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4. 0.5 wt.% Sc provides 5 times stronger grain refinement than a commercial
refiner.
5. Hypoeutectic addition enables grain refinement and fine SPPs simultaneously.
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Abstract:

Designing sustainable aluminium alloys with superior mechanical performance requires effective
microstructural control during solidification. In this study, a cross-over recycled wrought aluminium alloy
system spanning the 1xxx—7xxx series was designed with maximum impurity tolerance. A grain refinement
strategy using hypoeutectic Sc additions was developed to simultaneously refine grains and second-phase
particles. A previously unreported grain refinement mechanism was identified in this multicomponent
recycled alloy, where the growth of a-Al grains is constrained by a network of (Al + Al;(Sc,Ti)) eutectic
cells rather than by classical heterogeneous nucleation. Remarkably, a-Al growth twins were observed
within these eutectic cells, a crystallographic feature rarely reported in high stacking-fault-energy
aluminium. Atomic-scale characterization using scanning transmission electron microscopy (STEM)
reveals the structural characteristics associated with this phenomenon. These findings provide a new
pathway for microstructural control in complex recycled aluminium alloys and offer design principles for
next-generation sustainable lightweight materials with enhanced mechanical performance.

Keywords: a-Al Growth Twins; Al + Al3(Sc,Ti)) eutectic cells; grain refinement; Spatial confinement;
multicomponent recycled Al alloys

1. Introduction

Aluminium recycling plays a critical role in reducing carbon emissions, conserving natural resources, and
securing global supply chains [1-2]. However, the increasing compositional complexity of recycled
aluminium alloys presents significant challenges for microstructure control during solidification [3-4].
Impurity accumulation and multi-element interactions often reduce the effectiveness of conventional grain-
refinement strategies, making the development of resilient alloy systems capable of maintaining
microstructural stability under repeated recycling increasingly important.

Grain refinement is widely used to improve casting quality and mechanical performance in aluminium
alloys by reducing defects such as hot tearing and refining the solidification structure [5-6]. Conventional
grain refinement strategies primarily rely on heterogeneous nucleation facilitated by TiB,-based master
alloys and solute-induced growth restriction [7-10]. While effective in many commercial alloys, their
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performance can be significantly affected by solute interactions and impurity accumulation in recycled
materials, which may alter nucleation behaviour and reduce grain refinement efficiency [11].

Among alloying elements, Scandium (Sc) is known to be one of the most potent modifiers of aluminium
microstructures [ 12-14]. Sc additions can form the coherent L1,-structured Al;Sc phase, which contributes
to significant strengthening and thermal stability in aluminium alloys. In hypoeutectic compositions, Sc can
also participate in eutectic reactions, forming (Al + Al;Sc) microstructures that influence solidification
behaviour and grain structure development.

Another long-standing assumption in aluminium metallurgy concerns the formation of twins in a-Al [15-
22]. The twinning ability of FCC metals has been extensively investigated, typically through first-principles
density functional theory (DFT) calculation [16]. The inherent difficulty in forming twins in FCC metals
such as Al is well understood, primarily due to the availability of sufficient and high stacking fault energy
(SFE) ~120-165 mJ/m? [17]. Prior theoretical studies have suggested that alloying Al with scandium can
significantly reduce its SFE, especially at concentrations above 0.5 wt.%, potentially enabling twin
formation [18, 19]. However, no experimental validation of this prediction during casting had been reported
although a few cases of Al twins were reported through deformation [20-22]. In this work, we present the
first experimental evidence of twin formation in Al during solidification process under the equivalent
condition to industrial DC casting (at 3.5K/s), and we demonstrate a nucleation-induced mechanism
responsible for this phenomenon.

In this work, a previously unrecognized grain-refinement mechanism in a recycled multi-component
aluminium alloy induced by hypoeutectic Sc addition will be reported. Instead of promoting grain
refinement through primary heterogeneous nucleation, refinement occurs via Spatial confinement of a-Al
grains by a network of (Al + Al;(Sc,Ti)) eutectic cells. Remarkably, a-Al twins are observed within these
cells, revealing a previously unreported crystallographic feature in aluminium alloys. These findings
provide new insight into grain refinement mechanisms in complex recycled systems and suggest alternative
pathways for microstructure control in sustainable aluminium alloys.

