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A B S T R A C T

A representative cross-recycled wrought aluminium alloy, Al–1.33Si–1.28Mg–0.97Cu–0.88Zn–0.51Fe–0.57Mn– 
0.14Cr–0.09Ti (wt.%), was designed based on mixed 1xxx–7xxx series compositions with maximised impurity 
levels to emulate realistic recycling streams. To enhance impurity tolerance and microstructural stability in such 
complex recycled alloys, the role of scandium (Sc) was systematically investigated. While Sc is widely recognised 
in aluminium alloys for grain refinement via primary Al3Sc particles and precipitation strengthening through 
coherent nanoscale Al3Sc dispersoids, its behaviour in recycled aluminium systems remains largely unexplored. 
Here, we examine the formation, morphology, composition, crystallography, and impurity tolerance, particularly 
with respect to Fe and Si, of Al3(Sc,Ti) in this cross-recycled alloy. Competitive formation of primary Al3(Sc,Ti) 
and eutectic (Al3(Sc,Ti) + α-Al) is observed. Combined experimental characterisation and density functional 
theory calculations reveal preferential substitution of Ti for Sc in the L12 lattice, reducing the lattice misfit with 
α-Al to nearly zero and promoting heterogeneous nucleation. Al3(Sc,Ti) exhibits remarkable tolerance to a broad 
range of impurities, with Fe, Mn, Cr, Si, Cu, Mg, Ti and Zn accommodated through defect-mediated incorporation 
and local chemical interactions at elevated temperatures. Atomic-resolution STEM further reveals Fe clusters 
embedded within as-cast Al3(Sc,Ti) particles, while heat treatment induces surface segregation of major alloying 
elements, indicating dynamic solute redistribution. These results establish the intrinsic impurity tolerance of 
Al3(Sc,Ti) and provide mechanistic insight into solute partitioning and phase stability in complex recycled 
aluminium alloys, offering guidance for the design of sustainable, high-performance aluminium systems from 
mixed recycled feedstocks.

1. Introduction

Addressing the urgent global challenge of decoupling economic 
growth from environmental degradation, requires more holistic ap
proaches to sustainable manufacturing where metals playing a critical 
role [1]. Aluminium (Al) stands out due to its strength, low weight, and 
exceptional recyclability [2,3]. However, the current Al sector remains 
heavily dependent on energy-intensive primary production, which is 
environmentally unsustainable and risks undermining net-zero ambi
tions [4,5]. Unlocking Al's full circular potential through advanced 
recycling is vital to reducing carbon emissions, conserving resources, 
and securing supply chains worldwide. The transition to high-quality 
secondary Al, however, is constrained by persistent technical barriers, 
particularly the challenge of managing impurities and non-metallic in
clusions in scrap. These issues lead to downcycling, where the properties 
of recycled alloys are degraded [6,7]. Contaminants such as organic oils, 

mixed alloy grades, and other inclusions, often carried over from diverse 
scrap sources, compromise the mechanical integrity and reliability of 
recycled aluminium. This challenge is particularly pronounced in 
high-performance Al alloys, where meeting both sustainability goals and 
strict structural integrity requirements in recycled alloys remains diffi
cult [6,8,9].

Microstructure refinement, typically through grain refinement, is a 
common strategy to reduce casting defects and thereby enhance the 
performance of recycled aluminium alloys [10]. Combining grain 
refinement with fine second phase particles has become a conventional 
approach in solidification technologies to produce high-performance Al 
alloys that meet strict mechanical and structural requirements [11]. In 
this context, Scandium (Sc) plays a critical role [12–20]. Even in small 
additions (typically 0.1–0.5 wt%), Sc forms fine, coherent Al3Sc pre
cipitates that significantly strengthen the alloy through precipitation 
hardening. These precipitates impede dislocation motion, improving 
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yield strength, tensile strength, and creep resistance, while simulta
neously refining the grain structure and limiting grain growth during 
processing [14–18]. Furthermore, Sc additions enhance weldability and 
corrosion resistance, making Al–Sc alloys highly attractive for aero
space, automotive, and sporting applications where a combination of 
low density, high strength, and durability is required [19,20].

Investigations into the influence of alloying elements on Al3Sc for
mation have mainly focused on nanoscale Al3Sc dispersoids formed 
during solid-state precipitation. Previous studies have shown that 
several alloying elements, such as Si, Zr, Ti, and Hf, exhibit varying 
degrees of solubility in Al3Sc [21–25]. For example, Si has been reported 
to substitute at Al sites, leading to the formation of modified (Al,Si)3Sc 
phases [21], while higher Si concentrations may further promote the 
formation of Al–Sc–Si intermetallic compounds [26]. In contrast, ele
ments such as Zr, Ti, and Hf preferentially occupy the Sc sublattice sites. 
These alloying additions can significantly influence the formation ki
netics, thermal stability, and coarsening resistance of Al3Sc precipitates, 
particularly during heat treatment and ageing processes. Consequently, 
most previous studies have concentrated on precipitation behaviour and 
microstructural evolution under post-solidification conditions. In com
parison, the direct interaction between typical tramp elements, such as 
Fe, Mn, and Cr, and Al3Sc remains much less understood, especially in 
complex recycled Al alloys. This lack of understanding is becoming 
increasingly important due to the growing demand for sustainable and 
recycled Al alloys, where impurity accumulation is one of the major 
barriers limiting alloy upcycling and property control.

Due to the high cost of Sc, most previous research has focused on 
relatively low Sc additions (~0.1–0.6 wt%) to optimise precipitation 
strengthening, grain refinement, and thermal stability while maintain
ing economic feasibility. As a result, investigations of higher Sc addi
tions and the formation behaviour of primary Al3Sc phases during 
solidification have remained comparatively limited. The potential ben
efits of primary Al3Sc formation, particularly in relation to impurity 
tolerance and solidification control in recycled alloys, therefore, remain 
largely unexplored. In recent years, our research group has focused on 
the development of sustainable Al alloys through advanced solidifica
tion technologies and systematic investigations into the role of Sc in 
recycled multicomponent Al alloys. Several novel phenomena have been 
identified using characterisation techniques spanning from casting-scale 
analysis to atomic-resolution microscopy. For example, at relatively low 
Sc additions, a unique grain refinement mechanism involving twinned 
eutectic (Al3(Sc,Ti) + Al) cells [27] was discovered, which not only 
physically restricts α-Al growth during solidification but also introduces 
additional internal boundaries that contribute to improved mechanical 
performance. However, with higher Sc additions leading to the forma
tion of primary Al3Sc particles (e.g., ~1.0 wt% Sc), a unique high-angle 
grain boundary structure was discovered on individual Al3(Sc,Ti) par
ticles, which provided an almost zero lattice misfit with α-Al [28]. These 
multiple grain boundaries not only provide significantly enhanced grain 
refinement efficiency for α-Al, but also contribute to improved impurity 
tolerance in recycled Al alloys.

Building on these findings, the present study reports, for the first 
time, the elemental interaction between multiple impurity/alloying el
ements (Cu, Si, Mg, Zn, Fe, Mn, Ti, and Cr) and primary Al3(Sc,Ti) 
particles in complex recycled Al alloys. This work reveals previously 
unreported impurity redistribution and clustering behaviour associated 
with Al3(Sc,Ti) during solidification and heat treatment. More impor
tantly, it provides new insight into impurity tolerance mechanisms in 
recycled Al alloys, which is currently a critical but insufficiently un
derstood issue for the future upcycling and sustainable development of 
high-performance aluminium alloys.

