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Abstract: Control of Fe in Al alloys is a severe challenge for the full metal circulation to produce the
recycled alloys with mechanical and physical performance as high as the primary alloys. The high
restriction of Fe content is mainly due to the deterioration caused by the large-scale Fe-containing
intermetallic compounds (FIMCs) in Al alloys. In this paper, recent knowledge gained regarding
nucleation, formation, and technical developments on microstructural control and refinement of
FIMCs are overviewed. Specific characteristics of the multiple types of FIMCs in Al alloys are
presented in two- and three- dimensional (2D and 3D) form. Phase relationships between the
FIMCs in different structures, such as primary phase, binary eutectic, and ternary eutectic, formed
at different solidification stages are studied. Phase transformations between the FIMCs with or
without intermediate phases during the solidification process are examined in different Al alloys,
with the mechanisms being clarified. Various approaches to microstructural control of FIMCs are
proposed and validated. Significant refinement of FIMCs has been achieved through inoculation of
TiB2 particles that had been previously modified with deliberately interfacial segregation of desirable
alloying elements, leading to the development of the novel “compositional templating” concept.

Keywords: Fe-containing intermetallic compounds; Al alloys; nucleation; grain refinement; phase
transformation; microstructure control

1. Introduction

With the increasing international attention on environmental protection and climate
change, recycling of metallic materials becomes a more important process throughout the
value chain. Metallic materials can be in theory recycled infinitely without degradation.
Compared to the extraction route (primary Al), recycling of Al scrap (secondary Al) saves
up to 95% of the energy and avoids significant emission of greenhouse gases [1]. Full metal
circulation represents a step-change in the way that the metallic resources being used, in
which the global demand for metallic materials is met by a full circulation of secondary
metals through reduced usage, reuse, remanufacture, closed-loop recycling and effective
recovery of secondary metals [2–7]. Critical to the full metal circulation is producing
secondary alloys with comparable or better mechanical and physical performance to those
of primary alloys [1,8,9].

Al is the most recyclable metallic material. Its recycling benefits present and future
generations by conserving energy and other natural resources. However, at present, pri-
mary Al is mainly used for producing premium-quality Al alloys. Controlling Fe in Al
alloys is a serious challenge since its gradual accumulation during repeated scrap recycling
will result in deterioration in mechanical properties, especially ductility. The technical
difficulties and economic cost to remove Fe from Al alloys increases with decreasing Fe
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content. Most Al-alloy production requires tight composition control on iron. For example,
Fe content level above 0.15 wt.% is unacceptable in premium aerospace alloys, such as
7050 and 7475. Both Fe and silicon are strictly limited to 0.40 wt.% as the maximum in
high-performance automotive alloys, such as 5474 and 6111 [10–12]. The tight restriction
of Fe content is mainly due to the deterioration caused by the large-scale and harmful
Fe-containing intermetallic compounds (FIMCs) in Al alloys [13–18]. In particular, above
a critical Fe content (about 0.5 wt.%), the ductility of Al alloy decreases significantly. The
FIMCs have different morphologies, such as plate-like, compacted, Chinese script or needle-
like, which easily grow into large particles, deteriorating the mechanical properties of Al
alloys. Therefore, to realize the full circulation of Al alloys, increasing the tolerance of such
impurities as Fe is of critical importance in technical development required in Al recycling.

Due to the very low solid solubility of Fe in Al, secondary phases usually form in
Al alloys [19]. During the past few decades, more than 20 different FIMCs have been
reported to exist in various Al alloys. In cast Al alloys, there are a few of common types of
FIMCs, including β-Al5FeSi (β for short), α’-Al8Fe2Si (α’ for short), α-Al15(Fe, Mn)3Si2 (α
for short), δ-Al4FeSi2 (δ for short), θ-Al13Fe4 (θ for short), and η-Al6Mn (or η-Al6(Fe, Mn) (η
for short), etc. As reported in the literature, the primary β-Al5FeSi [20] and θ-Al13Fe4 [21]
have monoclinic crystal structures and a plate-like morphology [22–26]. The primary
η-Al6(Fe, Mn) phase has an orthorhombic crystal structure [27] and a hollow needle-
like morphology as primary phase, whilst the same η-Al6(Fe, Mn) phase in a eutectic
structure has a Chinese script morphology instead [28,29]. The α-Al15(Fe, Mn)3Si2 has a
body-centred cubic (BCC) structure [30]. It is reported that the BCC-α contains 138 atoms
in one unit cell. The atomic positions and site occupancy are very complex due to the
multi-component and variable compound concentration. It has a compacted morphology
as the primary phase [31–33] but a Chinese script morphology in a eutectic structure.
The α’-Al8Fe2Si has a complex hexagonal structure [34]. Similar to that of α-Al15(Fe,
Mn)3Si2, it has a compact morphology as primary phase and Chinese script morphology
as eutectic structures. δ-Al4FeSi2 phase with a tetragonal structure [35] was reported as a
metastable phase that was always competitive in growth with β-Al5FeSi [36]. Intermetallic
compounds of large size and in a morphology of plates or needles are extremely harmful to
the mechanical performance of the Al alloys, especially the ductility. The α-Al15(Fe, Mn)3Si2
was usually considered to be less harmful due to its compacted morphology. However,
researchers [31–33] have demonstrated that, except the primary α-Al15(Fe, Mn)3Si2 with a
compact morphology and a relatively fine size, the α phase in eutectic structures normally
have a Chinese script morphology and can grow to a very large scale (a few hundred
micrometres or more) in three dimensional form, which is undesirable for mechanical
properties. Therefore, the morphological control and refinement of these FIMCs are very
important to improve the mechanical properties, particularly of the secondary Al alloys
where Fe content is high.

Research efforts have been focused on different approaches to eliminate the harm-
fulness of Fe in Al alloys [37–43]. Technologically, physical processes, such as plastic
deformation [37,38], ultrasonic vibration [39,40], and electromagnetic stirring [41], were
employed to break up and/or refine such FIMCs with some degree of success over the last
few decades. Plastic deformation during thermomechanical processing resulted in aligned
FIMCs with a reduced particle size, from a few tens of micrometres to a few microme-
tres [37]. Ultrasonic vibration [39,40] and electromagnetic stirring [41] provide intensive
forced convection during solidification processing and have been reported to be beneficial
to the phase transition from the platelet-like β-Al5FeSi to the more compact or Chinese
script α-Al15(Fe, Mn)3Si2 or α’-Al8Fe2Si. In addition, most of the previous research in the
literature has been concentrated on the addition of selected elements (e.g., Mn, Cr, Co, Sr,
Li, and K) to modify the morphology of the Fe-containing IMCs from platelet to polyhedral
to reduce their harmful effect on mechanical properties [44–61]. For instance, Mn addition
to a certain level where the Fe/Mn ratio is lower than 2:1 can promote the transition from
platelet β-Al5FeSi to polyhedral α-Al15(Fe, Mn)3Si2 [58–61]. Small plate-like FIMCs such as
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β-Al5FeSi can be subsequently refined following heat treatment, although heat treatment
may only be used with limited success to achieve an ideal distribution and morphology
of FIMCs. Moreover, heat treatment cannot refine most types of FIMCs. Deformation
can only result in limited refinement of the FIMCs, and is limited to the wrought alloys
but not casting alloys. For cast Al alloys, the most effective way to refine the FIMCs is
microstructural control during solidification processing. Research has been done on hetero-
geneous nucleation of FIMCs on oxide films/particles [62], TiB2[63], or other exogeneous
particles [64,65], although significant work is still required to understand and thus control
nucleation and growth of FIMCs.

Experimental results [66–70] have shown that phase competition of the FIMCs during
the casting process is complicated. These FIMCs have different crystal structures, different
compositions, and different morphologies, and they form readily together accompanying
different types of phase transformations between them [71–73]. Few studies and little evi-
dence can be found in the literature on the understanding of the heterogeneous nucleation
of FIMCs, the relationship between different types of FIMCs, and the phase transformation
between these phases. The studies on FIMCs in the literature were mainly focused on the
crystallographic identification of the types of FIMCs, phase transformation phenomena,
and technical development for the microstructural control and grain refinement of FIMCs.
Most of the technical developments of FIMCs are based on applying existing successful
techniques for pure or solid solution phases, such as Al-5Ti-1B application. Few desirable
results were achieved because the formation of FIMCs is much more difficult than that of
pure phases. The difficulties in the research of the FIMCs are from different aspects. All the
FIMCs have very complicated crystal structures. The highly varying compositions of these
compounds (Section 2) make the crystallography and chemistry even more complicated,
giving rise major challenges in the research.

Currently, there is a big gap in the understanding of nucleation and formation of
FIMCs, and therefore little progress in the microstructural control and refinement of the
FIMCs has been achieved. The following two fundamental understandings on FIMCs
are very important, providing the basis for the development of effective approaches to
microstructural control and grain refinement. The first one is interpretation of the com-
plexity in heterogeneous nucleation of FIMCs, involving the multiple constituent elements,
complex structure, and various nucleation substrates, such as native oxide inoculants or
the added nucleation particles. The second one is the revelation of the composition and
crystallographic relationship between the different FIMCs to understand the phase transi-
tion/competition. Understanding the nucleation and formation not only benefits research
on FIMCs in Al alloys but also benefits research on other types of IMCs in the other alloys.

