sizes ranging from several tens to several
hundred nanometres. Numerous fibre-like films are distributed throughout the aluminium
matrix and are also present within the Fe-IMCs. STEM-EDS elemental mapping, based on Fig.
3b, is shown in Figs. 3c-i, revealing that the brighter/grey particles are composed primarily of
Al, Fe, Mn, and Si. Additionally, Si phases are observed to be associated with these Fe-IMCs
particles, while the matrix contains Al, C, N and O, suggesting the presence of embedded oxide
and carbide films. The chemical composition of these Fe-IMCs, listed in Table 1, consists of



approximately 70.8 wt.% Al, 14.79 wt.% Fe, 5.56 wt.% Mn, and 8.81 wt.% Si. These measured
compositions fall within the reported range for a-Alis(Fe,Mn)3zSiz, as previously documented
[14, 15]. The observed differences in Fe-IMC compositions between the bulk, which contains
higher Fe, and the TP-1 samples are likely influenced by spatial confinement.

Fig. 4a presents a HAADF-STEM image of a representative Fe-IMC particle, revealing local
defects and structural heterogeneity within the particle, suggesting the potential for phase
transformation. These features underscore the challenge in determining the crystal structure of
such Fe-IMCs. However, clearer structural feature was observed in cleaner and relatively larger
particles, enabling identification of the phase as a-Alis(Fe,Mn)sSiz, as shown in Fig. 4b.

A simulated HAADF-STEM image based on the crystal structure of Ali7.1Fe32MnogSiig,
obtained from the ICSD database (code: 655126) using Crystalkit and Tempas sofware, is
shown in Fig. 4d. This structure belongs to the cubic phase with space group Im-3 (N0.204)
and a lattice parameter of a=12.56 A. The corresponding atomic model, viewed along the [1
0 0] zone axis, is illustrated in Fig. 4e. The parameters used for the HAADF-STEM image
simulations were: accelerating voltage of 200 kV, spherical aberration coefficient C; =
0.06 mm, convergence semi-angle of 30 mrad, defocus spread Af = 20nm, HAADF detector
collection angles (inner—outer) f = 70-200 mrad, and a sample thickness of t = 30nm. The
experimental (Fig. 4c) and simulated (Fig. 4d) HAADF-STEM images show good agreement
in atomic positions, although some deviations are observed in the Fe/Mn atomic sites when
comparing the experimental data with the ideal crystal model. This difference may also arise
from variations in elemental concentration.

3.3 Nature of the explosive nucleation

Fig. 5 presents a HAADF image of the Fe-IMCs alongside STEM-EDS elemental maps (Figs.
5b-g), which reveal their association with nanosized Si particles and C and O containing films
embedded within the Fe-IMCs. Most Fe-IMC particles are closely associated with oxide or
carbide films. The oxides in this confined area differ from those collected above the filter (Fig.
2c), which exhibit large, faceted surface and a regular rectangular or plate-like morphology. In
contrast, the oxides within confined area appear to be amorphous in shape. An example of such
a structure is illustrated in Fig. 6. The HAADF-STEM image and the corresponding FFT
pattern indicate that the attached oxide is amorphous.

Fe-IMC particles in this confined area were occasionally associated with elongated, needle-
like dark inclusions as shown in HAADF-STEM image (Fig. 7a). STEM-EDS elemental
mapping confirmed that these needle-like structures were enriched in carbon (Fig. 7b—h), which
was further verified by the intensity profile (Fig. 7i) extracted along the yellow arrow in Fig.
7a. An HRTEM image of the needle (Fig. 7j) indicated distinct morphological features,
although the corresponding FFT pattern did not provide clear evidence of crystallization.
Selected-area electron diffraction (SAED) analysis (Fig. 7k), combined with the simulated



SAED pattern of a-Alis(Fe,Mn)sSiz along the [305] zone axis (Fig. 71), enabled identification
of the Fe-IMC structure. The overlap of the experimental and simulated SAED patterns (Fig.
7m) confirmed that the Fe-IMC particle was structurally consistent with a-Alis(Fe,Mn)sSiz and
was closely associated with the adjacent carbon-rich inclusion.