In this study, the interaction between Al3Sc and impurities in cross- 
recycled wrought aluminium alloys is systematically investigated. The 
study identifies which impurity elements can be incorporated into Al3Sc 
and examines their influence on its crystal structure and morphology. 
Notably, Fe, which has previously been reported as energetically 

unfavourable within Al3Sc, was observed to form clusters inside Al3Sc 
particles, indicating an unexpected impurity tolerance of the phase. 
Detailed TEM and STEM analyses reveal that, regardless of whether 
Al3Sc forms as primary particles during solidification or as static 
dispersoid precipitates in the eutectic (Al3Sc + α-Al) region, both types 
of Al3Sc particles can effectively interaction with the impurities within 
the recycled Al alloys and how these impurities effect the lattice pa
rameters of the Al3Sc.

In this study, a cross-recycled wrought aluminium alloy, Al-1.33Si- 
1.28Mg-0.97Cu-0.88Zn-0.51Fe-0.57Mn-0.14Cr-0.09Ti (wt.%), was 
designed to represent a realistic recycled composition containing most 
of the major (≤1.0 wt%) and minor (0.1-1.0 wt%) alloying elements 
commonly found in commercial wrought Al series [29]. The alloying 
elements in each selected grade were chosen at their upper permissible 
limits, representing a case containing the maximum level of impurities. 
This alloy was employed to systematically investigate the impurity ef
fects on the formation of Al3Sc and to assess the influence of Sc on 
secondary phase formation within a complex recycled aluminium ma
trix. The morphology, size, and size distribution of Al3Sc particles, as 
well as the crystallographic variations induced by impurity incorpora
tion, were examined in detail. The solidification sequence competition 
between primary Al3Sc and the eutectic (Al3Sc + α-Al) reaction was 
analysed to elucidate their respective roles in grain refinement.

2. Experimental

2.1. Alloy design

The study introduces a new design strategy for wrought Al by 
leveraging the impurities present in cross-over RA, spanning the 1xxx to 
7xxx series. These alloys contain a variety of alloying elements, 
including major elements (>1 wt%), minor elements (0.1 wt 
% < x < 1.0 wt%), and trace elements (<0.1 wt%). One representative 
alloy with most industrial application from each series was selected 
(A1050, A2024, A3003, A4043, A5052, A6082, A7075) as listed in 
Table 1, and assumed to be equally mixed. All major and minor alloying 
elements were considered as constituent elements. The upper compo
sitional limits of each selected alloy were used to formulate the RA, 
which resulting in a composition of: 1.34 wt% Si, 1.31 wt% Mg, 1.09 wt 
% Cu, 1.00 wt% Zn, 0.56 wt% Fe, 0.58 wt% Mn, 0.13 wt% Cr, and 
0.09 wt% Ti, with the balance of Al, Table 2. This RA contains a 
significantly higher total concentration of alloying elements (6.0 wt%) 
compared to commercial alloys, such as A6082 (~2.48 wt%).

2.2. Casting

The alloy was produced using commercial-purity (CP) aluminium 
(99.9%), CP magnesium (>99.95%), CP zinc (>99.95%), and several 
master alloys: Al-50%Si, Al-20%Mn, Al-10%Ti, Al-20%Cr, and Al-38% 
Fe. To compensate for potential losses of volatile elements such as 
magnesium during melting, an additional 3% CP-Mg was added to the 
melt, ensuring that the final composition closely matched the nominal 

Table 1 
Composition of selected wrought Al grades from each series.

Element 1*** 2*** 3*** 4*** 5*** 6*** 7***

1050 2024 3003 4043 5052 6082 7075

Al 99.08 90.9 96.9 92.5 95.9 95.35 87.32
Si 0.25 0.5 0.6 6 0.25 1.3 0.4
Mg 0.05 1.8 0 0.2 2.8 1.2 2.9
Cu 0.05 4.9 0.2 0.3 0.1 0.1 2
Zn 0.07 0.25 0.1 0.1 0.1 0.2 6.1
Fe 0.4 0.5 0.7 0.6 0.4 0.5 0.5
Mn 0.05 0.9 1.5 0.15 0.1 1 0.3
Cr 0 0.1 0 0 0.35 0.25 0.28
Ti 0.05 0.15 0 0.15 0 0.1 0.2
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target. The Al-2%Sc master alloy was used for scandium additions. The 
prepared Al alloys contain composition as 1.34 wt% Si, 1.31 wt% Mg, 
1.09 wt% Cu, 1.00 wt% Zn, 0.56 wt% Fe, 0.58 wt% Mn, 0.13 wt% Cr, 
and 0.09 wt% Ti, with the balance being aluminium, as shown in 
Table 2.

The CP-Al and all the master alloys were firstly melted at 800 ◦C in an 
electric resistance furnace, followed by thorough stirring to ensure 
complete dissolution. CP-Mg and CP-Zn were wrapped in Al foil, pre
heated to 200 ◦C, and then introduced into the melt. After complete 
melting of the Mg and Zn, the melt was held for an additional 30 min.

Following slag removal, the molten alloys, with and without 1.0% Sc 
addition were cast into a Tp-1 mould [30] for microstructure investi
gation. The Tp-1 mould is specifically designed to provide a cooling rate 
of 3.5 K/s at a point 38 mm from the bottom of the casting, replicating 
conditions of industrial direct chill (DC) casting. The Tp-1 mould was 
preheated to 380 ◦C, and the alloys were poured at a temperature of 
750 ◦C. The phase diagram of the RA alloy was calculated using the 
Scheil model [31] in Pandat software, and the experimental cooling rate 
was measured with an IDECO machine.

2.3. Characterization

Metallographic specimens were prepared using standard procedures. 
The as-cast microstructures were examined using a Zeiss optical mi
croscope equipped with AxioVision 4.3 image analysis software. Scan
ning electron microscopy (SEM) analyses were conducted using a Zeiss 
Crossbeam 340 FIB-SEM operated at an accelerating voltage of 20 kV. To 
reveal the three-dimensional (3D) morphology of the Sc-containing 
intermetallic compounds (Sc-IMCs), the Tp-1 samples were deep- 
etched in a 20 vol% HCl aqueous solution for approximately 5 min, 
followed by cleaning in an ethanol bath and thorough drying.

TEM specimens were prepared by two routes. Site-specific lamellae 
containing primary Al3Sc particles were fabricated by focused ion beam 
(FIB) milling using a Zeiss Crossbeam 340 FIB-SEM due to the difficulty 
of extracting these particles by conventional methods. Additional TEM 
foils were prepared by mechanical grinding to ~60 μm thickness, fol
lowed by final thinning using a precision ion polishing system (PIPS) 
with voltage of 1-5kv with angle of 1-7◦. STEM-EDS analyses were 
performed on multiple FIB- and PIPS-prepared TEM samples. The FIB- 
prepared samples showed relatively higher Cu quantification due to 
the influence of the Cu sample grid material. However, because of the 
difficulty in preparing TEM samples containing primary Al3(Sc,Ti) par
ticles, the FIB technique has to be employed.

TEM observations were carried out using a Cs-corrected SPECTRA 
300 TEM (Thermo Fisher Scientific), equipped with a Super-X EDS de
tector and operated at an accelerating voltage of 200 kV. The crystal 
structure modelling, HAADF - STEM image simulations, and heteroge
neous nucleation behaviour between the Al3(Sc1-xTix) phase and the α-Al 
matrix were investigated using CrystalMaker version 10.0, CrystalKit and 
Tempas software (Total Resolution LLC). It should be noted that the 
STEM results presented in this work are based on systematic in
vestigations of multiple particles rather than a single individual particle.