To mitigate the harmful effect of the large-scale FIMCs and improve the mechanical
properties of Al alloys, in the Liquid Metal Engineering (LiME) Research Hub [3] funded by
the Engineering and Physical Sciences Research Council (EPSRC) in the UK, some holistic
strategies for dealing with Fe in Al alloys have been developed. Excessive Fe (>0.5%) in
recycled Al alloys can be removed effectively and economically by a novel de-ironing
technique deploying intensive melt shearing [74,75], and ten residual Fe (<0.5%) will be
handled by eliminating the harmful effect of such residual Fe instead of getting rid of Fe
itself. The latter is achieved in the LiME Hub by the following two approaches:

• Controlling the nucleation and growth process so to produce primary FIMCs with a
compact morphology and a fine particle size; and

• Controlling the growth morphology of α-Al dendrite (e.g., reducing the second den-
drite arm spacing) to disperse finely and uniformly the eutectic FIMCs between the
dendrite arms. This can be achieved by either applying intensive melt shearing [76] or
adding selected minor alloying elements [77].

In this paper, a concise overview on the first approach is provided, i.e., controlling the
nucleation and growth process of primary FIMCs to deliver a compact morphology and a
fine particle size, and hence to reduce/eliminate the harmful effect of FIMCs.
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2. Characteristics of and the Relationship between FIMCs

Different types of FIMCs in Al alloys were reported with varying morphologies,
compositions, and crystal structures. Six types of most common FIMCs in the cast Al
alloys were reviewed and are listed in Table 1. It shows that these FIMCs have complicated
crystal structures, such as monoclinic, complex hexagonal, complex cubic, tetragonal and
orthorhombic [20,21,27,30,34,35]. These crystal structures have different atomic positions
designated for specific elements, some of which can be shared with multiple types of alloy
elements. For example, transition elements, such as Mn and Cr, can substitute the Fe sites,
and Si can substitute the Al sites. This characteristic not only changes the lattice parameters
but also the morphologies of FIMCs. Such compositional variations may even cause phase
transformation, making microstructural control more difficult. In the past century, the
Al industry has developed over 400 grades of Al alloys with varying alloy compositions,
leading to a rich variety of FIMCs. Therefore, a clear understanding of the morphology,
composition and crystallographic relationship of these basic FIMCs is critical to controlling
their formation and impact on mechanical properties.

Table 1. Crystal lattice parameter of FIMC phases from literature.

Alloys a (Å) b (Å) c (Å) α(º) β(º) γ(º) ICSD Collect
Code References

θ-Al13Fe4 15.492 8.078 12.471 90 107.69 90 151129 [21]
α’- Al8Fe2Si 12.404 12.404 26.234 90 90 120 1293 [34]
β-Al5FeSi 6.161 6.175 20.813 90 90.42 90 74569 [20]

α-Al15(Fe, Mn)3Si2 12.56 12.56 12.56 90 90 90 52623 [30]
δ-Al4FeSi2 6.061 6.061 9.525 90 90 90 79710 [35]

η-Al6(Fe, Mn) 7.498 6.495 8.837 90 90 90 607582 [27]

There are some commonly accepted understandings on the morphology of FIMCs
in the literature. For example, β-Al5FeSi, θ-Al13Fe4 and δ-Al4FeSi2 have plate-like mor-
phology. The morphology of some FIMCs is completely different when they are present
in different structures. For example, α-Al15(Fe,Mn)3Si2 has a compact morphology as
primary FIMC, but Chinese script morphology in the binary eutectic form. Controversies
exist on interpretation of the relationships between the different morphologies of the same
FIMCs. In addition, it is difficult to distinguish different FIMCs when they have a similar
morphology, such as the plate-like β and δ, which are easily formed together. In this paper,
the morphology, composition and crystallography of six types of the most common FIMCs
present in cast Al alloys were overviewed, and outcomes are presented in Figures 1–3 and
Tables 3 and 4. The experimental Al alloys investigated in this paper are listed in Table 2.
The melting temperature (TL) and the equilibrium phases of each Al alloy were calculated
with Pandat software using the PanAluminum 2020 database [78] under a Scheil model [79].
The casting (pouring) temperature (TP) of each alloy is about 50 ◦C above the calculated
melting temperature. To understand the typical morphology of multiple types of FIMCs in
cast Al alloys, their crystallographic characteristics were investigated with the TEM and
X-ray analysis and the results are summed up in Tables 3 and 4.

2.1. Morphology of FIMCs

Figure 1 shows the typical morphologies of the primary FIMCs in different Al alloys
solidified with a cooling rate of 3.5 K/s. To fully understand the morphology of FIMCs,
the 2D and 3D morphologies must be examined together. The θ-Al13Fe4, β-Al5FeSi and
δ-Al4FeSi2 are all reported as plate-like. The morphology, composition and crystallographic
of these three FIMCs are compared in Figures 1 and 3 and Tables 3 and 4. The differences
between them are discussed here.
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Table 2. The composition (wt.%) of different Al alloys investigated in this work.

Alloys TL (◦C) PE Tp (◦C)
Wt.%

Fe Mn Si Mg

Al-3Fe 805 θ-Al13Fe4 860 3.13 ± 0.06 0.01 ± 0.00 - -
Al-4Si-4Fe 715 θ-Al13Fe4 760 4.10 ± 0.05 0.05 ± 0.00 4.21 ± 0.06 0.003 ± 0.00

Al-5Mg-2Si-0.7Mn-1.3Fe 668 α-Al15(Fe, Mn)3Si2 720 1.29 ± 0.03 0.68 ± 0.02 2.11 ± 0.03 5.43 ± 0.05
Al-3Mg-2Si-0.7Mn-1.3Fe 662 α-Al15(Fe, Mn)3Si2 720 1.25 ± 0.06 0.64 ± 0.02 2.15 ± 0.03 3.05 ± 0.05
Al-5Mg-2Si-0.4Mn-0.7Fe 638 α-Al15(Fe, Mn)3Si2 690 0.67 ± 0.2 0.44 ± 0.2 2.65 ± 0.2 5.66 ± 0.6

Al-12Si-0.6Mn-2.8Fe 648 α-Al15(Fe, Mn)3Si2 700 2.8 ± 0.05 0.6 ± 0.01 11.7 ± 0.2 -
Al-20Si-0.7Fe 688 Si 750 0.65 ± 0.05 - 20.5 ± 0.5 -
Al-16Si-3Fe 670 β-Al5FeSi 720 3.3 ± 0.05 13 ± 0.3
Al-2Mn-1Fe 664 η-Al6(Fe, Mn) 720 1.0 ± 0.02 2.2 ± 0.02 - -

Al-4Fe 850 θ-Al13Fe4 900 4.37 ± 0.05 - - -

Note: TL: calculated melting temperature with Scheil model; PE: calculated equilibrium primary phase with
Scheil model; Tp: pouring temperature during casting.

Figure 1a,b shows that the primary θ-Al13Fe4 phase has needle-like morphology with
star-shaped cross-section in Al-3Fe binary alloy. Figure 1b in 3D confirms that the primary
star-like θ at the cross-section is needle-like and the eutectic-θ is plate-like in this alloy. The
needle-like eutectic-θ can also be observed in the same sample [80]. The star morphology
of θ-Al13Fe4 is due to the twinning, which can be up to tenfold [24,25]. When the θ-Al13Fe4
is formed in Al-Fe-Si alloys (Figure 2c), Si dopes into the θ-Al13Fe4 phase and results
in a change in composition (Table 3) and lattice parameters (Table 4) correspondingly,
also accompanied with the slight change in the morphology of θ-Al13Fe4, which will be
discussed in Section 2.2. It is hard to observe the tenfold twinning in the θ-Al13Fe4 formed
in Al-4Fe-4Si alloys compared to the θ-Al13Fe4 that formed in the binary Al-Fe alloys. Up
to sixfold twinning of θ-Al13Fe4 has been observed in Al-4Si-4Fe alloy solidified at 3.5 K/s.
The composition of θ formed in different Al alloys are listed in Table 3. It shows that Si
can incorporate into the θ phase at impurity concentration level, and the concentration
increased with the Si content in the Al alloys. The concentration limit of Si in θ is up
to 2.7 at.% by experimental observation [80], which is much lower than that of the DFT
calculation (maximum being 4.9 at.%) [81]. When viewed along

[
201

]
zone direction, the

θ-Al13Fe4 is faceted on {010} planes, as shown in Figure 3a.
Compared to the other FIMCs, the morphology of β-Al5FeSi shows relatively less

variation. Figure 1c,d shows that the β-Al5FeSi has a long and thin plate-like morphology in
both the primary and eutectic structures. It is faceted on {002} when viewed along the [110]
zone direction, as shown in Figure 3c. Some default features can easily be observed [67].
Figure 1d shows the primary β-Al5FeSi in a porosity (without etching), indicating a large-
thin-plate morphology. The β-Al5FeSi plate is usually thin but coarse (Figure 1d and Figure
6c). Therefore, it is difficult to get its completely 3D morphology through deep etching. The
other methods, such as computed tomography (CT) X-ray, can be applied but with high
cost on time. It can be identified by scanning electron microscopy with energy-dispersive
spectroscopy (SEM-EDS). For example, the major difference between the plate-like θ and β

is the Si concentration in them. The θ phase has very low Si content (up to 2.7 at.% from
experimental) compared to 17.3 at.% Si in β (Table 3), and usually shows twinning features.