2. Experimental

The studied alloy has the nominal composition Al-1.33Si-1.28Mg—0.97Cu—0.88Zn—0.51Fe—0.57Mn—
0.14Cr—0.09Ti, which was based on the average compositions of selected wrought alloys from the A1050,
A2024, A3003, A4043, A5052, A6082, and A7075 series, using the upper limit of each alloying element
[23]. This simulated recycled alloy (RA) was produced from commercial-purity (CP) Al (99.9 wt.%), CP
Mg (>99.95 wt.%), CP Zn (>99.95 wt.%), and various master alloys including AI-50 wt.% Si, AI-20 wt.%
Mn, Al-10 wt.% Ti, AI-20 wt.% Cr, and Al-38 wt.% Fe. To compensate for the vaporization of volatile
elements such as Mg during melting, an additional 3 wt.% CP-Mg was added, ensuring that the final
chemical composition closely matched the nominal targets. Sc additions of 0.1, 0.3 and 0.5 wt.% were
introduced via an Al-2Sc master alloy, with 0.2 wt.% Al-5Ti—1B used for comparison.

CP-Al and all master alloys were first melted at 800 °C in an electric resistance furnace with thorough
stirring to ensure complete dissolution. CP-Mg and CP-Zn, wrapped in Al foil and preheated to 200 °C,
were then added to the melt. After full dissolution, the melt was held for 30 min before slag removal. The
alloys were cast into a Tp-1 mould [24] which was preheated to 380 °C, provides a cooling rate of 3.5 K/s
at 38 mm from the bottom, simulating industrial direct chill (DC) casting conditions. Alloys were poured
at 750 °C.

Metallographic specimens were prepared using standard procedures. As-cast microstructures were
examined with a Zeiss optical microscope and AxioVision 4.3 software. SEM and EBSD analyses were
performed on a Zeiss Crossbeam 340 FIB-SEM at 20kV, with EBSD step sizes of 5 um for low-



magnification and 0.5 pm for high-magnification scans. TEM samples were prepared via FIB milling on
the same instrument and observed using a Cs-corrected SPECTRA 300 TEM (Thermo Fisher Scientific)
equipped with a Super-X EDS detector at 200 kV.

A significant difference in the observed grain refinement was identified when comparing polarized optical
microscopy (OM) and EBSD IPF mapping, which arises from their fundamentally different contrast
mechanisms. Polarized optical microscopy and EBSD maps are based on fundamentally different
mechanisms. Polarized OM generates contrast from optical anisotropy (birefringence) and/or interference
effects in surface of the sample investigated. Thus, information that may be received from polarised
microscopy is limited to 2D information and any misorientation associated in the 3" dimension is not
captured and only misorientations in the 2D plane may be observed. EBSD data sets contained Kikuchi
maps that provide data in 3D rather than the 2D thus more misorientation information can be acquire from
the EBSD maps. Polarized OM was employed to characterize the size and morphology of a-Al dendrites.
In contrast, EBSD IPF mapping was utilized to investigate local crystallographic orientation and
misorientation variations induced by the addition of Sc.

3. Results
3.1 Grain refinement by Sc compared to a commercial AI-Ti—B grain refiner

Figure 1 shows the microstructure of the studied recycled alloy (Al-1.33Si—1.28Mg—0.97Cu—0.88Zn—
0.51Fe—0.57Mn—0.14Cr-0.09T1) without and with additions of 0.2 wt.% Al-5Ti—1B or 0.3-0.5 wt.% Sc.
Set-1 (EBSD-IPF images) highlights several key points: the grain refinement achieved by hypoeutectic Sc
addition is markedly more effective than that of the commercial Al-5Ti—1B refiner, but the underlying
refinement mechanisms are fundamentally different. Quantified grain sizes, secondary dendrite arm spacing,
and grain refinement efficiencies according to anodized optical and EBSD are listed in Table 1, respectively.

With 0.2 wt.% Al-5Ti—1B, the average a-Al grain size decreased from 504 +24 um to 30.6£0.7 um,
corresponding to a grain refinement efficiency of 47.8%. In this case, secondary phase particles (SPPs)
were pushed toward grain boundaries and became coarser compared with the as-cast RA alloy. In the
reference RA (Fig. 1a-2), SPPs were relatively evenly distributed along the secondary dendrite arms and
grain boundaries. After Al-5Ti—1B addition (Fig. 1b-2), SPPs concentrated at grain boundaries due to
thickened dendritic arms and a reduction in intra-granular SPPs. The difference in quantification between
optical anodized samples and EBSD results for these two samples is relatively small compared with those
containing Sc additions.