A plane-wave approach implanted in the first-principles Vienna Ab 
initio Simulation Package [32] was employed in the present study. The 
generalized gradient approximation (PBE-GGA) [33] within the 
projector-augmented wave frame [34] was used for the correlation and 
exchange terms. High cut-off energies (ECUT/EAUG = 400.0  
eV/550.0 eV) were set for the present calculations. Dense k-meshes for 

the structural optimizations and total energy calculations were used, e. 
g., a 10 × 10 × 10 mesh with k-points ranging from 35 to 250 for the 
L12-phase supercells, depending on the symmetry in the Brillouin zone 
on the Monkhorst-Pack approach [35]. Test calculations for the cut-off 
energies and k-meshes produced results of high reliability and accu
racy with energy deviations within 1meV/atom.

3. Results

3.1. Formation of primary Al3(Sc,Ti) particles

Fig. 1 shows the as-cast microstructure of studied recycled Al alloy 
solidified at 3.5K/s without and with addition of 1.0 wt% Sc. Fig. 1a and 
Fig. 1b show that the RA alloy cast at a cooling rate of 3.5 K/s exhibits a 
typical wrought Al alloy microstructure, consisting α-Al grains, second- 
phase particles (SPPs), including Al-rich Fe-intermetallic compounds 
(IMCs), Mg2Si and Cu-rich IMCs, are located along the grain boundaries. 
No primary intermetallic compounds were detected in the microstruc
ture. Fig. 1c and Fig. 1d show that after addition of 1.0 wt% Sc, obvious 
cubic like Sc-rich particles which were identified as Al3(Sc,Ti) particles 
later were observed within the Al gains. The average of these Al3(Sc,Ti) 
particle sizes is 10 ± 1.2 μm. Nearly every grain contained at least one 
Sc-IMC under random examination, suggesting strong nucleation po
tency for α-Al. A comprehensive analysis of these results will be reported 
in a subsequent publication. the types of SPPs at the grain boundary 
remains unchanged, except for a notable reduction in Cu-rich multi
component eutectic droplets, indicating a change in solubility after Sc 
addition. Fig. 1 also demonstrates the typical influence of grain refine
ment on the distribution of second-phase particles (SPPs) at the grain 
boundaries. Fig. 1a shows a relatively high number density but finer size 
of Fe-containing intermetallic compounds (Fe-IMCs) distributed along 
the grain boundaries in the recycled alloy without Sc addition. In 
contrast, Fig. 1b shows a significantly lower number density of Fe-IMCs 
after grain refinement induced by Sc addition, although the remaining 
Fe-IMCs appear relatively coarser. Quantitative analysis of the 2D image 
area fraction indicates that the recycled alloy without grain refinement 
contains approximately 3.7 ± 0.3% Fe-IMCs, whereas the grain-refined 
alloy with 1.0 wt% Sc contains approximately 3.4 ± 0.3% Fe-IMCs. 
These results suggest the volume fraction of Fe-IMCs are at the equiva
lent level, and that Sc-induced grain refinement might slightly reduce 
the overall fraction of Fe-IMCs while simultaneously modifying their 
distribution and morphology which will be introduced in later sections. 
Investigation of the Al3(Sc,Ti) particle morphology revealed a complex 
relationship between particle shape and the surrounding microstructure. 
Fig. 2a shows an SEM-BSD image of an Al3(Sc,Ti) particle consisting of a 
solid central cubic core surrounded by a ring-like region containing two 
phases. This region transitions from well-defined cubic edges to curved 
surfaces with a dendritic morphology.

Deep etching exposed the 3D morphology of these particles, 
revealing a fluffy, fibre-like surface composed of a eutectic mixture of 
Al3(Sc,Ti) and α-Al. Fig. 2c shows that deeper etching exposes the solid 
cubic core more clearly. High-magnification SEM images (Fig. 2d and e) 
demonstrate that both the eutectic phase and the secondary Al3(Sc,Ti) 
structures grow outward from the central primary Al3(Sc,Ti) cube.

Because the Al3(Sc,Ti) + α-Al eutectic structure has a much faster 
etching rate than the central Al3(Sc,Ti) core, the eutectic shell sur
rounding the primary Al3(Sc,Ti) particles can be partially or completely 
removed during deep etching. This allows the morphology of the 

Table 2 
Designed recycled wrought Al alloys based on calculated mixed recycled alloys compare to AA6082.

wt.% Al Si Mg Cu Zn Fe Mn Cr Ti Total

Nominated Recycled Alloy (RA) Bal. 1.33 1.28 1.09 0.99 0.51 0.57 0.14 0.09 6.0
As-cast RA Bal. 1.34 ± 0.035 1.31 ± 0.05 1.09 ± 0.03 1.00 ± 0.03 0.56 ± 0.014 0.58 ± 0.01 0.13 ± 0.002 0.09 ± 0.003 6.1
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Fig. 1. SEM-BSD images showing the as-cast microstructure of the studied recycled Al alloy solidified at 3.5K/s (a, b) without addition of Sc, consisting of primary 
α-Al, eutectic α-Al15(Fe,Mn)3Si2, Mg2Si and Cu-IMCs; and (c, d) RA+1.0 wt% Sc, consisting of primary Al3(Sc,Ti) distributed within α-Al grains, eutectic α-Al15(Fe, 
Mn)3Si2, Mg2Si and Cu-IMCs.

Fig. 2. SEM images showing (a) cubic primary (solid) Al3(Sc,Ti) particles covered with layer-by-layer binary eutectic (BE) (Al3(Sc,Ti) + α-Al); (b) 3D morphology 
showing the BE-(Al3(Sc,Ti) + α-Al) fully covered the primary Al3(Sc,Ti); (c) 3D morphology cover by the BE-shells and the BE structure is villiform; (d-e) high 
magnification SEM showing the villose BE structure grows on the central primary Al3(Sc,Ti).
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primary Al3(Sc,Ti) particles to be revealed more clearly.
Fig. 3 presents several examples of these morphological variations, 

along with corresponding schematic diagrams illustrating the transition 
in particle shape. The primary Al3(Sc,Ti) particles may appear as solid 
cubic (Fig. 3a), or as cubic with face-centred, elongated cavities. The 
morphology of these cavities evolves from square (Fig. 3b) to circular 
(Fig. 3e), eventually leading to a slightly depressed face surface (Fig. 3f). 
Twinning features along the 45◦ {100} directions can also be observed 
(Fig. 3c).