Among these FIMCs, the δ-Al4FeSi2 is rarely reported in the literature, probably
because it is considered a metastable phase. However, this FIMC is easily formed and
mixed with β-Al5FeSi, especially in Al alloys with high Si contents. Figure 1e shows
the brighter δ-Al4FeSi2 particles mixed with the primary Si (darker) in Al-16Si-3Fe alloy
solidified at 3.5 K/s. The δ-Al4FeSi2 is much shorter and thicker than β-Al5FeSi plates,
possibly due to the smaller a/c ratio of its lattice parameters in its crystal structure, as
shown in Table 1. The 3D morphology of the δ plates are normally double plates with
spiral growth trace, as shown in Figure 1f. This is different from the β and had never
been reported in the literature. Moreover, the compositions of β and δ given in Table 3
revealed that the Si content in δ is much higher than that in β, with the content being as
high as 30.6 at.% Si in the primary δ phase in Al-16Si-3Fe alloy. According to the measured
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compositions, the atomic ratio of Fe and Si is about 1:2, which corresponds to the chemical
formula of δ-Al4FeSi2. The Si concentration in β is much lower than that in δ, which is
16–18 at.%, and the Fe and Si atomic ratio in β is about 1:1 according to the measured
compositions. It also showed that the compositions of β and δ in different structures or
different alloys have a smaller variation than that of α. As shown in Figure 3d, β is faceted
on {002} when viewed along the [110] zone direction.
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Figure 1. Primary FIMCs have plate-like morphology but with different morphological features.
(a) optical microscope (OM), and (b) SEM-backscatter electron detector (BSD) of the rod-like θ-Al13Fe4

in Al-3Fe alloy with a star-like cross-section [80]; (c) OM, and (d) SEM-BSD of plate-like β-Al5FeSi in
Al-12Si-0.6Mn-2.8Fe alloy; (e) OM, and (f) SEM-BSD of short plate δ-Al4FeSi2 in Al-16Si-3Fe alloy. All
alloys were cast at 3.5 K/s. Note: in the figures above, P means primary; BE means binary eutectic.
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Figure 2. Same type of FIMCs have completely different morphologies when formed at different
stages of solidification. (a) OM image, and (b) SEM-BSD image showing that the α-Al15(Fe,Mn)3Si2
has a compacted morphology as primary phase but Chinese script morphology in binary eutec-
tic structure in Al-5Mg-2Si-0.7Mn-1.3Fe alloy [31]; (c,d) SEM-BSD images of α’-Al8Fe2Si showing
compacted morphology as primary phase but Chinese script morphology in eutectic structure in
Al-4Fe-4Si alloy; (e,f) SEM-BSD images of η-Al6(Fe, Mn) in Al-2Mn-1Fe with Al-Ti-B grain refiner
addition [82] showing the hollow-needle-like morphology. All alloys were cast at 3.5 K/s.

Figure 2a,b shows the typical microstructures of Al-5Mg-2Si-0.7Mn-1.3Fe alloy cast at
3.5 K/s. The compacted α-Al15(Fe,Mn)3Si2 particle is connected to the same surrounding
intermetallic compound with Chinese script morphology, which was identified as primary
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and binary eutectic α phase, respectively (see Figure 5 later). The primary α (P-α) phase
have different shapes, as shown in Figure 6a, which is due to its {110} faceted nature,
as shown in Figure 3e [31]. The α-Al15(Fe, Mn)3Si2 is normally reported as compact
morphology when its size is relatively small, e.g., up to a few tens of micrometres, as shown
in Figure 2a and Figure 6a. However, when the α phase grows to large particles (larger
than hundred micrometres) under certain conditions, e.g., in high alloy content (Fe, Si, Mn)
Al alloys, it becomes not compact any more. One example is shown in Figure 8a later.

Table 3. The composition of different types of FIMCs.

Alloys FIMCs
at.% Technique

Al Fe Mn Si

Al-3Fe (HP Al) θ-Al13Fe4 83.5 ± 0.4 16.5 ± 0.1 - - SEM [80]
Al-1Fe (CP Al) P-θ-Al13Fe4 80.8 ± 0.4 18.9 ± 0.1 0.0 0.3 ± 0.0 TEM [80]

Al-4Fe-4Si P- θ-Al13Fe4 76.3 ± 0.6 20.6 ± 0.5 0.4 ± 0.05 2.7 ± 0.2 TEM [80]
Al-4Fe-4Si PT-α’-Al8Fe2Si 74.4 ± 0.3 15.3 ± 0.1 - 10.4 ± 0.1 TEM [80]
Al-4Fe-4Si PT-β-Al5FeSi 69.2 ± 0.3 13.8 ± 0.1 - 16.9 ± 0.1 TEM [80]
Al-2Fe-8Si P-β-Al5FeSi 68.0 ± 0.4 14.8 ± 0.1 - 17.3 ± 0.1 SEM

Al-5Mg-2Si-
0.7Mn-1.3Fe
(0.01 K/s)

P-θ-Al13Fe4 77.5 ± 0.4 16.2 ± 0.2 1.9 ± 0.1 2.0 ± 0.1 TEM

Al-5Mg-2Si-
0.7Mn-1.1Fe
(0.01 K/s)

P-α-Al15(Fe,
Mn)3Si2

74.3 ± 0.4 13.7 ± 0.2 2.1 ± 0.1 7.7 ± 0.1 TEM

Al-5Mg-2Si-
0.7Mn-1.1Fe

(3.5 K/s)

P-α-Al15(Fe,
Mn)3Si2

75.9 ± 0.5 11.2 ± 0.2 7.4 ± 0.1 5.5 ± 0.1 SEM [31]

Al-5Mg-2Si-
0.7Mn-1.1Fe

(3.5 K/s)

BE-α-Al15(Fe,
Mn)3Si2

78.8 ± 0.5 9.0 ± 0.2 5.6 ± 0.1 6.6 ± 0.1 SEM

Al-5Mg-2Si-
0.7Mn-1.1Fe

(3.5 K/s)

TE-α-Al15(Fe,
Mn)3Si2

85.1 ± 0.5 12.9 ± 0.2 0.8 ± 0.1 1.2 ± 0.1 SEM

Al-16Si-3Fe P-δ-Al4FeSi2 53.7 ± 0.5 15.7 ± 0.2 - 30.6 ± 0.2 SEM
Al-2Mn-1Fe P-η-Al6(Fe, Mn) 84.5 ± 0.5 4.9 ± 0.2 10.5 ± 0.3 - SEM

Al-2Mn-1Fe BE-η-Al6(Fe,
Mn) 87.6 ± 0.5 8.3 ± 0.2 4.1 ± 0.3 - SEM

Al-1.5Fe-0.7Mn-
0Mg P-η-Al6(Fe, Mn) 88.9 ± 0.3 9.0 ± 0.4 2.3 ± 0.2 - TEM [83]

Al-1.5Fe-0.7Mn-
1Mg P-η-Al6(Fe, Mn) 88.8 ± 0.3 11.1 ± 0.4 2.6 ± 0.08 - TEM [83]

Al-1.5Fe-0.7Mn-
3Mg P-η-Al6(Fe, Mn) 88.8 ± 0.2 8.2 ± 0.15 3.0 ± 0.06 - TEM [83]

Note: in the table above, TE means Ternary eutectic, and PT means phase transformed.

Table 4. Measured crystal lattice parameter of FIMC phases.

Alloys Crystals a(Å) b(Å) c(Å) α(º) β(º) γ(º) Technique

Al-3Fe (HP Al) (0.01 K/s) θ-Al13Fe4 (0at.%Si) 15.4824
(3)

8.08146
(15)

12.4689
(3) 90 107.689

(2) 90 SCXC [80]

Al-1Fe (CP Al) (0.01 K/s) θ-Al13Fe4 (0.3at.%Si) 15.447
(4)

8.0567
(10)

12.429
(2) 90 107.83

(2) 90 SCXC [80]

Al-4Fe-4Si
(0.01 K/s) θ-Al13Fe4 (2.4at.% Si) 15.4239

(11)
8.0521

(5)
12.4040

(8) 90 107.649
(7) 90 SCXC [80]

Al-5Mg-2Si-0.7Mn-1.3Fe
(0.01 K/s) α-Al15(Fe, Mn)3Si2

2.60804
(8)

12.60804
(8)

12.60804
(8) 90 90 90 SCXC

Al-4Si-4Fe (3.5 K/s) α’-Al8Fe2Si 12.13 12.13 26.68 90 90 120 TEM [80]
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Table 4. Cont.