EBSD and anodizing provide complementary insights into grain refinement in Al alloys with Sc additions.
EBSD-IPF maps (Figs. la and 1d) clearly resolve a-Al grains and grain boundaries over large areas,
enabling precise grain size measurements. In contrast, anodized samples highlight dendritic and inter-
dendritic morphologies and reveal the distribution of secondary phase particles (SPPs). Figures 1c—1e show
the effect of Sc addition: for RA + 0.3 wt.% Sc, EBSD, SEM-BSD, and anodized optical images reveal a
distinctly different refinement behaviour. Numerous “small grains” appear within the larger a-Al grains,
exhibiting twin-like crystallographic features in EBSD-IPF maps (Fig. 1d-1). These features are less visible
in SEM-BSD images (Fig. 1¢-2) and in anodized optical image (Fig. 1c-3) but become apparent at higher
magnification (Fig. 1d-2, and d-3). Detailed analysis confirms that these “small grains” are in fact eutectic
cells containing fine SPPs with boundary segregation. Surrounding Chinese-script Fe-containing
intermetallic compounds (IMCs) form at the grain boundary ends of these cells, restricting a-Al grain
growth. Anodized images further show that these eutectic cells are distributed along secondary dendrite
arms and at grain boundaries (Figs. 1¢-3, d-3).



The unique refinement mechanism of Sc requires quantification by both EBSD and anodizing. Anodized
samples indicate a 28.6% reduction in primary a-Al grain size, while EBSD-IPF maps show an 82.4%
refinement when accounting for both a-Al grains and eutectic cells. The combined effect of a-Al grain
subdivision and eutectic cells (“divorcing effect”) represents the true grain refinement.

At 0.5 wt.% Sc, maximum a-Al grain refinement is achieved before the formation of primary Al;Sc particles,
which can otherwise reduce the refinement effect (will be published in the other paper). RA + 0.3 wt.% Sc
yields ~28.6% a-Al grain refinement, while 0.5 wt.% Sc achieves 48.0% if quantified from anodized sample
with optical technique, comparable to the Al-5Ti—1B case. When considering the contribution of eutectic
cells and twinning, EBSD indicates an overall grain refinement of 84.9%, substantially higher than the 82.4%
observed for 0.3 wt.% Sc.

In RA + 0.5 wt.% Sc, the microstructure is uniformly refined (Fig. 1e-1). Eutectic cells enlarge, primary a-
Al grains become less distinct, and SEM-BSD images (Fig. 1e-2) show well-distributed SPPs without
coarsening or boundary segregation. Twinned eutectic cells are more pronounced in anodized samples (Fig.
le-3), with increased size and number density compared to RA + 0.3 wt.% Sc. Microstructural examination
using polarised light microscopy did not illustrate the differences in orientation within the same dendrite
while EBSD investigations illustrate this clearly. In Figure 2, variation in orientation between dendritic
arms within a dendrite is illustrated and the orientation of Al crystals of each dendrite is illustrated within
the micrograph. Even though there is a misorientations of 54-60° between many of the dendrites the plane
parallel to the surface of the dendrite observed is a low symmetry indexed plane close to 001 planes. As
such even through there is a large crystallographic misorientation between each of the dendritic arms this
cannot be deciphered through optical microscopy techniques.

3.2 Twinned eutectic cells of (Al3(Sc,Ti) + a-Al)

The eutectic cells observed in RA + 0.3 wt.% Sc were further investigated using STEM, where a-Al growth
twins were first identified within these cells. Figure 3a shows a low-magnification bright-field TEM image
highlighting a twin boundary (TB), while the corresponding selected area electron diffraction (SAED)
patterns in Figs. 3d and 3e confirm the presence of twinning in a-Al with {112} twin planes. Figs. 3b and
3¢ present HAADF-STEM images illustrating the atomic arrangement at the twin boundary, including
stacking faults and solute segregation associated with the boundary. Fig. 3f shows the FFT pattern
corresponding to Fig. 3c, clearly demonstrating the {112} twinning plane. Figs. 3g-i presents HAADF
image and corresponding STEM-EDS mapping at the twin boundary, revealing the segregation of Cu atoms
along the twin boundary.