3.2. Identification of Al3(Sc,Ti)

These featured Al3(Sc,Ti) particles covered with Al3(Sc,Ti) + α-Al 
eutectic shells were analysed with SEM-EDS mapping, Fig. 4 a. It shows 
that both the central primary Al3(Sc,Ti) and the Al3(Sc,Ti) within the 
eutectic shells are rich with Sc and Ti. Further STEM investigation re
veals that the outer eutectic shell are consisted with Al3(Sc,Ti) with 
dendritic morphology and the rest of α-Al, Fig. 4b and d. STEM-HAADF 
investigation confirmed that multiple orientation existing within one 
Al3(Sc,Ti) particle and the transition layers within the BE and actually 
connected by growth from one of the orientations. Fig. 4d shows that 
although the BE-(Al3(Sc,Ti) + α-Al) surface looks curved under SEM, it 
actually terminated with cubic faceted. Further atomic resolution 
HAADF image and atomic resolution STEM-EDS mapping in Fig. 4d 
reveals the elemental distribution inside the Al-Sc-Ti particle. The con
centration of Ti is much lower than that of Sc and also incorporate at the 
Sc atomic sites. The measured composition of this primary Sc phase is 
list in Table 3, as 20.96 ± 1.68 wt% Sc, 5.13 ± 0.57 wt% Ti, 0.87 ± 0.19 
wt% Si, 0.07 ± 0.02 wt% Mn, 0.09 ± 0.02 wt% Fe, 4.24 ± 0.45 at.% Cu, 
0.07 ± 0.02 wt% Mg, and 0.54 ± 0.04 wt% Zn. Or 14.58 ± 2.8 at.% Sc, 
3.34 ± 0.76 at.% Ti, 0.96 ± 0.24 at.% Si, 0.04 ± 0.01 at.% Mn, 0.05 ±
0.01 at.% Fe, 2.08 ± 0.45 at.% Cu, 0.09 ± 0.02 at.% Mg, and 0.26 ±
0.05 at.% Zn, corresponding to an Al/(Sc + Ti) atomic ratio of 3.76. This 
ratio is lower than 3:1 but approaches 4:1. The deviation in the atomic 
ratio may result from the incorporation of other impurities, such as Si, 
Cu, Mg, and Zn, which can potentially occupy the Al lattice sites. In 
addition, the weight percentage of Cu is approximately 4.2%, which is 
unavoidably caused by the FIB sample grid which produced with Cu 
material.

The Ti concentration in the primary Al3Sc particles that solidified at 
higher temperatures is significantly higher than that in the Al3Sc pre
cipitates formed during the later stages of solidification, because the 
primary particles form earlier from the liquid phase. Other impurities, 
such as Fe, Mn, and Si, could also potentially be trapped at higher 

concentrations in the primary Al3Sc particles compared with the later 
Al3Sc precipitates. However, the larger driving force resulting from the 
higher solute concentration, elevated formation temperature, and 
energetically unfavourable solid solution state promotes the precipita
tion of Fe-containing intermetallic compounds (Fe-IMCs) within the 
primary Al3Sc particles. Consequently, the concentrations of these 
tramp elements are reduced. In contrast, the driving force for Fe-IMC 
precipitation in the later Al3Sc precipitates is much lower due to the 
lower formation temperature; therefore, Fe clusters were observed 
instead (Fig. 10).

Precise lattice parameter measurements of both α-Al and these 
modified Al3Sc particles reveal a shared value of 4.05 ± 0.005 Å, further 
supporting their crystallographic compatibility. Although the Al3Sc 
phase has been well reported, the other elements except Zr incorpora
tion and its effects on the crystallography has rarely been reported.

According to the ICSD database, the Al3Sc is documented with 
crystallizes in a cubic structure with space group Pm-3m (221) and with 
a lattice parameter of a = 4.105 Å [36]. The observed Al-Sc particles 
containing Ti in this study exhibit the same crystal structure as Al3Sc, 
but with smaller lattice parameters (~4.05 Å) that are same as α-Al. This 
reduction in lattice parameter is attributed to compositional variations 
in the Al3Sc phase, including substitutional incorporation of Ti and other 
alloying elements i.e. Cu, Si, Mn, Zn), as well as trapped elements of Fe 
and Mn, and potential vacancy formation. Given the clearly resolved 
atomic substitution of Ti for Sc, these Al3Sc particles are more accurately 
described as Al3(Sc,Ti) to reflect Ti incorporation.

The lattice parameters and formation energy variation of Al3(Sc,Ti) 
with element incorporation was investigated with DFT calculation and 
shown in Fig. 5. The L12-Al3X structure has a cubic lattice with space 
group Pm-3m (221). The X atoms are positioned at the Wyckoff 1a sites 
and Al at 3c. Alloying X in this phase lowers the symmetry of the system 
down. Meanwhile, the calculations also showed that the frame of the 
structure remains with angles of the unit cells deviating less than 1◦ from 
90◦.

Fig. 5a represents the dependences of lattice parameters on the Sc 
content in L12-Al3(Al1-xScx) (Fig. 5a–a) and L12-Al3(Sc1-xTix) (Fig. 5a 
and b), respectively. Obviously, the Ti incorporation into the L12- 
Al3(Sc1-xTix) structure caused the reduced lattice parameters. The lattice 
parameter decreases almost linearly with Ti content for the L12-Al3(Sc1- 

xTix) system (Fig. 5a and b).
To account for the slight deviation of the Al/(Sc + Ti) ratio from the 

ideal 3:1, the effect of Al/Sc ratio variations on the lattice parameters is 
investigated here.It shows that the relation between the lattice param
eter and the Sc content in L12-Al3(Al1-xScx) is more complex (Fig. 5a–a). 

Fig. 3. (a-f) SEM and corresponding ((a-1)-(f-1))schematic diagram images showing the 3-dimensional (3D) morphology and the morphology evolution of Al3(Sc,Ti) 
particles: (a) the ideal cubic; (b) the cubic with face central square hole; (c) the 45◦ rotated twins within the cubic; (d) the cubic with face-central curved square hole; 
(e) the cubic with face-central round hole; (f) the cubic with face-central round hole and bended faces.
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The lattice parameter increases quickly with addition of Sc. Then it in
creases slower with increases Sc content. The maximum difference be
tween the calculated lattice parameter and the average value is at x 
(Sc) = 0.5. Then it creases moderately with Sc content.

Whether the incorporation of Ti into Al3Sc causes changes in the 
crystal structure is also investigated here. Al3Sc has a cubic L12-type 
structure, while the stable Al3Ti has the D023-type structure [37]. The 
investigation on the stability of Al3(Sc,Ti) alloying compounds within 
three types of crystal structures, L12, D022 and D023 was presented in 
Fig. 5b. It shows the Gibbs free energy of three different structures of 
Al3Sc with different Ti incorporation. L12-Al3(Sc, Ti) and Ti in 
L12-Al3(Al,Sc) crystals are displayed in Fig. 5b. It shows that the 
L12-Al3(Sc,Ti) has lowest formation energy until the Ti incorporation 
reach x(Ti) = 0.60 (60 wt%), then the other types of structure (DO22 and 
DO23) become more stable. The D023-Al3(Sc,Ti) becomes more stable in 
the Ti-rich part. This also demonstrates that, within the cooperative 
composition range of Ti (~0.5 wt%), the L12-Al3(Sc,Ti) phase remains 
the most stable crystal structure.

3.3. Precipitation of Fe compounds within primary Al3(Sc,Ti)

The recycled Al alloy studied here is a multi-component system 
containing nine different alloying elements. Al3(Sc,Ti), whether present 

Fig. 4. (a) SEM-EDS mapping demonstrates these particles are Sc and Ti rich, the eutectic area consisted the Al concentration variation; (b) STEM-HAADF image 
further confirmed the outer area (BE) are two phase (Al3(Sc,Ti) + α-Al) and the Al3(Sc,Ti) is in dendritic morphology; (c) although the BE-(Al3(Sc,Ti) + α-Al) surface 
looks curved under SEM, it actually terminated with cubic faceted. (d) atomic resolution HAADF image and atomic resolution STEM-EDS mapping showing the 
elemental distribution inside the Al-Sc-Ti particle.

Table 3 
STEM-EDS of the primary Al3(Sc,Ti) and precipitates Al3(Sc,Ti) particles with 
and without Fe clusters.