Alloys Crystals a(Å) b(Å) c(Å) α(º) β(º) γ(º) Technique

Al-4Si-4Fe (3.5 K/s) β-Al5FeSi 6.16 6.18 20.97 90 - 90 TEM [80]
Al-5Mg-2Si-0.7Mn-1.3Fe

(3.5 K/s) θ-Al13Fe4 15.864 - 12.571 - - - TEM [66]

Al-5Mg-2Si-0.7Mn-1.1Fe
(3.5 K/s) α-Al15(Fe, Mn)3Si2(P) 12.70 12.70 12.70 90 90 90 TEM [31]

Al-5Mg-2Si-0.7Mn-1.1Fe
(3.5 K/s) α-Al15(Fe, Mn)3Si2(BE) 12.58 12.58 12.58 90 90 90 TEM [31]

Al-5Mg-2Si-0.7Mn-1.1Fe
(3.5 K/s) α-Al15(Fe, Mn)3Si2(TE) 12.83 12.83 12.83 90 90 90 TEM [31]

Al-1.5Fe-0.7Mn-0Mg η-Al6(Fe, Mn) 7.57 6.63 8.37 - - - TEM [83]
Al-Fe-Mn-1Mg η-Al6(Fe, Mn) 7.36 6.47 8.65 - - - TEM [83]
Al-Fe-Mn-3Mg η-Al6(Fe, Mn) 7.28 6.54 8.57 - - - TEM [83]

Note: SCXC: single-crystal X-ray crystallography.
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Figure 3. High-resolution transmission electron microscopy (HRTEM) images showing the faceted
planes of (a) θ-Al13Fe4 with (010) facet in Al-1.0Fe binary alloy cast from 720 ◦C [80]; and (b) η-
Al6(Fe,Mn), (110) faceted when viewed along the [110] zone direction in Al-2Mn-1Fe cast from
720 ◦C [83]; (c) β-Al5FeSi with (002) facet in Al-12Si-0.6Mn-2.8Fe alloy, cast from 700 ◦C; (d) δ-
Al4FeSi2 with (002) facet in Al-16Si-5Fe alloy cast from 720 ◦C; (e) α-Al15(Fe,Mn)3Si2 with (110) facet
in Al-5Mg-2Si-0.7Mn-1.3Fe alloy cast from 720 ◦C [31]; and (f) α’-Al8Fe2Si with (100) faceted in
Al-4Fe-4Si alloy cast from 760 ◦C. All alloys were cast at 3.5 K/s.
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Figure 2c, d shows the primary α’-Al8Fe2Si particles mixed with the primary θ

in Al-4Si-4Fe alloy solidified at 3.5 K/s. The α’ particles are compact similar to the α-
Al15(Fe,Mn)3Si2 phase, and some of them are hexagonal. The measured composition of α
and α’ are close, as shown in Table 3, but α’ has slightly higher Si content than that of α. As
shown in Figure 3f, α’ is faceted on {100} when viewed along the [21] zone direction. The
crystal structure of α and α’ are very complicated. There are 138 atoms in one-unit cell of
the α phase, and 238.288 atoms in one-unit cell of the α’ phase [30,34]. The calculation for
structural modification (e.g., alloy elements incorporation) is difficult due to the difficul-
ties of building up the accurate crystal model especially for the shared atomic sites. The
relationship between these two compounds and the formation mechanism are unclear also.
Further research is required.

Figure 2e,f shows the η-Al6(Fe, Mn) phase with hollow needle-like morphology as
primary phase. It is reported [83] that the morphology of η-Al6(Fe, Mn) phase is Chinese
script when formed in eutectic structures, similar to that of α-Al15(Fe, Mn)3Si2 in eutectic
structure. The η is (110) faceted when viewed along the [110] zone direction (Figure 3b) [83].
Moreover, the composition shown in Table 3 revealed that no Si is in the η-Al6(Fe, Mn) was
detected. This is a very important feature to distinguish η-Al6(Fe, Mn) phase from the other
types of FIMCs.

The terminated planes of FIMCs are not always faceted, which depends on the
growth rate. The identified faceted planes can be observed non-faceted or containing
some growth steps.

2.2. Composition and Crystallographic Variation of FIMCs

To understand the typical morphology of these multiple types of FIMCs in cast Al
alloys, their crystallographic characteristics were investigated with SEM, TEM and X-ray
analysis, as shown in Tables 3 and 4. The measured lattice parameters of FIMCs in Table 4
were compared with the data from the other literature sources shown in Table 1. It can be
seen that these FIMCs have very complicated crystal structures. The variable composition
affects the corresponding lattice parameters, which makes their crystal structure more
difficult to be understood. The information in Tables 3 and 4 were investigated, which
revealed the following important facts.

Firstly, the composition of FIMCs is closely related to the formation conditions, such
as alloy composition. A large variation in Si concentration in the θ and α phases formed
under different conditions was observed. For example, when θ was formed in Al-3Fe
alloy prepared from high-purity Al (HP Al) (99.99 wt.%), no Si was detected in θ; Si was
detected in θ when the commercial purity Al (CP Al) (containing < 0.04 wt.% Si) was used
to prepare Al-3Fe alloy. The Si concentration in θ increases with the increasing Si content in
Al alloys until reaching a maximum solubility. The maximum Si concentration in θ was
experimentally measured as 2.7 at.% in θ in an Al-4Fe-4Si alloy, which is much lower than
the 4.9 at.% calculated by DFT [81]. As reported in the literature, Si atoms can substitute
some Al sites with low formation energy [81]. The effect of composition changes on the
lattice parameters indicates that the lattice parameters a, b and c decrease slightly with the
increasing Si concentration in θ, which agrees with the previous calculation results [81].

Secondly, the solubility of Si in different FIMCs is different and there is a sequence. In
the six types of FIMCs concerned in this overview, except η, which does not contain Si, the
other the types of FIMCs can accommodate some Si in their crystal structure. The basic
structure of θ phase is reported to be θ-Al13Fe4. Si has no independent atomic site with 100%
occupancy in θ, but can be incorporated on some of the Al sites [81]. The experimentally
measured maximum Si solubility in θ is 2.7 at.%. The built crystal models for α, α’ and
β in the literature [20,30,34] show that the Si atoms in these crystals can share all the Al
sites with different occupancies. It is more complicated for the α phase since Mn atoms can
share some Fe sites and some Al sites. The δ phase was reported [35] to have independent
Si site rather than shared site with Al atoms. The experimentally measured Si solubility in
these FIMCs reveals a sequence that was summarized as: 0 = CSi

η <CSi
θ <CSi

α <CSi
α′<CSi

β <CSi
δ .
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The composition variation of FIMCs and this Si solubility sequence of FIMCs contributed
to the phase transformation between two different types of FIMCs, which will be discussed
in Section 3.

Thirdly, the compositions of FIMCs changes significantly with the availability of the
solute atoms. For example, the Mn concentration of the α phase formed at different stages
of solidification varies significantly, being 7.4 at.% in primary α, 5.6 at.% in binary eutectic
α and 0.8 at.% in ternary eutectic α. This is due to the difference in availability of alloying
elements at different solidification stages. The corresponding concentration changes of Fe
and Si are 11.2→9→12.9 at.% and 5.5→6.6→1.2 at.%, respectively. The built crystal model
of α showed [30] that the Mn can occupy both the Al sites and partial Fe sites, but the Si
only shares the Al sites. These results suggest that the FIMCs are not strictly stoichiometric
compounds, but have some solubility range for alloying elements.

2.3. The Same Intermetallic Compounds with Different Morphologies

The morphology of some of the FIMCs are completely different when they are present
in different structures. For example, the α-Al15(Fe,Mn)3Si2 phase have a compact mor-
phology as the primary phase but Chinese script in binary eutectic structures. There are
controversies about the Chinese script α-Al15(Fe,Mn)3Si2, in which it is argued that the
Chinese script α is formed as the primary phase but growth from the compacted primary α.
New evidence in recent work clearly shows that the Chinese script α belongs to the eutectic
structures that nucleated on the primary α compound. Figure 4 provides the evidence of
electron backscatter diffraction (EBSD) mapping, demonstrating that the Chinese script α
is nucleated on (or grows from) the primary α as the leading phase for the formation of TE
binary eutectic structures. The α phase in most eutectic structures has a Chinese script mor-
phology. However, the α phase in some eutectic structures can have the same compacted
morphology as the primary α. Figure 5 shows the compacted primary α (Figure 5a), the
Chinese script binary eutectic α (BE-α) (Figure 5b) and the ternary eutectic (TE-α) with a
compact morphology. Figure 5c shows that when the Al-2Si-0.7Mn-1.3Fe alloy solidified at
a very slow cooling rate (0.01 K/s), compact TE-α was nucleated on (or grow from) the tip
of the BE- α. The difference in the morphology of FIMCs between primary and eutectic
FIMCs is possibly caused by the difference in the formation conditions such as surrounding
phases, cooling rate, etc.