3.4 Silicon nanoparticles

In addition to the formation of nanoscale Fe-IMCs, the Si phase, also reported to be difficult to
refine, was observed in this study to undergo significant refinement to the nanoscale. As shown
in Fig. 8a, Si particles are consistently associated with Fe-IMCs, but their sizes are notably
smaller, typically in the range of 10-100 nm. Atomic resolution STEM observations revealed
that these Si particles exhibit pronounced twinning features along the {111} planes, as
confirmed by the indexed FFT pattern in Fig. 8d. A distinct core region was observed at the
centre of some Si particles (Fig. 8c), appearing crystallography different from the surrounding
regions. However, filtered FFT images (Fig. 8e—h) demonstrated that this apparent core does
not represent a separate Si phase or an independent nucleation particle. Instead, it corresponds
to the overlap of multiple twinning planes converging at the particle centre.

4. Discussion

4.1 Conditions for explosive nucleation of Fe-IMCs in confined oxide films

This study reveals a novel phenomenon: explosive heterogeneous nucleation of Fe-IMCs
within confined melt regions encapsulated by oxide films in an Al-2.2Fe-1.0Mn-5.0Si alloy.
This isolated microenvironment promotes the formation of a high density of nanosized Fe-
IMCs, deviating markedly from the conventional solidification behaviour of Al alloys.

A schematic diagram illustrating the formation of oxide films and their role in trapping liquid,
leading to the formation of localized, confined bulk melt regions is shown in Fig. 9. Liquid
aluminium instantly forms a thin oxides film (mainly Al.Os and Al4Cs in this study due to Mg
free) on its surface when exposed to air. During melt processing such as stirring and mixing,
the surface agitation causes the film to fold into the melt, it can enclose small amounts of liquid
or gas. Once these confined oxide films are stirred into the melt, the small liquid pockets
became isolated from the surrounding oxides, preventing further oxidation and growth of
oxides or inclusions. These oxide-bounded cavities create confined regions with distinct local
chemistry and cooling conditions, which can promote explosive nucleation of Fe-containing
intermetallic compounds.

This confinement can drastically reduce atomic exchanges between the confined area and the
melt, hinder solute homogenization and cause local enrichment of Fe, Mn, and Si.
Consequently, these regions become highly supersaturated with alloying elements during the
solidification process, providing favourable conditions for rapid and localized nucleation of
Fe-IMCs.



Within these oxide films, numerous nanosized inclusions, including carbon-rich particles,
amorphous oxides, become the only available heterogeneous nucleation sites. According to the
pre-nucleation theory [24], such particles are considered as impotent nucleation sites due to
lack of structural templating which requires large undercooling and higher energy barrier,
thereby delayed the nucleation. In contrast, the explosive nucleation theory suggests that, once
sufficient undercooling achieved, impeding nucleation can occur explosively in a very short
timescale.

After nucleation, the growth of Fe-IMCs is restricted by the physical confinement of the oxide
films and the limited fluidity of the enclosed melt. This constrained environment promotes the
formation of a high density of ultrafine Fe-IMC particles, in contrast to the few coarse particles
typically observed in conventional casting processes (Fig. 1).

4.2 Conditions for Fe-IMCs nucleation on amorphous particles

According to nucleation theory [12, 25-27], under conventional casting conditions,
heterogeneous nucleation requires three key factors: sufficient undercooling to
thermodynamically drive the process, structural templating to provide crystallographic
compatibility, and compositional templating to ensure the appropriate chemical environment.
For complex intermetallic compounds such as Fe-IMCs, nucleation is particularly challenging
because it demands both precise structural and compositional matching, in addition to
significant undercooling [12]. For example, the nucleation of a-Alis(Fe, Mn)3Si, requires the
ordered arrangement of four different atomic species into specific crystallographic sites, a
process far more complex than the nucleation of single-phase materials like pure Al.