(wt.%) Primary 
Al3Sc

Fe cluster area 
within Al3Sc 
precipitates

No Fe cluster 
area within 
Al3Sc 
precipitates

Average 
composition of 
Al3Sc 
precipitates

Samples FIB PIPS PIPS PIPS

Sc 20.96 ± 1.68 19.05 ± 1.21 20.87 ± 2.1 20.9 ± 1.81
Si 0.87 ± 0.19 2.88 ± 0.56 2.67 ± 0.45 2.4 ± 0.52
Ti 5.13 ± 0.57 1.73 ± 0.04 1.42 ± 0.06 2.01 ± 0.12
Mn 0.07 ± 0.02 0.32 ± 0.03 0.46 ± 0.03 0.33 ± 0.02
Fe 0.09 ± 0.02 3.8 ± 0.41 0.36 ± 0.02 0.63 ± 0.02
Cu 4.24 ± 0.45 1.09 ± 0.03 1.38 ± 0.04 1.28 ± 0.04
Zn 0.54 ± 0.04 1.00 ± 0.04 1.08 ± 0.04 1.17 ± 0.05
Cr 0.05 ± 0.02 0.77 ± 0.04 0.14 ± 0.03 0.36 ± 0.04
Mg 0.07 ± 0.02 0.83 ± 0.03 1.07 ± 0.04 0.52 ± 0.03
Total 32 31.47 29.45 29.6

Note: The relatively high Cu content (in primary Al3Sc) measured in the STEM- 
EDS analysis of the FIB-prepared TEM samples is attributed to the influence of 
the Cu sample grid material. In contrast, the PIPS-prepared samples did not 
exhibit this effect. However, due to the difficulty in preparing TEM samples 
containing primary Al3(Sc,Ti) particles, the FIB technique was necessary for 
sample preparation.
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as primary particles or as part of the eutectic phase, plays a critical role 
in the grain refinement of α-Al. As a single phase, the heterogeneous 
nucleation of α-Al primarily depends on structural templating [38], 
making the lattice mismatch at the nucleation interface a key factor. 
Therefore, understanding the effect of impurities on the lattice param
eters of Al3(Sc,Ti) is essential for elucidating its nucleation behaviour 
and guiding future alloy design and applications.

Further examination of the Al3(Sc,Ti) particles revealed that, in some 
cases, brighter sub-particles are present within the primary Al3(Sc,Ti) 
structure (Fig. 6). SEM–EDS mapping shows that these bright regions are 
enriched in Fe, Mn, Cr and Si, indicating their unfavourable incorpo
ration into the Al3(Sc,Ti) lattice. Further investigation using STEM–EDS 
mapping (Fig. 7) clearly reveals the presence of nanoscale Al–Fe–Mn–Si 
precipitates within the Al3(Sc,Ti) particles highlighted by red dotted 
circles. Ti is uniformly distributed throughout the Al3(Sc,Ti) nanofibers. 
In contrast, other elements such as Mg, Cu, Zn, and Si are primarily 
segregated at the surfaces of these Al3(Sc,Ti) fibres.

3.4. Evolution of scandium distribution during alloy solidification

The Al-Sc binary and RA-Sc multicomponent phase diagrams calcu
lated using Pandat with the non-equilibrium Scheil model are shown in 
Fig. 8a and b. As expected, the Al-Sc binary system exhibits a eutectic at 
0.57 wt% Sc (Fig. 8a). The Scheil solidification path (Fig. 8c) for an Al- 

1Sc alloy predicts that L12-Al3Sc solidifies firstly, followed by the binary 
eutectic reaction (Al3Sc + α-Al). It should be noted that although the 
Al–Sc binary system exhibits a eutectic composition at approximately 
0.57 wt% Sc, the solidification window for α-Al is extremely narrow 
(<1K), even when calculated using a non-equilibrium Scheil model. This 
limited temperature interval reduces the stability range of primary α-Al 
during the final stages of solidification. As a result, under metastable 
casting conditions, competitive formation may occur between primary 
α-Al and the binary eutectic reaction (Al3Sc + α-Al) in alloys with 
compositions close to the eutectic point.

In contrast, the situation changes dramatically in the multicompo
nent recycled alloy containing nine alloying elements. For the compo
sition Al-1.33Si-1.28Mg-0.97Cu-0.88Zn-0.51Fe-0.57Mn-0.14Cr-0.09Ti, 
the equilibrium phase diagram predicts that primary L12-Al3Sc appears 
only above 1.94 wt% Sc, far higher than the binary eutectic concentra
tion. The Scheil solidification curve for the same alloy with 1 wt% Sc 
(Fig. 8d) shows that Al3Ti should solidify first, followed by L12-Al3Sc 
and subsequent reactions. However, the temperature interval in which 
equilibrium Al3Sc can form is extremely narrow (only ~0.1 K), meaning 
that under real casting conditions its formation is kinetically suppressed.

The non-equilibrium Scheil model was employed because it more 
realistically represents the rapid solidification behaviour and solute 
segregation occurring in multicomponent recycled Al alloys under 
casting conditions. Compared with equilibrium calculations, the Scheil 

Fig. 5. DFT calculation results showing (a) variation of lattice parameters normalized for the primary unit cell on the Sc content in L12-Al3(Al1-xScx) and L12-Al3(Sc1- 

xTix) alloying compounds. The green lines represent the averaged values between those of the α-Al and L12-Al3Sc in Fig. 5a and the L12-Al3Scx and L12-Al3Ti in 
Fig. 5b, respectively; (b) Formation energy of different types of crystal structure of Al3X particles with different Ti incorporation which demonstrate the lowest energy 
of LI2-Al3X at Ti concentration lower than 0.5.

Fig. 6. SEM-EDS mapping on a Al3(Sc,Ti) particle containing bright particles which demonstrating the bright particles are Al-Fe-Mn-Si rich particles.
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model assumes complete mixing in the liquid phase and negligible 
diffusion in the solid phase, which better reflects the non-equilibrium 
nature of practical solidification processes. However, limitations still 
exist in current thermodynamic calculations for complex multicompo
nent recycled Al alloys, particularly due to uncertainties in thermody
namic databases, restricted diffusion assumptions, and the difficulty in 
accurately predicting phase evolution and micro-segregation behaviour 
in highly alloyed systems. The experimental observations expose limi
tations in current thermodynamic predictions for multicomponent Al 
alloys and demonstrate metastable Sc solidification behaviour in recy
cled compositions, underscoring an incomplete description of impurity 
effects on phase selection. Rather than equilibrium Al3Sc or Al3Ti, a 
chemically modified primary phase, Al3(Sc,Ti), forms during 
solidification.

During the actual solidification sequence, partial of Sc was consumed 
for formation of primary Al3(Sc,Ti) particles and their surrounding 

eutectic shells. The remaining Sc is expected either to remain dissolved 
in the Al matrix or to precipitate later as secondary Al3(Sc,Ti) during 
subsequent cooling or heat treatment. Further experimental observa
tions indicate that the Sc concentration exceeding the solubility limit in 
liquid Al during solidification is expected to form nanoscale Al3(Sc,Ti) 
rod-like precipitates, while the remaining Sc within the solid solubility 
limit is retained in the α-Al matrix. This residual Sc may subsequently 
precipitate during later heat-treatment processes, contributing to further 
strengthening of the alloy. Fig. 9 shows STEM-HAADF image and cor
responding STEM-EDS mappings, revealing long needle-like Sc-rich 
precipitates within the Al grains. The Ti concentration within these 
Al3(Sc,Ti) rods is on average 2.01 ± 0.02 wt%, which is significantly 
lower than that measured in the primary Al3(Sc,Ti) particles. This is 
likely due to the rapid consumption of Ti during the formation of pri
mary Al3(Sc,Ti) particles at higher temperature, resulting in a reduced Ti 
content in the subsequently formed Al3(Sc,Ti) rods, as shown in Table 3.