Metals 2022, 12, x FOR PEER REVIEW  12  of  34 
 

 

changes of Fe and Si are 11.2→9→12.9 at.% and 5.5→6.6→1.2 at.%, respectively. The built 

crystal model of α showed [30] that the Mn can occupy both the Al sites and partial Fe 

sites, but  the Si only  shares  the Al  sites. These  results  suggest  that  the FIMCs are not 

strictly stoichiometric compounds, but have some solubility range for alloying elements. 

2.3. The same Intermetallic Compounds with different morphologies 

The morphology of some of the FIMCs are completely different when they are pre‐

sent  in different  structures.  For  example,  the  α‐Al15(Fe,Mn)3Si2  phase  have  a  compact 

morphology as the primary phase but Chinese script in binary eutectic structures. There 

are controversies about the Chinese script α‐Al15(Fe,Mn)3Si2, in which it is argued that the 

Chinese script α is formed as the primary phase but growth from the compacted primary 

α. New evidence  in recent work clearly shows that the Chinese script α belongs to the 

eutectic  structures  that nucleated on  the primary  α  compound. Figure  4 provides  the 

evidence  of  electron  backscatter  diffraction  (EBSD) mapping,  demonstrating  that  the 

Chinese script α is nucleated on (or grows from) the primary α as the leading phase for 

the formation of TE binary eutectic structures. The α phase in most eutectic structures has 

a Chinese script morphology. However, the α phase in some eutectic structures can have 

the same compacted morphology as the primary α. Figure 5 shows the compacted pri‐

mary α (Figure 5a), the Chinese script binary eutectic α (BE‐α) (Figure 5b) and the ternary 

eutectic  (TE‐α)  with  a  compact  morphology.  Figure  5c  shows  that  when  the 

Al‐2Si‐0.7Mn‐1.3Fe alloy solidified at a very slow cooling rate (0.01 K/s), compact TE‐α 

was nucleated on (or grow from) the tip of the BE‐ α. The difference in the morphology of 

FIMCs between primary and eutectic FIMCs is possibly caused by the difference in the 

formation conditions such as surrounding phases, cooling rate, etc. 
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α‐Al15(Fe, Mn)3Si2. (a) SEM‐SEI image, and (b) EBSD maps of Al‐5Mg‐2Si‐0.6Mn‐1.3Fe alloys solid‐Figure 4. The Chinese script eutectic α-Al15(Fe,Mn)3Si2 is nucleated from the compacted primary α-
Al15(Fe, Mn)3Si2. (a) SEM-SEI image, and (b) EBSD maps of Al-5Mg-2Si-0.6Mn-1.3Fe alloys solidified
at 3.5 K/s from a pouring temperature of 720 ◦C, showing a compacted Al15(Fe, Mn)3Si2 particle has
same orientation with the Chinese script α-Al15(Fe, Mn)3Si2 in binary eutectic [66].
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Figure 5. Different morphologies of α-Al15(Fe, Mn)3Si2: (a) extracted primary α-Al15(Fe, Mn)3Si2 (de-
noted as P-α) with a compact morphology in Al-5Mg-2Si-0.7Mn-1.3Fe alloy solidified at 3.5 K/s [31];
(b) binary eutectic α-Al15(Fe, Mn)3Si2 (denoted as BE-α) with a Chinese script morphology in Al-
3Mg-2Si-0.7Mn-1.3Fe alloy solidified at 3.5 K/s. The sample was deep-etched; and (c) ternary
eutectic α-Al15(Fe, Mn)3Si2 (denoted as TE-α) with compact morphology in Al-2Si-0.7Mn-1.3Fe alloy
solidified at 0.01 K/s.

The characteristics of morphology, composition and crystallography of different types
of FIMCs were investigated and compared by applying OM, SEM and/or XRD, TEM to
understand the relationship between different types of FIMCs. To further understand
the competition between different FIMCs for nucleation or phase transformation, further
investigation on the formation, composition and crystallographic variation of α and α’
are required.



Metals 2022, 12, 1677 13 of 33

3. Competition of Nucleation and Phase Formation of FIMCs

The phase competition between FIMCs is complicated and difficult to control. The
nucleation undercoolings of these intermetallic compounds are reported to be a few tens of
Kelvin (K) [84], which reflects the difficulty in nucleation of these compounds. The equilib-
rium phase diagram is not a reliable tool to predict the microstructure correctly, as formation
of FIMCs may be largely controlled by transformation kinetics rather than thermodynamics.
In this section, a few case studies will be presented to demonstrate the competition for
nucleation of FIMCs, which contributed to the final complicated phase competition.

3.1. Phase Competition of P-FIMCs and Its Effect on the Solidification Sequence

According to the calculated phase diagram, Figure 6, the Al-11.7Si-0.6Mn-2.8Fe alloy
will solidify with α-Al15(Fe, Mn)3Si2 as the primary phase. Phase competition between
α and β in Al-11.7Si-0.6Mn-2.8Fe alloys was investigated and the results are shown in
Figure 7.
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Figure 6. The calculated phase diagram of Al-11.7Si-0.6Mn-xFe under Scheil model condition showing
that the α-Al15(Fe, Mn)3Si2 is the calculated equilibrium phase for Al-11.7Si-0.6Mn-2.8Fe alloy. Note
the orange point shown in the diagram indicates the alloy composition of Al-11.7Si-0.6Mn-2.8Fe alloy.

Figure 7a shows the microstructure of Al-11.7Si-0.6Mn-2.8Fe alloy solidified at 3.5 K/s.
Without grain refiner addition, there are two different types of primary FIMCs, α-Al15(Fe,
Mn)3Si2 (major) and β-Al5FeSi (minor). The FIMCs in eutectic structures are mainly plate-
like β, as shown in Figure 7b. The primary α particles in this sample are in the size range
of 50–150 µm and have a petaled flower morphology with hollows, which are much larger
in size than the α particles shown in Figure 5a. It indicates that the growth of P-α leads to a
hollowed morphology rather than the Chinese script morphology.



Metals 2022, 12, 1677 14 of 33

Metals 2022, 12, x FOR PEER REVIEW  15  of  34 
 

 

shown in Figure 7c. This grain refiner contains TiB2 particles with interfacial segregation 

of Fe and Si. Correspondingly, the FIMCs in eutectic structures change from plate‐like β 

to Chinese script α, as shown in Figure 7d. The difference in eutectic structures in these 

two samples without and with TiB2 addition is due to the composition variation  in the 

remaining  liquid  after  the  formation  of  different  primary  FIMCs.  This  result  demon‐

strated  that  the non‐equilibrium β can be nucleated and selected as  the primary phase 

due to the enhanced heterogenous nucleation of β on modified TiB2 particles. It demon‐

strates that the phase competition of FIMCs can be controlled at the nucleation stage for 

the primary FIMCs by changing the potency of the nucleation substrate. 

 

Figure 7. SEM‐BSE  images showing  the as‐cast microstructure of Al‐11.7Si‐0.6Mn‐2.8Fe alloy so‐

lidified  at  3.5 K/s.  (a) Without  grain  refiner  addition,  the primary  FIMCs  are mainly  α‐Al15(Fe, 

Mn)3Si2 with a few primary β‐Al5FeSi; (b) eutectic area from (a) contains the plate‐like binary eu‐

tectic β‐Al5FeSi;  (c) with 1000 ppm grain refiner addition,  the primary FIMC becomes β‐Al5FeSi, 

and  (d)  the binary eutectic area contains Chinese script α‐Al15(Fe,Mn)3Si2. This suggests  that  the 

phase competition of primary FIMCs affects the subsequent formation of the BE‐FIMCs. 

3.2. Nucleation Competition between FIMCs 

In some case, although the non‐equilibrium FIMCs can be selected after winning the 

nucleation competition, they become unstable after their formation in the liquid and fi‐

nally  transform  into  the  equilibrium FIMCs before  the  eutectic  formation happens.  In 

other  words,  the  equilibrium  FIMCs  are  growing  on  the  previously  formed 

non‐equilibrium FIMCs after complete or partial phase  transformation  rather  than nu‐

cleated on  the nucleation  substrates.  It was  reported  that  the Al‐5Mg‐2Si‐0.6Mn‐1.3Fe 

alloys  has  a  large  temperature  range  (44  K)  for  the  formation  of  primary  α‐Al15(Fe, 

Mn)3Si2 [31]. When this alloy solidifies at a slow cooling rate of 0.01 K/s, the other types of 

FIMC with irregular morphology was observed in the centre of the compacted primary α 

particles  (equilibrium)  (Figure  8). The P‐α particles  settled down  and  collected  at  the 

bottom of the crucible at such slow cooling rate. These P‐α particles were observed with 

X‐ray CT.  It  shows  that each P‐α particle  contains a brighter  centre plate‐like particle. 

Figure 7. SEM-BSE images showing the as-cast microstructure of Al-11.7Si-0.6Mn-2.8Fe alloy so-
lidified at 3.5 K/s. (a) Without grain refiner addition, the primary FIMCs are mainly α-Al15(Fe,
Mn)3Si2 with a few primary β-Al5FeSi; (b) eutectic area from (a) contains the plate-like binary eutec-
tic β-Al5FeSi; (c) with 1000 ppm grain refiner addition, the primary FIMC becomes β-Al5FeSi, and
(d) the binary eutectic area contains Chinese script α-Al15(Fe,Mn)3Si2. This suggests that the phase
competition of primary FIMCs affects the subsequent formation of the BE-FIMCs.