Fig. 3j shows the STEM-EDS spectrum acquired at the TB from the region highlighted by the yellow frame
in Fig. 3g. The corresponding quantified composition is presented in the table in Fig. 3k. The results indicate
an increased Cu concentration at the twin boundary, corresponding to the TB segregation (Fig. 3i),
accompanied by relatively lower concentrations of the other elements. Further STEM—EDS line scans along
the TB are shown in Fig. 31 and Fig. 3m, which reveal reduced concentrations of Sc and Ti at the TB.

The interface between the eutectic cells and the Al matrix was also examined with STEM and shown in
Fig.4. The STEM-EDS mapping demonstrates that the fine precipitates/SPPs within the eutectic are Sc-
rich. These needle-like particles were identified to be Al;(Sc,Ti) with selected area diffraction pattern
(SAED) and HAADF plus STEM-EDS. More details in identification of Al;(Sc,Ti) can be found in our
recent publication. The SAED patterns viewed from [100], [110], and [211] direction well identified the
Al;(Sc,Ti) with LI, structure and well coherent with a-Al matrix. The HAADF and indexed SAED image
was shown in Fig. 41. The other elements such as Mg (Fig.4e), Si (Fig. 4f), Cu (Fig. 4g), within the RA



alloy were slightly segregated and formed fine SPPs at the boundary between eutectic cells and the Al
matrix.

No a-Al twins have been reported under casting conditions, except under high-strain deformation [19-20].
In this study, the a-Al twins are observed for the first time and are primarily attributed to the constraint
imposed by Al;(Sc,Ti), which is prone to twinning. The a-Al matrix and Al;(Sc,Ti) are highly coherent.
Consequently, the twinning behaviour of Al;(Sc,Ti), as one of the eutectic phases, induces the formation of
a-Al twins within these eutectic cells. These results also demonstrate that Al;(Sc,Ti) acts as the leading
phase in the formation of these eutectic structures.

4. Discussion
4.1 Formation mechanism of eutectic Al;(Sc,Ti) + a-Al

Thermodynamic calculations using Pandat under the Scheil solidification model was displayed in Fig. 5.
Fig. 5a indicates that the eutectic composition of the binary Al-Sc system is approximately 0.57 wt.% Sc.
In addition, the solidification window for a-Al is extremely narrow, spanning only ~0.1 K. Fig. 5b shows
the phase diagram of Al-0.5Sc-xTi ternary alloys system. It shows that the phase diagram turns into
peritectic, and only primary Al;Ti can form when the concentration over 0.137 wt.%. However, in multi-
component recycled Al alloys (RA-xSc), the solidification behaviour of primary Al;Sc changes
significantly, as illustrated in Fig. 5c. In these alloys, equilibrium Al;Sc formation requires a much higher
Sc content (= 1.94 wt.%).

The calculated solidification paths for binary Al-1Sc and RA+0.5Sc alloys are presented in Fig. Se, while
Fig. 5d shows the Scheil solidification curve for RA+0.5Sc. The results indicate that Al;Ti is the first phase
to solidify in RA+0.5Sc, rather than Al;Sc. No Al;Sc was expected to be solidified according to this
calculation.

These calculations provide insight into the solidification sequence of multi-component recycled Al alloys
with Sc additions, particularly the competitive formation of Al;X (Sc/Ti) phases prior to a-Al solidification.
However, it is important to note the limitations of the current thermodynamic database, which may not fully
capture phase modifications or transitions, such as Ti incorporation into Al;(Sc,Ti), as reported in our recent
work. This also highlights the broader limitations of thermodynamic modelling in complex multi-
component alloy systems.