However, this study revealed explosive nucleation of nanosized Fe-IMCs occurring on
amorphous oxides and/or carbides embedded within confined melt regions. Despite lacking a
well-defined crystal structure, these inclusions facilitated rapid nucleation, thereby challenging
the conventional requirement for strict structural templating in heterogeneous nucleation.

The impeding nucleation theory [21] proposed a case of explosive nucleation, which particles
in the melt are impotent for heterogeneous nucleation, that is, none of them act as effective
nucleation sites at low undercooling, so nucleation is delayed until higher degree of
undercooling is achieved. At that point, heterogeneous nucleation occurs almost
simultaneously at most particles, leading to an “explosive” onset of nucleation and,
consequently, significant grain refinement.

The experimental results reported here are consistent with this description of impeding

nucleation, as the following conditions are satisfied:

(1) A high density of particles is present. Within the confined oxide films, the oxide density
is significantly higher than in the conventional melt, and the oxide particles are uniformly
nanoscale and rarely crystalline. This minimizes the influence of size effects on nucleation
[27]. Therefore, the explosive nucleation of Fe-IMCs observed in this study represents a



case in which nucleation occurs without structural templating but is instead driven by
strong compositional templating combined with an impeding nucleation process.

(2) All nucleation particles are structurally impotent (no effective crystallographic templating
is provided). Although amorphous oxides and carbides do not act as ideal structural
templates for Fe-IMCs, their surfaces often exhibit strong chemical affinities for alloying
elements such as Fe and Mn. Oxygen and other elements within these substrates can
chemically interact with solute atoms, promoting the formation of enriched zones adjacent
to the particle surface. These enriched zones serve as nucleation precursors and can
partially compensate for the absence of crystallographic matching. The heterogeneous
nucleation occurring on such particles is analogous to that observed on rough surfaces [28],
where defects, steps, and grooves lower free-energy barrier for nucleation. Surface
roughness can also modify the effective wetting behaviour of the liquid, further facilitating
nucleation. A similar phenomenon is well known in ice nucleation, where dust or mineral
particles provide favourable sites for the initiation of ice crystals [29-30].

(3) There is no strong competition from other nucleation sites, such as the casting mould walls
or previously crystallized particles. In confined environments, such as liquid trapped
within oxide films, typical nucleation substrates, like mould walls, or added grain refiners,
are absent or inaccessible. This purification of the local environment reduces the number
of effective nucleation sites, delaying nucleation and requiring higher undercooling to
initiate. Once this critical undercooling is reached, nucleation occurs explosively,
consistent with explosive nucleation theory. The confined space, coupled with limited
atomic diffusion, results in localized supersaturation and a steep increase in the
thermodynamic driving force for nucleation.

Under these conditions, the formation of significantly refined (nanometre-sized) Fe-IMCs can

be interpreted as evidence of explosive nucleation. This supports the validity of the explosive

nucleation theory.

4.3 Refinement mechanism of Si

Silicon, despite being a single-element phase, is as difficult to nucleate as Fe-IMCs, requiring
a nucleation undercooling of several tens of Kelvin even with phosphorus additions [31]. This
nucleation difficulty has been attributed to its crystallographic structure, which imposes a
fundamental nucleation barrier, and to its electronic structure and covalent bonding, which
further hinder nucleation [32]. In this study, nanoscale Si particles were also observed, in
contrast to those formed under conventional casting conditions (Fig. 2b—c), where their sizes
are typically on the order of micrometres. However, the nucleation pathway of Si differs from
that of Fe-IMCs.

According to the phase diagram, Fe-IMCs solidify prior to Si in the investigated alloy.
Consequently, when Si begins to solidify, the remaining melt already contains a high density
of nanoscale Fe-IMCs. These pre-existing Fe-IMC particles provide more effective nucleation
sites for Si compared with amorphous oxides or carbides. As a result, Si particles are more



likely to nucleate directly on the surfaces of Fe-IMCs. Experimental observation also
demonstrated that the majority of Si particles are associated with Fe-IMC particles. This is
consistent with the high number density of Fe-IMCs observed in the alloy, with a volume
fraction of 22.681% and a number density of about 3.5 um2, which substantially enhances the
probability of heterogeneous nucleation of Si on Fe-IMC substrates.