When 1000 ppm grain refiner (Al-Ti-B) was added, the primary FIMCs in Al-11.7Si-
0.6Mn-2.8Fe alloy changes to major long-plate β and a few hollowed α, as shown in
Figure 7c. This grain refiner contains TiB2 particles with interfacial segregation of Fe and Si.
Correspondingly, the FIMCs in eutectic structures change from plate-like β to Chinese script
α, as shown in Figure 7d. The difference in eutectic structures in these two samples without
and with TiB2 addition is due to the composition variation in the remaining liquid after the
formation of different primary FIMCs. This result demonstrated that the non-equilibrium
β can be nucleated and selected as the primary phase due to the enhanced heterogenous
nucleation of β on modified TiB2 particles. It demonstrates that the phase competition of
FIMCs can be controlled at the nucleation stage for the primary FIMCs by changing the
potency of the nucleation substrate.

3.2. Nucleation Competition between FIMCs

In some case, although the non-equilibrium FIMCs can be selected after winning the
nucleation competition, they become unstable after their formation in the liquid and finally
transform into the equilibrium FIMCs before the eutectic formation happens. In other
words, the equilibrium FIMCs are growing on the previously formed non-equilibrium
FIMCs after complete or partial phase transformation rather than nucleated on the nu-
cleation substrates. It was reported that the Al-5Mg-2Si-0.6Mn-1.3Fe alloys has a large
temperature range (44 K) for the formation of primary α-Al15(Fe, Mn)3Si2 [31]. When this
alloy solidifies at a slow cooling rate of 0.01 K/s, the other types of FIMC with irregular
morphology was observed in the centre of the compacted primary α particles (equilibrium)
(Figure 8). The P-α particles settled down and collected at the bottom of the crucible at
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such slow cooling rate. These P-α particles were observed with X-ray CT. It shows that
each P-α particle contains a brighter centre plate-like particle. These two different types of
FIMCs were identified with EBSD mapping (Figure 9b). The further EBSD (Figure 9a,b)
and TEM (Figure 9c) analysis showed that the outer of the compacted particle is α-Al15(Fe,
Mn)3Si2 and the inner of the particle is θ-Al13Fe4. The HRTEM image in Figure 9c shows
the interface between θ-Al13Fe4 and α-Al15(Fe, Mn)3Si2. There is a well-defined orienta-
tion relationship (OR) between θ-Al13Fe4 and α-Al15(Fe, Mn)3Si2:

(
201

)
θ-Al13Fe4//2.3◦(

011
)
α-Al15(Fe, Mn)3Si2, and [0 1 0] θ-Al13Fe4//[1 0 0] α-Al15(Fe, Mn)3Si2. (OR1)
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Figure 8. X-ray computed tomography (CT) image showing the cross-section of Al-5Mg-2Si-0.6Mn-
1.0Fe alloy solidified at 0.01 K/s indicated that the PIMCs compacted particles contain central brighter
particles indicating a different FIMC to the surface structure [66].

This result demonstrates that the compacted primary α-Al15(Fe, Mn)3Si2 did not
directly form through heterogeneous nucleation on some potent substrates, such as native
oxides, but formed via a peritectic reaction: L + θ-Al13Fe4 → α-Al15(Fe, Mn)3Si2 + α-Al.
The non-equilibrium θ was firstly nucleated and formed/selected as the PIMC instead.
The selected non-equilibrium θ became unstable at a later solidification stage, and finally
transformed into the equilibrium α.

It has been demonstrated that the phase competition among the FIMCs starts at the
early stage of solidification. As reported [82], different types of Fe-intermetallic compounds
require different nucleation undercoolings. The intermetallic with smaller nucleation
undercooling can form firstly during the solidification process, which is called nucleation
competition in this paper. The mechanism will be discussed in details in Section 3.3.
When the non-equilibrium (NE) FIMC wins the nucleation competition, the solidification
sequence will be changed correspondingly with the growth of the NE-FIMC. However,
with the continuously solidification, the formed non-equilibrium FIMC becomes unstable
in the remaining liquid and might transform into other types of more stable FIMCs.
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Figure 9. The non-equilibrium primary θ-Al13Fe4 (P-θ) was formed first in the liquid, and the
equilibrium compact primary α-Al15(Fe, Mn)3Si2 grows on the P-θ. [66] (a) SEM-SEI image showing
the α-Al15(Fe, Mn)3Si2 particle with central θ-Al13Fe4 in Al-5Mg-2Si-0.6Mn-1.3Fe alloy solidified at
0.01 K/s from a pouring temperature of 720 ◦C; (b) EBSD mapping identified θ-Al13Fe4 and α-Al in
α-Al15(Fe, Mn)3Si2 particle; and (c) HRTEM image viewed along the [0 1 0] zone axis of θ-Al13Fe4 and
[1 0 0] zone axis of α-Al15(Fe, Mn)3Si2, showing the orientation relationship between θ-Al13Fe4 and
α-Al15(Fe, Mn)3Si2:

(
2 0 1

)
θ-Al13Fe4//2.3◦

(
0 1 1

)
α-Al15(Fe, Mn)3Si2, and [0 1 0] θ-Al13Fe4//[1 0

0] α-Al15(Fe, Mn)3Si2. [66].

3.3. The Mechanism of Nucleation Competition between FIMCs

The heterogeneous nucleation of FIMCs is complicated, which not only requires the
potent nucleation substrates but also multiple alloy elements and specific crystal structure.
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Therefore, multiple factors need to be considered to understand the nucleation competition
between different types of FIMCs. A simple sketch is shown in Figure 10 to illustrate
the mechanism of nucleation competition between two types of FIMCs, A and B. The
dotted lines in the figure show the liquids for A (TA) and B (TB). It is assumed that A is
the equilibrium FIMC, and B is the non-equilibrium FIMC. A has the higher formation
temperature (TA) but lower nucleation temperature (∆TnA). The NE-B has the lower
formation temperature (TB) but higher nucleation temperature (∆TnB). The nucleation
undercooling ∆Tn can be calculated as (T-Tn). Therefore, in this case, ∆TnB is smaller than
∆TnA. During the solidification process, nucleation of the NE-B happens first. As has been
presented elsewhere [85], the general rule governing nucleation competition is that the
phase with smallest nucleation undercooling will nucleate first, followed by phases with
progressively larger nucleation undercooling.
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Figure 10. Schematic illustration of the competition for nucleation between two different types of
FIMCs, A and B. TA and TB are the equilibrium formation temperatures of A and B, respectively.
TnA and TnB are the actual nucleation temperatures of A and B, respectively. ∆TnA and ∆TnB are the
actual nucleation undercoolings of A and B, respectively. Under such circumstances, B will nucleate
first, although A has a higher formation temperature than B.

4. Phase Transformation between FIMCs

The previous section has shown a case for phase transformation between the non-
equilibrium θ and the equilibrium α phase (Figure 9). Investigation on the phase transfor-
mation between different types of FIMCs is not only helpful to understand the relationship
between FIMCs, but also useful to understand the nucleation competition between them. It
is found that the θ-Al13Fe4 is often to form as non-equilibrium phase in Al-Si alloys. This
NE-θ then transformed into the other types of FIMCs later such as α’, α, β or δ phases. The
phase transformation between FIMCs was investigated based on the composition variation
and crystal structure transition. It is found that the NE-θ can transform into the other
FIMCs with one step or multi-step transformation, and with or without intermediate inter-
metallic compounds. The phase transformation is mainly controlled by elemental diffusion,
especially Si, and follows a Si concentration sequence. A few cases will be discussed in
this section.
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4.1. Multi-Step Transformation from θ to α’, β then δ

The calculated solidification path with Padant software under the Scheil model is
shown in Figure 11, which suggests that under equilibrium condition this alloy should
solidify first with primary Si phase followed by (δ-Al4FeSi2 + Si) and (β-Al5FeSi + Si)
eutectics. Multiple-step phase transformation from θ to α’, then β, and finally δ was
observed in Al-20Si-0.7Fe alloy solidified at a slow cooling rate (0.01 K/s), as shown in
Figures 12 and 13 [67]. The primary θ phase was formed in an Al-20Si-0.7Fe alloy at a slow
cooling rate, 0.01 K/s, as shown in Figure 12a. However, solidification experiments have
confirmed that the real solidification process does not follow this path. The non-equilibrium
θ (Figure 12a) is the primary phase with a coarse platelet morphology and shows clear
signs for phase transformation (Figure 12b).
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Figure 11. The calculated solidification curve for Al-20Si-0.7Fe alloy using the Scheil model showing
that solidification starts at 688 ◦C with the formation of the equilibrium primary Si phase, which is
followed by the formation of δ-Al4FeSi2 + Si eutectic at 609 ◦C and β-Al5FeSi + Si eutectic at 597 ◦C.