Fig. 7. STEM-EDS mapping result indicating the elemental distribution within this Sc-rich particles composed mainly containing Al, Sc, Ti. Elemental segregation 
was observed along the Sc-rich dendritic regions, particularly for Si, Cu and Zn. In addition, a nanometre-scale precipitate enriched with Si, Fe and Mn were detected. 
(a) HAADF; (b) Mg; (c) Al; (d) Si; (e) Sc; (f) Ti; (g) Cr; (h) Mn; (i) Fe; (j) Cu; (k) Zn.

Fig. 8. Calculated phase diagram with Pandat software under Scheil model (a) Al-xSc binary alloys; (b) RA-xSc multiple component alloys; (c) solidification curve of 
Al-1Sc binary alloy; (d) solidification curve of RA+ 1Sc alloy.
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3.5. Fe cluster and impurity tolerance within Al3(Sc,Ti) precipitates

The Sc-rich precipitates were further examined, as shown in Fig. 10. 
Fig. 10a presents a STEM-HAADF image of the precipitates from Fig. 9a, 
revealing numerous bright clusters with irregular shapes. These pre
cipitates were identified as Al3(Sc,Ti) with small crystal sizes and lattice 
parameters comparable to the primary Al3(Sc,Ti), and they exhibit 
excellent coherence with the surrounding Al matrix (Fig. 10b–d). Oc
casionally, a few precipitates with Cu/Mg-rich can be observed at the 
surface of the Al3(Sc,Ti) particles, Fig. 10d. STEM–EDS mapping 

(Fig. 10e) shows the distribution of all impurity elements in the alloy 
within and along the Al3(Sc,Ti) precipitates. Elements such as Si, Mg, Cu, 
Zn, and Mn are clearly segregated at the particle surfaces, whereas Fe, 
which is reported to be energetically unfavourable within Al3Sc [38], is 
present within the Al3(Sc,Ti) precipitates in clustered morphologies.

The further atomic-resolution STEM-EDS analysis (Fig. 11) provides 
additional evidence for the existence of Fe-enriched clusters within the 
Al3(Sc,Ti) particles. Fig. 11 clearly shows that, although Fe is associated 
with the Al3(Sc,Ti) phase, it does not occupy specific ordered atomic 
positions within the lattice. In contrast, Ti exhibits a clear preferential 

Fig. 9. STEM-HAADF showing the Al3(Sc,Ti) precipitates on the Al matrix within the Al grains. The corresponding STEM-EDS mapping confirms that the long needle- 
like precipitates are Sc-IMCs, together with some Cu-rich and Fe/Mn-rich nanometre-scale precipitates.

Fig. 10. (a-e) HAADF images showing: (a) some brighter cluster-like patterns on Al3(Sc,Ti) needles along the longitude direction; (b) the high resolution HAADF 
confirms the brightness patterns; (c) the cluster-pattern on Al3(Sc,Ti) needles along the cross section; (d) some precipitates associated with the surface of the Al3(Sc, 
Ti) particles; (e) STEM-EDS mapping of particle (c) which demonstrates the Fe clusters within the Al3(Sc,Ti) particle and the solute (Si, Mg, Cu, Zn, Mn) segregation at 
the surface of the Al3(Sc,Ti) particle.
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occupation of the Sc sublattice sites. These results suggest that Fe exists 
as localised enriched clusters or segregated regions rather than as a 
substitutional element with well-defined crystallographic site 
occupancy.

The heat treatment experiment was designed based on conventional 
ageing temperatures, as a simple and quick approach to investigate the 
evolution of Fe clusters after ageing. The main aim was to examine 
whether Fe tends to form Fe-containing intermetallic compounds within 
Al3(Sc,Ti), or whether it is rejected from the particles and redistributed 
to other regions such as particle surfaces. A heat treatment at 180 ◦C for 
10 h, the impurity distribution within and around the Al3(Sc,Ti) pre
cipitates was examined (Fig. 12). Ti, which was previously observed to 
be uniformly distributed within the Al3(Sc,Ti) precipitates (Fig. 10e), 
becomes slightly segregated toward the centre after heat treatment 
(Fig. 12d). Other impurity elements, including Si, Mn, Zn, Mg, and Cu 
(Fig. 12f–j), show pronounced segregation at the precipitate surfaces. In 
addition, several Mg- and Si-rich precipitates were found to nucleate 
directly on the surfaces of the Al3(Sc,Ti) particles.

Notably, the distinct Fe-enriched clusters previously present inside of 
the Al3(Sc,Ti) precipitates before heat treatment become significantly 
redistributed after ageing at 180 ◦C for 10 h. As shown in Fig. 12, Fe is 
still detectable after heat treatment but mainly concentrated near the 
particle surface/interface regions instead of forming clearly defined 
internal clusters. This indicates diffusion and redistribution of Fe during 
the heat-treatment process. Fig. 12k provides the Fe, Mn and Si con
centration profiles along the line indicated in Fig. 12a.Atomic-resolution 
STEM-EDS mapping of the interface between the Al3(Sc,Ti) precipitates 
and the Al matrix after heat treatment is shown in Fig. 13. Clear 
segregation of Si, Mg, Mn, and Zn is detected at the precipitate surface, 
accompanied by slight atomic-scale lattice distortion (Fig. 13a). Fe and 
Cu segregation is less apparent, likely due to their uneven distribution 
and lower local concentrations.

4. Discussion

4.1. Formation of primary Al3(Sc,Ti) and eutectic shell of (Al3(Sc,Ti) +
α-al)

The phase diagram calculation for the multiple component recycled 
Al alloy Al-1.33Si-1.28Mg-0.97Cu-0.88Zn-0.51Fe-0.57Mn-0.14Cr- 
0.09Ti-1.0Sc predicated the formation of Al3Ti primary phase. Despite 
this prediction, the experimental results clearly show that the actual 
primary phase is Al3(Sc,Ti) rather than pure Al3Sc or Al3Ti. This 
discrepancy can be explained as follows:

Firstly, because of the strong mutual solubility between Sc and Ti in 
the L12 structure, these elements readily co-substitute within the Al3X 
lattice, forming a stable Al3(Sc,Ti) solid solution across a wide compo
sitional range. This co-substitution can reduce the nucleation barrier 
compared with forming pure Al3Sc or Al3Ti, making Al3(Sc,Ti) the 
kinetically preferred phase during solidification.

Furthermore, although the phase-diagram calculations were per
formed using the Scheil model, which already represents non- 
equilibrium solidification, the actual cooling rate in this study 
(~3.5 K/s) is much faster and therefore far more non-equilibrium than 
the model assumptions. Under such conditions, solute segregation, 
diffusion constraints, and complex multi-element interactions further 
suppress the formation of pure equilibrium phases such as Al3Sc or 
Al3Ti.

In addition, the large concentration difference between Sc (1.0 wt%) 
and Ti (0.09 wt%) favours the formation of an Sc-rich Al3X phase with Ti 
incorporation, rather than a Ti-rich variant. This preference is also 
supported by our DFT calculations (Fig. 5), which show that Ti substi
tution into the Al3Sc lattice is energetically favourable.

Secondly, solute interactions within the multicomponent recycled Al 
alloy melt also play a significant role. The STEM analyses in this study 

Fig. 11. Atomic resolution STEM-EDS mapping demonstrates the Fe cluster within the Al3(Sc,Ti) particle and the Fe has no preferred atomic position within the 
particles which is different to the Ti which preferred at Sc atomic positions: (a) HAADF; (b) Mg; (c) Al; (d) Si; (e) Sc; (f) Ti; (g) Cr; (h) Mn; (i) Fe; (j) Cu; (k) Zn; (l) Sc 
and Fe.
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clearly demonstrate interactions between Al3(Sc,Ti) particles and seven 
additional alloying or impurity elements: Fe, Cr, Si, Mn, Mg, Cu, and Zn. 
Many of these elements, including tramp elements such as Fe, Mn, and 
Cr, can be trapped into the Al3(Sc,Ti) particles at high solidification 
temperatures, and are later either rejected to the particle surface or 
precipitate internally as the temperature decreases.