In multi-component recycled Al alloys containing Sc and Ti together with common impurity elements (Si,
Cu, Zn, Fe, Mn, Mg, Cr), the formation behaviour of Al;X phases becomes significantly more complex
compared with binary Al-Sc or ternary Al-Sc—Ti systems. Unlike the binary case where Al;Sc forms
directly once the local Sc concentration exceeds its solubility limit, the presence of Ti and other
alloying/impurity elements introduces strong thermodynamic competition during solidification. Ti
preferentially forms Al;Ti early in the solidification sequence, which alters the residual liquid composition
and can effectively delay or suppress Al;Sc formation. At the same time, mutual substitution between Sc
and Ti within the L1, structure leads to the formation of Al3(Sc,Ti), further coupling their phase stability
rather than allowing independent intermetallic formation. Additional solutes such as Fe, Si, and Cu
continuously modify activity coefficients, partitioning behaviour, and the chemical potential of Al in the
liquid, thereby shifting the driving force for Al;X precipitation and narrowing the a-Al solidification
window. Consequently, the Al;X phase in these multi-component systems should be viewed not as a single
stoichiometric endpoint but as a compositionally evolving intermetallic family governed by coupled
thermodynamic interactions and non-equilibrium solidification pathways, which also explains the
significantly higher Sc threshold required for equilibrium Al;Sc formation in recycled alloy matrices.



According to phase diagram calculations, primary Al;Sc is not expected to form, whereas some primary
AlTi may form during the solidification process. However, in the present study, no primary Al;X
intermetallic compounds were observed in either the RA alloy without Sc addition or in samples with Sc
additions up to 0.5 wt.%. Although experimental observation of primary Al;(Sc,Ti) particles is challenging,
particularly when their size is very small (<1-2 pm). These particles possess a crystal structure closely
matching that of Al and exhibit a similar dissolution behaviour during sample preparation, making them
difficult to detect using conventional etching, SEM, EBSD techniques. This issue will be discussed in detail
in the future publication. Nevertheless, the samples across length scales ranging from micrometres to
nanometres using SEM-EDS analysis have been carefully examined. No primary Al;X particles were
observed in all the samples of this study. The suppression of Al;X formation may be attributed to nucleation
difficulties and the metastable casting conditions, analogous to those observed for Fe-containing
intermetallic compounds (Fe-IMCs) [25].

Therefore, microstructural refinement is dominated by the formation of eutectic cells, which nucleate and
grow after the solidification of primary a-Al grains, preferentially along grain boundaries and secondary
dendrite arms. These cells restrict a-Al grain growth, effectively subdividing large grains and producing
significant grain refinement.

Optical images (Figs. 1¢-3 and le-3) show that a-Al solidifies firstly in RA alloys cast at 3.5 K/s. The
(Al3(Sc,Ti) + a-Al) eutectic solidifies immediately after a-Al but before other SPPs, causing the eutectic
cells to grow along developing a-Al dendrites and distribute within dendritic arms. Compared to 0.5 wt.%
Sc, 0.3 wt.% Sc is further from the eutectic composition, resulting in a lower volume fraction of eutectic
cells.

As primary a-Al dendrites grow, solute elements, including Sc are rejected into the remaining melt,
enriching local regions between dendrite arms. The solidification window for a-Al in Al-Sc is narrow (<1 K)
(Fig. 5a), so when the composition and temperature undercooling reach the eutectic point, the (Al;(Sc,Ti)
+ 0-Al) eutectic forms and propagates along the interdimeric regions.

4.2 Grain Refinement mechanism by formation of (Al3(Sc,Ti) + a-Al) eutectic cells

To fully understand the grain refinement induced by Sc addition in the absence of primary Al;Sc formation,
but with the presence of (Al;Sc + Al) eutectic cells, the solute effect must be considered. Compared to the
reference alloy (RA), the addition of Sc up to 0.5 wt.% results in significant grain refinement (Fig. 1). The
solute effect associated with growth restriction can be evaluated using the growth restriction factor, Q [26]
with equation of Q = my(k — 1)C,. Where, m;, and k are independent of solute content C, and Q is then
proportional to C,,.

Based on calculations for binary Al-Sc alloys, the Q values are 0.13 for 0.3 wt.% Sc and 0.22 for 0.5 wt.%
Sc, which are significantly lower than those for Ti-containing alloys. For example, O reaches 88.89 at 0.3
wt.% Ti and remains as high as 26.67 even at 0.09 wt.% Ti.

These results indicate that solute-based growth restriction from Sc is relatively weak. Instead, due to the
very close formation temperatures of the eutectic cells and a-Al, the (Al3(Sc,Ti) + Al) eutectic forms early
and develops into cells with sizes up to several tens of micrometres. These eutectic cells impose a strong
physical restriction on the growth of a-Al dendrites, effectively truncating their development. Therefore,
the observed grain refinement in this study represents a unique mechanism, where Sc addition promotes the
formation of (Al;(Sc,Ti) + Al) eutectic cells that act as physical barriers, rather than relying primarily on
conventional solute-driven growth restriction.