The SEM observation, Figure 12b, shows that the parent θ-Al13Fe4 phase is associated
with the β-Al5FeSi phase and a two-phase structure that contains α’-Al8Fe2Si + α-Al.
All the phases were identified with EBSD (Figure 12c) and TEM (Figure 13) analysis.
The results show that the θ-Al13Fe4 phase (monoclinic) formed initially and transformed
into an intermediate α’-Al8Fe2Si (complex hexagonal) and nanoscale α-Al via a quasi-
peritectoid reaction (Figure 11b). Subsequently, the intermediate α’-Al8Fe2Si transformed
into β-Al5FeSi (monoclinic). After heat treatment (530 ◦C for 30 min), the transformed
β-Al5FeSi phase transformed again into δ-Al4FeSi2 (tetragonal) as shown in Figure 12d.
The SEM-EDXs results shown in Figure 12e indicated the increased Si content in from θ

to β then δ. Variations in composition and lattice parameters of these FIMCs was also
determined by TEM, which shows that the phase transformation among the FIMCs starts
from the FIMC with a lower Si content and progresses to the FIMCs with higher Si contents.
The transformation sequence is following the Si concentration in FIMCs in the order of
CSi

θ <CSi
α′<CSi

β <CSi
δ . Multi-step phase transformations between FIMCs in high-Si Al alloys

were observed during solidification process.
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Figure 12. The multi-step phase transformation from θ to α’-Al8Fe2Si, β-Al5FeSi, then δ-Al4FeSi2
observed with SEM-BSE mode in Al-20Si-0.7Fe alloy, which solidified at 0.01 K/s. (a) SEM-BSE
image showing the elongated θ-Al13Fe4; (b) the detailed microstructure in the area marked by the
white frame in (a) showing a complex multi-phase zone containing θ-Al13Fe4, α’-Al8Fe2Si +α-Al
and β-Al5FeSi phases; (c) a EBSD map for phase identification; and (d) δ-Al4FeSi2 with a higher Si
content was formed on the edge of FIMC particles after heat treatment at 530 ◦C for 30 min, and
(e) the SEM-EDS spectra of θ, β and δ shown in (d) [67].

The phase transformation sequence can be described as L→ θ-Al13Fe4; then L+ θ-
Al13Fe4 → α’-Al8Fe2Si + α-Al; then L+ α’-Al8Fe2Si → β-Al5FeSi + α-Al; and finally, L+
β-Al5FeSi→ δ-Al4FeSi2 + α-Al. The phase transformation process is controlled by diffusion
of constituent elements Fe and Si, especially Si in the FIMCs. The α’-Al8Fe2Si forms
as the intermediate FIMC during the phase transformation from θ-Al13Fe4 with a low
Si content to higher Si containing β-Al5FeSi. Nanoscale α-Al particles were observed
within the FIMCs to accommodate the changes in composition of the FIMCs, allowing
a shorter diffusion path. The interfaces between each of these FIMCs were examined to
determine the orientation relationships (see Figure 13). Defined orientation relationships
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were observed at the interfaces of θ-Al13Fe4//α’-Al8Fe2Si, α’-Al8Fe2Si//β-Al5FeSi, and
β-Al5FeSi//δ-Al4FeSi2. The ORs are:

(1 0 3) θ-Al13Fe4//(1 1 1) α’-Al8Fe2Si and [1 3 4] θ-Al13Fe4//[3 2 1] -Al8Fe2Si (OR2)
(0 0 2) β-Al5FeSi//10.2◦(1 0 0) α’-Al8Fe2Si, [0 1 0] β-Al5FeSi//[1 2 3] α’-Al8Fe2Si, (OR3)
And (0 0 2) [1 1 0] β-Al5FeSi//(0 0 2) [1 1 0] δ-Al4FeSi2 (OR4)
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Figure 13. High-resolution TEM (HRTEM) images showing the interfaces between different types
of FIMCs in Al-20Si-0.7Fe alloy solidified at 0.01 K/s. (a) the interface between α’-Al8Fe2Si and
θ-Al13Fe4, with the incident electron beam being paralleled to [134] zone direction of θ-Al13Fe4
and [3 2 1] zone direction of α′-Al8Fe2Si; (b) the β-Al5FeSi/α′-Al8Fe2Si interface with the incident
electron beam being parallel with [0 1 0] zone direction of β-Al5FeSi and [1 2 3] zone direction of
α′-Al8Fe2Si, (c) the β-Al5FeSi/δ-Al4FeSi2 interface viewed along the [110] zone direction of β-Al5FeSi
and δ-Al4FeSi2 in Al-20Si-0.7Fe alloy after heat treatment at 530 ◦C for 0.5 h. [67].
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A few pairs of defined orientation relationships containing the crystallographic in-
formation about the phase transition between FIMCs were experimentally observed for
the first time. Further investigation is under way to study the relationship between the
composition variation and the crystallographic transition between FIMCs.

4.2. One Step Phase Transformation from θ to β

A case of phase transformation directly from θ-Al13Fe4 to β-Al5FeSi was found to
involve no intermediate IMCs, as shown in Figure 14. Figure 14a shows transformation
from θ to β in Al-4Fe-4Si alloy solidified at 3.5 K/s. The HRTEM image in Figure 14b
shows the interface between β-Al5FeSi and θ-Al13Fe4, revealing an orientation relationship
between these two FIMCs. The orientation relationship between θ-Al13Fe4 and β-Al5FeSi
was identified as:

(200) θ-Al13Fe4//(003) β-Al5FeSi, and [1] θ-Al13Fe4//[100] β-Al5FeSi (OR5)
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Figure 14. One-step phase transformation between θ-Al13Fe4 and β-Al5FeSi. (a) SEM-BSE image
showing the microstructure of primary θ-Al13Fe4 phase in Al-4Si-4Fe alloy solidified at 3.5 K/s—the
primary θ-Al13Fe4 phase had transformed into the other FIMCs from the edge to centre with plate-
like morphology; and (b) HRTEM image of the β-Al5FeSi/Al13Fe4 interface viewed along the zone
direction of [0 0 1] of Al13Fe4 and [1 0 0] of β-Al5FeSi showing the orientation relationship between
β-Al5FeSi and θ-Al13Fe4 [80].

Si as impurity or solute in Al alloys is easily doped into the θ-Al13Fe4 structure, which
causes not only variation in compositions but also modification of lattice parameters, and
in some circumstances, even crystal structure. Controlled by Si diffusion in Al-Si-Fe alloys,
different types of phase transformation happen between θ and the other FIMCs. Based
on this understanding, the phase transition between FIMCs have been studied, e.g., the
intrinsic defects and Si solution in θ-Al13Fe4 and the structural investigation with DFT
simulations [81,86,87], and the stability of FIMCs from thermodynamics assessment [88].

Previous work revealed that the phase competition between various FIMCs in Al
alloys is due to the competition in both nucleation and phase transformation in the solid
state. Once the non-equilibrium FIMCs were nucleated, the composition in the remain-
ing liquid was changed, which affects the final solidification microstructure. However,
understanding of the crystallographic relationships between FIMCs and the structural
transition mechanism is still very limited. Further work is required for developing effec-
tive control of the formation of FIMCs both during solidification and in the subsequent
solid-state transformations.
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5. Heterogeneous Nucleation and Refinement of FIMCs
5.1. Heterogeneous Nucleation of FIMCs on Native Oxides

As already shown in Section 3, phase competition among FIMCs on the heterogeneous
nucleation stage is critically important for the final microstructure of the cast Al alloys.
Before any refining method is developed, it is necessary to understand heterogeneous
nucleation of FIMCs on the native oxides/inclusions (without grain refiner addition). For
Al alloys, different types of common inclusions can be generated in the melt during the
casting, such as oxides (α-Al2O3, γ-Al2O3, MgAl2O4, and MgO etc.), carbides, borides,
nitrides, chlorides, and fluorides. The major oxides are MgAl2O4 and/or MgO in Mg-
containing Al alloys. The characteristics of the native MgAl2O4 in Al-3Fe-1Mg are shown
in Figure 15. It shows that the size of MgAl2O4 varies from a few hundred nanometres
to a few micrometres, depending on the synthetic processing conditions. The MgAl2O4
particles can be easily engulfed in the FIMC particles. The 3D morphology of MgAl2O4 in
Al-3Fe-1Mg alloy was observed and is shown in Figure 15 b. TEM examination in Figure 16a
confirms that the MgAl2O4 particles have face-centred cubic (fcc) crystal structure with
lattice parameter a = 8.08 ± 0.005Å and are {1 1 1} faceted when viewed along its <1 1 0>
zone direction, and the angles between two adjacent termination planes were measured to
be 109.5 ± 0.4◦or 70.5 ± 0.5◦.
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Figure 16. Heterogeneous nucleation of θ-Al13Fe4 on a native MgAl2O4 particle. (a) HRTEM image
of MgAl2O4 with the electron beam paralleled to <1 1 0> zone axis showing {1 1 1} faceting on the
MgAl2O4 particle, (b) HRTEM image showing the MgAl2O4/θ-Al13Fe4 interface with electron beam
parallel to [110] of MgAl2O4 and [21] of θ-Al13Fe4, revealing an orientation relationship (OR) between
the oxide and θ-Al13Fe4:

(
2 2 2

)
MgAl2O4//

(
1 3 6

)
θ-Al13Fe4 and [1 1 0] MgAl2O4//3.4◦ [0 2 1]

θ-Al13Fe4. [67].
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It has been shown in Section 3 that θ phase can be first nucleated as a non-equilibrium
phase in some Al alloys without any grain refiner addition. Therefore, the nucleation of θ
on the native oxides is investigated. The HRTEM image in Figure 16b provides the evidence
of heterogeneous nucleation of θ on a native MgAl2O4 particle, by revealing an orientation
relationship (OR) between the MgAl2O4 and θ-Al13Fe4:(

2 2 2
)
MgAl2O4//

(
1 3 6

)
θ-Al13Fe4 and

(OR5)
[1 1 0] MgAl2O4//3.4◦ [0 2 1] θ-Al13Fe4. [66]

It is the first time that the evidence of heterogeneous nucleation of any FIMC on
substrates, especially on a native oxide, particle to be revealed. Two facts have been
confirmed. Firstly, the θ-Al13Fe4 can nucleate on MgAl2O4 particles, and secondly, the phase
competition between the FIMCs is due to the competition of heterogeneous nucleation
among FIMCs in Al alloys.