4.4 Limitations and future work

The formation of nanoscale Fe-IMCs during solidification is a long-standing goal in addressing
the Fe-deterioration problem in recycled Al alloys, yet achieving such refinement has remained
extremely challenging. In this work, we reveal a previously unreported explosive nucleation
pathway for nanoscale Fe-IMCs triggered by liquid confinement. The resulting microstructures
were rigorously characterised using SEM, TEM and STEM techniques, enabling reliable
identification of the Fe-IMCs. Nevertheless, this observation is currently based on a limited
number of cases and requires further validation.

Future work will incorporate thermodynamic simulations to track solidification-path evolution
under different diffusion conditions and to quantify local solute enrichment, thereby enabling
more accurate prediction of nucleation behaviour under confined conditions. In addition, a
carefully designed experimental system capable of intentionally reproducing such confinement
effects will be essential to further explore the mechanism and evaluate its potential for practical
application in recycled aluminium processing.

5. Conclusions

In this study, we report a novel observation of explosive heterogeneous nucleation of nano-

sized Fe-IMCs within confined melt region enclosed by oxide films in an Al-Fe-Mn-Si alloy.

This phenomenon, driven by local thermodynamic and kinetic conditions in the bulk melt,

results in the formation of a high density of refined Fe-IMC particles.

1) The confined oxide films formed during casting process act as physical barriers that trap
liquid metal, creating localized environments with nanoscale non-crystalline inclusions that
promote explosive nucleation of Fe-IMCs.

2) The confined environment not only promotes nucleation but also inhibits subsequent
particle growth due to reduced fluidity and limited mass transport. As a result, Fe-IMCs
remain nano-sized.

3) The Si phase, which is as difficult to nucleate as Fe-IMCs, was also refined to the nanoscale
within this confined melt, nucleating directly on pre-existing Fe-IMCs.

This work advances our understanding of nucleation behaviour in aluminium alloys and offers

a new perspective on the role of oxide films. While traditionally considered defects, under

specific confined conditions, oxide films can serve as active sites that promote heterogeneous

nucleation and influence microstructural evolution. These insights provide a foundation for
future melt treatment strategies aimed at controlling Fe-IMCs and improving the performance
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and quality of recycled aluminium alloys, while acknowledging that further studies are needed
to generalize these findings beyond the specific alloy and local regions examined here.
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Figure 1. Optical micrographs of the as-cast Al-1.0Mn-2.2Fe-5Si alloy with pouring temperature of
750 °C: (a) microstructure solidified at 3.5 K/s before pressure filtration; (b) higher magnification of
image (2), showing binary and ternary eutectic structures; (c) microstructure solidified at 3.5 K/s cast
from the melt after filtration, and (d) primary Fe-IMCs settled at the bottom of the crucible during slow
cooling at 0.01 K/s.
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Figure 2. SEM images showing the pre-filtered microstructure of Al-1.0Mn-2.2Fe-5Si alloy: (a)
primary Fe-IMC particles size increases with distance from the filter; (b) oxides collected above the
filter; (c) collected inclusions mainly identified as Al,O3z and Al4Cs; (d) region containing nano-particles
above the filter; (e) boundary between the nano-particle zone and the matrix, where white particles are
oxides observed using the in-lens detector, and (f) nano-sized Fe-IMCs associated with dark particles,
observed in high - magnification SEM.
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Figure 3. (a-b) HAADF - STEM images of the FIB lamella extracted from the oxide film area, showing
particles ranging from a few tens to several hundred of nanometres in size; (c-i) STEM-EDS elemental
maps of(c) C, (d) N, (e) O, (f) Al, (g) Fe, (h) Mn, (i) Si, revealing that most particles are Fe-IMC, along
with some Si-rich particles embedded within the oxide films.
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Figure 4. (a) HAADF — STEM image of a single Fe-IMC particle and corresponding FFT patterns from
different positions, revealing nanoscale defects and local phase transitions that complicate
crystallographic phase identification; (b) experimental atomic resolution HAADF-STEM image of a-
Alis(Fe,Mn)sSiz viewed along [100] zone axis; (c) magnified view of an area from experimental image
b; (d) simulated HAADF-STEM image and (e) corresponding atomic model of a-Alis(Fe,Mn)sSi, along
the [100] zone axis.
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Figure 5. (&) HAADF-STEM image, and corresponding STEM-EDS elemental maps: (b) C, (c) O, (d)
Al, (e) Si, (f) Mn and (g) Fe, revealing oxide films embedded within the Fe-IMC particles and Si
particles connected to these Fe-IMCs.