A schematic of the grain refinement mechanisms in RA alloys with different additions is shown in Fig. 6.
Without any additions, a-Al nucleates on native sites and grows into large grains, with SPPs distributed
within the dendritic arms. With a commercial Al-Ti-B grain refiner, a-Al grains nucleate on potent TiB,
particles, forming a cellular morphology, while SPPs coarsen at the grain boundaries. In contrast, with 0.3—
0.5 wt.% Sc, twinned eutectic cells of (Al;(Sc,Ti) + a-Al) form after primary a-Al solidification. These
cells restrict the growth of a-Al dendrites, achieving significant grain refinement without disrupting
secondary dendrite arm development. This approach simultaneously preserves fine SPPs within the
dendritic arms and minimizes coarse SPP accumulation at grain boundaries, offering the combined benefits
of grain refinement and controlled SPP distribution (Fig. 6c).

4.3 Twinning mechanism of a-Al

In RA alloys with Sc additions, EBSD (Fig. 1d-1) and TEM analyses (Fig. 2) reveal a-Al twins within the
(Al3(Sc,Ti) + a-Al) eutectic cells. These twins exhibit characteristic {112} twin planes, confirmed by SAED
and high-resolution HAADF-STEM imaging. Twinning in as-cast a-Al is unusual due to its high stacking
fault energy (SFE), which typically suppresses twin formation during solidification. The crystallographic
indexing has been re-examined, confirming that the twin plane is {112}, rather than the conventional {111}
plane typically observed in FCC metals. This deviation is attributed to a different formation mechanism. In
most previously reported cases, Al twins form under significant plastic deformation, where the {111} close-
packed plane is favoured as the twinning plane to accommodate dislocation activity in an energetically
efficient manner. In contrast, the Al twins reported in this work form under as-cast conditions, without
external deformation or large applied strain. Instead, their formation is associated with coupled growth
involving Al;(Sc,Ti) intermetallic compounds. As a result, the twinning habit is governed by the intrinsic
growth behaviour of the Al(Sc,Ti) phase rather than deformation-driven mechanisms. Further investigation
is ongoing to fully elucidate this mechanism.

Under metastable casting conditions, the (Al3(Sc,Ti)+ a-Al) eutectic forms once the local composition and
undercooling reach the eutectic point. Within the eutectic cells, Al;(Sc,Ti) and a-Al grow in a coupled and
coherent way (Fig. 4a). The Al;(Sc,Ti) solidified at the high temperature exhibits a relatively high tolerance
to impurity elements. To accommodate lattice strain induced by impurity segregation, twinning may occur
during the growth of Al3(Sc,Ti), consistent with previously reported twinned structures in Al;Sc [27]. The
twinning of Al;(Sc,Ti) can subsequently induce corresponding twinning in the coupled a-Al phase due to
their crystallographic relationship during eutectic growth. Furthermore, twinning within the eutectic does
not originate from a discrete nucleation event; rather, it develops as a continuous crystallographic transition
along the coupled solidification interface (Fig. 1d-2).

In addition, a recent paper demonstrated that the presence of Sc is expected to modify the stacking fault
energy, which may facilitate twin formation during solidification [18-19], which also explain why the as-
cast Al twin can be observed in this study. Additionally, the coupled eutectic growth front may impose local
crystallographic constraints, favouring the development of specific twin relationships within the eutectic
cells.

The lattice strain observed in a-Al, such as stacking default (Fig. 3b), can be attributed to impurities trapped
during high-temperature solidification. The elemental segregation observed, i.e. Cu enrichment at twin
boundaries (Fig. 31), further supports this interpretation. In the present study, the twins are considered to
form prior to significant dislocation activity. Under high-temperature solidification conditions and given
the relatively impurity tolerance, solute elements in the a-Al matrix are not thermodynamically stable and
tend to segregate. Twin boundaries, which possess higher interfacial energy than the surrounding matrix,
act as preferential sites for solute segregation. This segregation can further stabilize the twin structures once



formed. Moreover, under non-equilibrium solidification conditions, twinning can serve as an effective
mechanism for accommodating lattice strain, especially when conventional dislocation motion is restricted.