Elements such as Si, Mg, Cu, Zn, Fe, and Mn influence the melt 

thermodynamics and diffusion behaviour during solidification. Their 
interactions with Sc and Ti might modify the effective liquidus tem
peratures and promote the stabilization of mixed Al3(Sc,Ti) nuclei over 
the formation of the corresponding binary phases.

Another important phenomenon is the observation of a eutectic shell 
surrounding the primary Al3(Sc,Ti) particles. In most cases observed in 
this study, the primary Al3(Sc,Ti) becomes entirely covered by the 

Fig. 12. (a-k) STEM-EDS mapping showing the solute segregation after aging treatment (180 ◦C × 10 h) no more obvious Fe cluster within the Al3(Sc,Ti) particle but 
more segregated at the surface of the particles where the other elements Si, Mn, Zn also segregate, Ti has some segregation within the particles rather than segregate 
to the surface; (k) the composition intensity of Mn, Fe, Si along the green arrow show in (a) presenting the segregation at the outer surface of particle.

Fig. 13. Atomic resolution STEM-EDS mapping showing the interface between the Al3(Sc, Ti) precipitates and the Al matrix after heat treatment at 180 ◦C for10 h: 
(a) HAADF image; (b) Al; (c) Sc; (d) Ti; (e) Fe; (f) Cr; (g) Si; (h) Mg; (i) Mn; (j) Zn; (k) Cu.
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eutectic (Al3(Sc,Ti) + α-Al). This eutectic contains nanoscale dendritic 
Al3(Sc,Ti), which grows outward from the underlying primary cube 
(Figs. 2 and 4). As this layer develops, it progressively rounds off the 
sharp edges of the primary particle, producing a ring-like or ball-like 
appearance. Consequently, the true morphology of the primary phase 
is easily obscured, which explains why eutectic Al3(Sc,Ti) could be 
misidentified as the primary phase.

As shown in Fig. 8a, although the eutectic composition in the Al-Sc 
binary system is 0.57 wt% Sc, the solidification window for α-Al is 
extremely narrow (less than 1 K). Therefore, at the final stage of primary 
Al3(Sc,Ti) solidification, a metastable eutectic reaction of Al3(Sc,Ti) +
α-Al may nucleate and solidify prior to the independent nucleation of 
α-Al. Consequently, a eutectic shell forms around the primary Al3(Sc,Ti) 
particles, in which Al3(Sc,Ti) nucleates heterogeneously on the primary 
particles and acts as the leading phase.

4.2. Impurity tolerance and its effect on Al3(Sc,Ti) crystal structure and 
formation

Atomic-resolution STEM–EDS mapping (Fig. 4) confirms that Ti 
preferentially substitutes for Sc within the L12 lattice. Density functional 
theory (DFT) calculations show that Ti incorporation slightly reduces 
the lattice parameter without disrupting the L12 structure, consistent 
with experimental observations.

Other alloying elements, including Fe, Mn, Si, Cu, Mg, and Zn, do not 
occupy well-defined crystallographic sites. Instead, they are incorpo
rated randomly, segregate to lattice defects, or reside at particle in
terfaces. This lack of positional preference likely arises from low local 
concentration, lattice strain accommodation, and metastable trapping 
during rapid solidification.

The formation of Al3(Sc,Ti) in multicomponent recycled aluminium 
alloys is strongly influenced by high impurity content. STEM analyses 
show that Al3(Sc,Ti) accommodates a wide range of solutes, including 
Fe, Cr, Si, Mn, Mg, Cu, and Zn, even though many, such as Fe, are 
theoretically energetically unfavourable within the Al3Sc lattice. This 
reflects the intrinsic impurity tolerance of the L12-Al3X structure, which 
features a relatively open Al sublattice and flexible bonding environ
ment, allowing transient accommodation of foreign atoms without dis
rupting overall crystal symmetry.

During early-stage solidification at high temperatures, tramp ele
ments such as Fe, Mn, and Cr can be temporarily incorporated into both 
primary and eutectic Al3(Sc,Ti). These solutes are unstable within the 
lattice and subsequently precipitate, as shown in Fig. 6. Due to their 
differing atomic radii and bonding characteristics relative to Sc and Ti, 
they introduce local lattice distortions and increase elastic strain energy, 
contributing to particle refinement and the formation of defects such as 
twinning and face-cantered voids (Fig. 3).

Although only Fe-rich clusters were clearly observed experimentally, 
Mn and Cr were also detected within the Al3(Sc,Ti) particles. The dif
ferences in their clustering behaviour are likely related to several fac
tors. Firstly, the atomic interactions within the Al3(Sc,Ti) phase should 
be considered. Experimental results demonstrate that the major atomic 
species occupying specific lattice positions in Al3(Sc,Ti) are Al, Sc, and 
Ti. Therefore, impurity tolerance is expected to depend strongly on the 
atomic interactions between Al–X, Sc–X, and Ti–X (where X = Fe, Mn, or 
Cr). According to literature data [39], the mixing enthalpy values ΔHmix

AB 
(KJ/mol) are: Al–Fe (− 11), Al–Mn (− 19), Al–Cr (− 10); Sc–Fe (− 11), 
Sc–Mn (− 8), Sc–Cr (1); Ti–Fe (− 37), Ti–Mn (− 8), and Ti–Cr (− 7). These 
values indicate that the interactions between impurity elements and the 
matrix-forming elements can differ significantly. In particular, the in
teractions involving Sc vary considerably among Fe, Mn, and Cr. Since 
the studied alloy contains nine different alloying elements, the overall 
elemental interactions become highly complex, which also highlights 
the current challenges in fully understanding the underlying physics of 
recycled Al alloys. In this work, we report this novel phenomenon with 

strong experimental evidence and provide discussion to assist in un
derstanding the observed results. Secondly, the different clustering be
haviours may also be related to the differences in solubility and 
concentration among Fe, Mn, and Cr. In the present alloy, the Cr con
centration is relatively low (0.14 wt%), which may explain why no 
obvious Cr-rich clusters were observed. Although the concentrations of 
Fe (0.51 wt%) and Mn (0.57 wt%) are comparable, Mn has a signifi
cantly higher solid solubility in Al than Fe at the formation temperature 
of Al3(Sc,Ti). As a result, Fe is more likely to segregate and form clusters, 
whereas Mn tends to remain more uniformly distributed within the 
matrix.

As the temperature decreases, the Al3(Sc,Ti) lattice progressively 
rejects these distortions, resulting in surface segregation or nanoscale 
precipitate formation. In fine Al3(Sc,Ti) precipitates (Fig. 9), formed at 
lower temperatures, the driving force for Fe-rich intermetallic formation 
or segregation is weaker, allowing some Fe-rich clusters to remain. Heat 
treatment (Fig. 10) further promotes surface segregation, confirming 
continued redistribution.

Impurities also influence Al3(Sc,Ti) formation and crystallography. 
Elements such as Si, Mg, Cu, Zn, Fe, and Mn modify melt activity and 
diffusion, shifting effective liquidus temperatures, reducing the driving 
force for binary Al3Sc formation, and promoting mixed Al3(Sc,Ti) 
nucleation with higher solute tolerance. The combined effects of lattice 
mismatch, elastic strain, and defect formation during high-temperature 
incorporation explain the defect generation face-cantered voids in this 
study, and subsequent trapped-then-rejected behaviours of these 
impurities.