Figure 6. (a) HAADF-STEM image showing a Fe-IMC particle associated with an amorphous oxide;
(b) FFT pattern from the oxide region, confirming its amorphous nature.
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Figure 7. (a) HAADF-STEM image showing Fe-IMC particles associated with elongated, needle-like
dark inclusions; (b—h) STEM-EDS elemental maps indicating that this needle-like structure is C-rich;
(i) intensity profile extracted from STEM-EDS mapping (a) along yellow arrow, confirming carbon
enrichment of the inclusion; (j) HRTEM image highlighting crystallographic features of the needle,
although the FFT does not indicate clear crystallization; (k) experimental and (l) corresponding
simulated SAED pattern of a-Alis(Fe,Mn)sSi2 along the [305] zone axis; (m) superposition of the
experimental (k) and simulated (I) SAED patterns demonstrates that the Fe-IMC particle is structurally
consistent with a-Alis(Fe,Mn)sSiz and is associated with the adjacent carbon-rich inclusion.
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Figure 8. (a) Bright field (BF)-TEM image showing a nanoscale Si particle between Fe-IMC particles;
(b) HRTEM image revealing the complex twinning structure of the Si particle; (c) HAADF-STEM
image highlighting the twinning features and a central overlap region; (d) corresponding indexed FFT
pattern confirming twinning along the {111} planes; (e-g) filtered FFT images of the STEM image (c),
obtained from the indicated spots; (h) filtered FFT image generated by combining three spots,
111w+1117, 111rand 111m, showing that the central core corresponds to overlapping twinning planes
rather than a distinct phase. Note: T represents the twin plane, while M represents the matrix.
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Explosively Nucleation of nanoscale Fe-IMCs

mixing

Figure 9. Schematic illustration of oxide films formation and their role in trapping liquid alloy, leading
to the formation of localized, confined bulk melt regions. Natural formation of oxide films on the
surface of molten Al, and confinement of alloy melt within oxide films due to stirring or mixing,
followed by rapid oxide formation that encloses the melt within the film.

Table 1. Composition of the Fe-IMCs in this study

at.% Al Fe Mn Si Analysis way

Fe-IMCs in | 75.12+5.9 11.17+2.1 | 5.79+1.1 7.92+1.9 SEM-EDS (>20

TP-1 sample particles)
Fe-IMCs in | 75.1£5.7 11.1+2.5 5.8t1.0 8.0£2.1 SEM-EDS
E;ﬁ:cgllsd (>20 particles)
Fe-IMC in | 70.8+4.6 14.79+1.4 | 5.56+0.8 8.81+£1.7 TEM-EDS
Nano zone

(>20 particles)

21



Graphical abstract

22



Declaration of interests

1 The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

The authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

Zhongyun Fan reports financial support was provided by Engineering and Physical
Sciences Research Council. If there are other authors, they declare that they have no
known competing financial interests or personal relationships that could have appeared
to influence the work reported in this paper.

23



Highlights
¢ High density of nanoscale a-Al;s(Fe,Mn)sSi, particles were solidified
within confined oxide films in an Al-1Mn-2.2Fe-5Si alloy.
e The oxides and inclusions within this confined oxide film are amorphous.

e The Si phase, which is as difficult to nucleate as Fe-IMCs, was also refined
to the nanoscale within this confined melt.
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