This mechanism demonstrates that solute enrichment, spatial confinement by eutectic cells, and local
undercooling collectively facilitate twin formation in high-SFE a-Al. The resulting twinning subdivides the
microstructure and enhances overall grain refinement in RA alloys with Sc. Moreover, the impurity
tolerance of the eutectic cells, represented as fine precipitates within and along their boundaries (Fig. 1d-
2), further refines SPPs of as-cast microstructure and boundary structures, potentially enhancing the
mechanical properties of RA alloys through Sc addition.

The growth twins observed in a-Al are formed within the (Al;(Sc,Ti) + a-Al) eutectic cells during
solidification. In this coupled growth process, the Al;(Sc,Ti) phase acts as the leading phase and establishes
a confined interfacial environment that governs the subsequent solidification of the surrounding o-Al.
Although Al;(Sc,Ti) does not directly impose a specific crystallographic twinning plane onto a-Al, the
coherency between Al and Al;(Sc,Ti) phase means that Al growth will be different based on the local
conditions within the eutectic cells. As the solid/liquid interface advances, these conditions promote
correlated atomic attachment and stacking sequence fluctuations in the adjacent a-Al, thereby enabling the
formation of growth twins. This mechanism highlights that twin formation in a-Al observed during casting
is primarily controlled in this case by eutectic-cell-mediated interfacial constraints and coupled
solidification behaviour and is not related to the conventional twinning observed with deformation or
recrystallisation in FCC metals that that requires dislocation mediation.

4.4 Advances and prospects of Scandium in Aluminium alloys

Heterogeneous nucleation is indeed a rapid and effective approach for grain refinement. Firstly, grain
refinement is commonly employed to reduce casting defects such as hot tearing and can enhance mechanical
performance through the Hall-Petch effect by increasing grain boundary density. However, several
important aspects should be considered when reimaged on future sustainable Al alloys development.
Nevertheless, grain refinement may also lead to the formation of relatively coarse second-phase particles,
as larger intergranular regions can remain after refinement. In recycled Al alloys, this can be detrimental
due to their limited impurity tolerance. In contrast, without conventional grain refinement, finer secondary
dendrite arm spacing (SDAS) and more refined second-phase particles (SPPs) can often be achieved.

In this study, we report a novel phenomenon: with Sc addition below the eutectic composition (typically
~0.3 wt.%), both refined grain size and reduced SDAS can be simultaneously obtained. At the same time,
refined SPPs and enhanced impurity tolerance are achieved, which we attribute to the increased boundary
density introduced by twinned eutectic cells. This advantage is closely associated with the unique
microstructural features identified in this work, as revealed by EBSD and polarized optical microscopy.

Although scandium (Sc) is more expensive than conventional grain refiners i.e. Al-5Ti-1B, our forthcoming
publication demonstrates its superior recyclability in aluminium alloys over multiple recycling cycles.
Unlike traditional grain refiners, which are typically effective only once which therefore request top-up and
potentially introduce inclusions and impurities (i.e. Ti) during recycling loops [28], scandium remains
effective throughout repeated reuse.

This makes Sc a more sustainable and long-term alloying element. Its benefits extend beyond improving
the as-cast microstructure; it also enhances performance during subsequent processing steps, including
thermomechanical processing and heat treatment (HT), ultimately leading to improved mechanical
properties [29-30]. A systematic and in-depth investigation is essential to fully understand the scientific



role of scandium (Sc) in recycled aluminium alloys before effective technologies can be developed to
minimise its usage while maximising its benefits.

5. Conclusions

In this study, a novel grain refinement mechanism in a recycled multi-component Al alloy was
demonstrated via hypoeutectic Sc addition. Unlike conventional Al-Ti-B refinement, grain subdivision
occurs through the formation of twinned (Al;(Sc,Ti) + a-Al) eutectic cells, which nucleate after primary o-
Al solidification and caused the spatial confinement of a-Al dendrites. EBSD and anodized optical analyses
show that these eutectic cells, combined with twin formation, produce a highly refined microstructure,
achieving up to 84.9% effective grain refinement at 0.5 wt.% Sc. The eutectic cells also preserve fine SPPs
within dendritic arms while minimizing coarse SPP accumulation at grain boundaries, owing to their
impurity tolerance and solute segregation. This dual effect, microstructural subdivision and SPP refinement,
offers a promising strategy for enhancing the mechanical performance of recycled Al alloys. Overall,
hypoeutectic Sc additions provide an efficient approach to simultaneously refine a-Al grains, stabilize
secondary phases, and control microstructural features in complex, sustainable Al alloys.
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Figure 1. Microstructures of the studied recycled alloy (Al-1.33Si-1.28Mg—0.97Cu—0.88Zn—0.51Fe—
0.57Mn-0.14Cr—0.09T:) cast at 3.5 K/s from 750 °C. Set-1: EBSD-IPF images; Set-2: SEM-BSD images;
Set-3: anodized optical images. (a) Reference RA without grain refiner or Sc; (b) RA + 0.2 wt.% Al-5Ti—
1B; (¢) RA + 0.3 wt.% Sc; (d) higher magnification of RA + 0.3 wt.% Sc; (¢) RA + 0.5 wt.% Sc.