4.3. Quantification and Implications of impurity tolerance

Al3(Sc,Ti) particles exhibit a strong capability to trap impurities 
regardless of whether they solidify as primary phases at high tempera
ture or precipitate at lower temperatures. Although incorporation of 
these impurities is thermodynamically unfavourable at low tempera
ture, leading to subsequent precipitation or rejection, the initial trapping 
is clearly observed and quantified.

Since the majority of Fe, Mn, and Si precipitate within Al3(Sc,Ti) 
during solidification, their exact tolerance limits are difficult to deter
mine. For simplicity, a conservative assumption is made that all Al3(Sc, 
Ti) particles possess the same tolerance. Based on this, calculated limits 
according to the average composition of Al3(Sc,Ti) precipitates listed in 
Table 3, are: 0.115 wt% Si, 0.096 wt% Ti, 0.016 wt% Mn, 0.030 wt% Fe, 
0.061 wt% Cu, 0.056 wt% Zn, 0.017 wt% Cr, and 0.025 wt% Mg, cor
responding to a total of ~0.26 wt%.

This impurity-trapping capability reduces element concentrations in 
the α-Al matrix, suppresses coarse Fe-rich intermetallic, improves 
microstructural stability, mitigates segregation, and enhances crack 
resistance and corrosion performance. In recycled aluminium alloys, 
where impurity levels are higher, Al3(Sc,Ti) formation provides a critical 
benefit by increasing impurity tolerance while maintaining mechanical 
performance.

4.4. Mechanism of impurity tolerance in Al3(Sc,Ti)

Beyond strengthening, Sc plays a critical role as a performance- 
enhancing element for Al alloys. This first-time reported impurity 
tolerance capability is therefore highly significant, not only for casting 
alloys, where impurity control is crucial, but also for the design of sus
tainable and resilient Al alloys. By accommodating a wide range of 
impurity elements, Al3(Sc,Ti) enables optimized heat-treatment pre
cipitation and microstructural control, maximizing alloy performance 
while supporting the use of recycled or lower-purity feedstock.

Al3(Sc,Ti) accommodates a wide range of elements (Cu, Si, Ti, Zn, Fe, 
Mn, Cr) across the periodic table, with widely varying atomic radii, 
electronic structures, and bonding preferences (metallic, covalent, or 
mixed). Among these, only Ti clearly substitutes for Sc in the L12 lattice; 
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other elements are incorporated randomly, segregate to defects or 
interstitial sites, or are below experimental detection limits.

This chemical flexibility surpasses that of Fe-rich intermetallic 
compounds, which tolerate substitution only for certain 3d metals at Fe 
sites and Si at Al sites [40–42]. The underlying mechanism reflects 
non-equilibrium, defect-mediated incorporation during solidification 
and early-stage precipitation. The primary Al3(Sc,Ti) forms at temper
ature higher than 600 ◦C with high atomic diffusivity, elevated vacancy 
concentrations, and local solute segregation. Under these conditions, 
impurity atoms are kinetically trapped at the solid/liquid interface 
before partitioning into stable intermetallic phases, allowing metastable 
deviations from the ideal 3:1 stoichiometry.

At the atomic scale, Sc's partially filled 3d orbitals facilitate strong 
d–d bonding with Fe, Mn, and Ti, metallic bonding with Cu and Zn, and 
notable affinity for Si. These interactions partially offset the substitu
tional energy penalty. Structurally, the L12 lattice is simple, with a 
measurable homogeneity range, tolerates antisite defects and vacancy- 
assisted substitution, particularly at high formation temperatures [43,
44]. Elastic strain from impurity substitution can relax at high temper
ature, with excess solute rejected upon cooling forming Al-Fe-Mn-Si 
precipitates and stabilizing the crystal. Central cavities observed in 
Fig. 3 indicate internal stress relaxation associated with solute 
redistribution.

In contrast, Fe-rich intermetallic compounds have complex ordered 
structures, narrow homogeneity ranges, and strongly directional 
bonding, limiting compositional flexibility. Therefore, the exceptional 
impurity tolerance of Al3(Sc,Ti) arises from high-temperature non- 
equilibrium solidification, defect-mediated solute incorporation, local 
Sc–X bonding, and L12 lattice flexibility.

5. Conclusions

(1) The Al3Sc phase formed in the recycled alloy Al-1.33Si-1.28Mg- 
0.97Cu-0.88Zn-0.51Fe-0.57Mn-0.14Cr-0.09Ti-1Sc was modified 
through Ti and the other impurities incorporation, yielding an 
Al3(Sc,Ti) phase with a reduced lattice parameter of 
a = 4.05 ± 0.005 Å. The lattice misfit between Al3(Sc,Ti) and α-Al 
was essentially zero, indicating excellent crystallographic 
compatibility.

(2) Primary Al3(Sc,Ti) particles were consistently enveloped by a 
eutectic (Al3(Sc,Ti) + α-Al) structure. The primary particles dis
played cubic morphologies, occasionally containing central voids 
that evolved from faceted to rounded shapes. The eutectic Al3(Sc, 
Ti) exhibited fibrous or dendritic morphologies, forming ring-like 
shells that gradually transitioned from cubic to near-spherical 
forms.

(3) Both primary and eutectic Al3(Sc,Ti) shared identical chemistry 
and crystallography (L12, a = 4.05 ± 0.005 Å), indicating forma
tion of the same phase across different solidification regimes.

(4) Atomic-resolution STEM–EDS analysis confirms that Ti is incor
porated into the Al3(Sc,Ti) structure by substituting for Sc atomic 
sites. Density functional theory (DFT) calculations further 
demonstrate that Ti substitution reduces the lattice parameter of 
Al3Sc while preserving the L12 crystal structure within the 
investigated compositional range (Ti content below 60% of the Sc 
sublattice).

(5) Although Fe is thermodynamically unfavourable in Al3Sc, it can 
be transiently incorporated during solidification at a cooling rate 
of 3.5 K/s. Fe subsequently precipitated within the Al3(Sc,Ti) or 
segregated as nanoscale clusters during the final stages of 
solidification.

(6) The Fe-rich clusters within Al3(Sc,Ti) can be rejected to the 
interface of Al3(Sc,Ti)/Al after long time heat treatment, i.e. 
180 ◦C*10 h.

(7) Atomic-resolution STEM–EDS analysis reveals no apparent pref
erential site occupancy for the trapped elements (Si, Mn, Fe, Cu, 

Mg, and Zn) within the Al3(Sc,Ti) lattice, suggesting a largely 
random or defect-assisted incorporation mechanism rather than 
ordered substitution on specific crystallographic sites.

(8) The tolerance of Si and Mn within Al3(Sc,Ti) is partially relieved 
through the precipitation of Fe-rich intermetallic compounds or 
through elemental segregation during subsequent solidification 
and cooling. In contrast, Cu, Mg, and Zn are predominantly 
rejected from the particle interior and segregate to the surface of 
Al3(Sc,Ti), indicating limited bulk solubility and a preference for 
interfacial accommodation.

(9) Although Ti exhibits an energetically favourable substitution for 
Sc within the Al3(Sc,Ti) lattice, post-heat-treatment observations 
indicate that Ti tends to segregate and form Ti-rich domains 
within the Al3(Sc,Ti) particles rather than being rejected to the 
particle surface. This behaviour suggests local compositional 
redistribution driven by thermodynamic stabilization at lower 
temperatures while maintaining the overall L12 framework.
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