Figure 2. EBSD-IPF images of eutectic cells showing the misorientation angles between adjacent grains.
(a) Al crystals exhibiting a 54—60° misorientation between adjacent grains; (b) region showing a 56-60°
misorientation.
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Element (%) (%) (%) (%) Fit Error (%)
Al 97.36 0.31 94.10 0.69 0.41
Sc 0.16 0.02 0.26 0.03 1.45
Ti 0.03 0.01 0.05 0.01 10.98
Cu 2.22 0.31 5.05 0.69 0.60
Zn 0.23 0.03 0.54 0.07 1.11

Figure 3. a-Al twins observed in eutectic cells of RA—0.3 wt.% Sc alloy. (a) Low-magnification bright-
field TEM image highlighting a twin boundary (TB) with corresponding SAED patterns (d, ) showing



{112} twin planes. (b—c) HAADF-STEM images detailing the twin boundary, including stacking faults and
boundary-associated solute segregation; (f) FFT of image (c). (g—1) STEM-EDS maps of the twin boundary
showing Cu segregation; (j) STEM-EDS spectrum acquired from the region highlighted by the yellow
frame in (g), with the corresponding quantified composition presented in (k); (I) STEM—EDS line scan
performed across the twin boundary; and (m) the corresponding intensity profiles of Sc and Ti.
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Figure 4. Elemental mapping of a eutectic cell in RA-0.3 Sc alloy, showing needle-like Als(Sc,Ti)
precipitates and elemental segregation at the cell boundary. (a) HAADF image of the eutectic cell interface;
corresponding STEM-EDS maps of (b) Al, (¢) Sc, (d) Ti, (e) Mg, (f) Cu, (g) Si, and (h) Zn. Selected-area
electron diffraction (SAED) patterns showing Al;(Sc,Ti) and a-Al along (i) [100], (j) [110], and (k) [211]
zone axes. (1) HAADF image of an Al;(Sc,Ti) needle viewed along the [211] zone axis.
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Figure 5. Calculated phase diagrams using the Scheil model for (a) Al-xSc binary alloy system; (b) Al-
0.5Sc-xTi ternary alloy system; (c) RA-xSc alloys; and solidification curves for (d) Al-1Sc and (e) RA-
0.5Sc.



Journal Pre-proofs

+ 0.2 wt.% TiB, <0.5 wt.% Sc

® Native nucleate

9 TiB: * a-Al grain @8 (Aly(Sc,Ti) + a-Al) eutectic cell

Figure 6. Schematic illustration of grain refinement mechanisms in RA alloys: (a) without any addition,
(b) with 0.2 wt.% Al-5Ti—1B, and (c) with 0.3-0.5 wt.% Sc.



Table 1. Grain size, second dendritic arm spacing and refinement of RA without and with additions of

grain refiner and Sc

Optical Anodized RA RA+0.2AI5TilB  RA+0.1S¢  RA+0.3S¢  RA+0.5Sc
Grain size (pm) 504+24 263+11 498+9 360+7 262+7
Grain refinement - 47.8% 1.2% 28.6% 48.0%
SDAS (pum) 30.6+0.7  32.1+2.7 28.3140.8 2431409  28.2+2.57
EBSD RA RA+0.2AI5TilB  RA+0.1S¢  RA+0.3S¢  RA+0.5Sc
Grain size (um) 303.6£50 203+23 - 53.47+7.1 459452
Grain refinement - 33.1% - 82.4% 84.9%
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Note: Grain refinement is calculated based on equation: Reduction (%) = (:i_o x 100.