Heterogeneous nucleation is dependent on the nucleation potency of the nucleation
substrates [89], but the grain refinement is affected by many other factors [90–93]. Although
clear evidence of the heterogeneous nucleation of θ on MgAl2O4 was observed, many
questions remain unclear to fully understand the heterogeneous nucleation of FIMCs.
For example, there are many different types of inoculants, such as MgO, Al2O3, AlN,
MgAl2O4, which might co-exist in different Al alloys. Nucleation potency of different types
of FIMCs is unclear. Moreover, the interfacial structural and compositional conditions
of these native particles have rarely been investigated. Recent research indicated [94–99]
that the interfacial conditions of particles such as TiB2 in the melt can be modified by
segregation of alloy elements. Therefore, the surface of the native oxide particles will
also be affected by the interfacial segregation of the alloy elements. Recent research [99]
also shows that alloy elements tend to segregate on the surface of native oxides, and the
nucleation potency of the oxide was thus changed correspondingly, which can be analysed
from the orientation relationships between the solid and substrates. Further investigations
are required to understand the effects of interfacial segregation of alloy elements on the
structural and compositional templating of the nucleation substrates for heterogeneous
nucleation of FIMCs.

5.2. Heterogeneous Nucleation on the Other IMCs and Refinement of FIMCs

Many approaches to grain refinement in Al alloys, such as thermal control, chemical
methods, and mechanical methods, have been developed to enhance the properties of
Al alloys [100,101]. Addition of alloying elements is one of the easiest ways to achieve
grain refinement of cast alloys. Various alloy elements were applied in Al-Fe alloys for the
purpose of modification and refinement of FIMCs [44–57]. It is known that Mn addition
can modify the plate-like β phase to the compact α-Al15(Fe, Mn)3Si2 when the Fe/Mn
content ratio is lower than 2. However, no obvious refinement of the FIMC was reported
through the alloy element addition. Systematic work has been done to study the effects of
alloy elements on heterogeneous nucleation of FIMCs. It was found that when 0.5 wt.%
Zr was added to Al-4Fe alloy, both the primary θ and α-Al grains were greatly refined,
as shown in Figures 17 and 18 [88]. Figure 17 shows that the size of θ decreases from
125.2 ± 5.0 to 22.5 ± 0.9 µm, and its number density increased from 39.5 ± 2.4 mm−3 to
194.4 ± 32.5 mm−3 with 0.5 wt.% Zr addition in the Al-4Fe alloy. Meanwhile, the average
size of α-Al grains decreases from 435.2 ± 40.8 µm to 63.1 ± 2.8 µm. It was observed that
some of the previously formed Al3Zr particles were located inside the θ phases and α-Al
grains, contributing to the grain refinement of both the θ and α-Al [102].
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Figure 17. Grain refinement of θ by enhancing the heterogeneous nucleation on Al3Zr particles
in Al-4Fe alloy with 0.5 wt.% Zr addition. (a) optical micrograph of Al-4Fe solidified at 3.5 K/s,
(b) optical micrographs of Al-4Fe-0.5Zr solidified at 3.5 K/s showing the refinement of Fe-containing
particles with the Zr addition; and (c) SEM image of deep-etched Al-4Fe-0.5Zr alloy showing the
θ-Al13Fe4 particles associated with Al3Zr particles. [102].

The experimental results show that the previously formed Al3Zr particles have a larger
number density than that of θ, which suggests that the heterogeneous nucleation of Al3Zr
on native oxides is much easier than that of θ. It demonstrated that the FIMCs can be
grain refined by enhancing heterogeneous nucleation on the other types of intermetallic
compounds. This is another approach to grain-refine the FIMCs. However, this method
introduces the other types of compounds and increases alloy concentration, which needs to
be carefully considered. Further work is required to study the effects of more types, the
concentration of alloy elements and casting conditions, etc. on heterogeneous nucleation
of FIMCs, and especially the effects of alloy elements on the nucleation potency of native
oxides for the FIMCs.
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Figure 18. Grain refinement of α-Al grains in Al-4Fe alloy with 0.5 wt.% Zr addition: (a) optical
micrographs of Al-4Fe solidified at 3.5 K/s; and (b) optical micrograph of Al-4Fe-0.5Zr solidified at
3.5 K/s showing the refinement of α-Al grains with the Zr addition. [102].

5.3. Compositional Templating for Heterogeneous Nucleation and Refinement of FIMCs

The most widely used way to grain-refine alloys is by adding inoculants during the
casting process. The mechanism of grain refinement with inoculants is to supply potent par-
ticles for heterogeneous nucleation [90–93]. Al-Ti-B grain refiners have a long history and
have been proven to be effective in achieving grain refinement of Al alloys [103,104]. There-
fore, TiB2 particles were chosen as the reference particles in our research. In addition, epitax-
ial nucleation provides an atomistic mechanism for heterogeneous nucleation via structural
templating [89]. Based on structural templating, a three-layer mechanism for heterogeneous
nucleation has been recently developed, in which heterogeneous nucleation completes
within three atomic layers to create a 2D nucleus (a crystal plane of the solid) [105,106].
This three-layer nucleation mechanism has been validated by high resolution transmis-
sion electron microscopic (HRTEM) examination of TiB2/Al and TiB2/α-Al15(Fe, Mn)3Si2
interfaces in two different Al alloys [106]. Based on these advanced understandings, the
refinement of FIMCs was reconsidered. Heterogeneous nucleation of IMCs is much more
difficult than that of a pure metal or a solid solution. It requires not only the creation of
a crystal structure but also the positioning of two or more types of elements in the lattice
with specified compositions. Therefore, an approach to enhance heterogeneous nucleation
of FIMCs by facilitating the compositional templating in addition to structural templating
was developed. This approach is demonstrated in Figures 19 and 20 and Table 5 [82].

Al-Ti-B master alloys with free Ti or free B were designed and produced. Alloy
elements, such as Fe, Mn, Si, and Ni, were added to the melts to form a segregation layer
on the TiB2 or AlB2 to provide the structural and compositional templating. The interfacial
segregation and the new interfacial structures at the Al/TiB2 or Al/AlB2 interfaces were
investigated and the nucleation potency for the IMCs estimated. The nucleation potency of
TiB2 particles was changed by generating interfacial segregation. The experimental results
show that the segregation of Fe at the TiB2 surface (TiB2(Fe)) can provide composition
templating and hence enhance heterogeneous nucleation of α-Al15(Fe, Mn)3Si2, resulting
in significant refinement of the intermetallic compound. Segregation of Mn at the TiB2
surface (TiB2(Mn)) can provide composition templating and hence enhance heterogeneous
nucleation of η-Al6(Fe, Mn) resulting in significant grain refinement. The grain refinement
results are summarized in Table 5. One of the examples is shown in Figures 19 and 20 [82].
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Table 5. Refinement of different phases in Al alloys.

Grain Size (µm) CP-Al
(α-Al)

Al-5Mg-2Si-0.7Mn-1.3Fe
(α-Al15(Fe, Mn)3Si2)

Al-12Si-0.7Mn-2.8Fe
(β-Al5FeSi)

Al-27Si
(Si)

Al-2Mn-1Fe
(η-Al6(Fe, Mn))

No grain refiner Fully
columnar 38.7 ± 6.8µm 1178.4 ± 135 µm 461 ± 51 µm 26.0 ± 2.1 µm

AlB2(Fe, Si) - 19.2 ± 5.6 µm - - -
TiB2(Mn) - - - - 9.5 ± 0.6 µm

TiB2(Fe, Si) - 11.1 ± 4.4 µm 425.2 ± 61 µm 39 ± 5.5 µm -
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Figure 20. Mn-modified TiB2 particles nucleate η-Al6(Fe, Mn) phase and refine η-Al6(Fe, Mn) phase
in Al-2Mn-1.0Fe alloy. SEM images showing the microstructure of Al-2Mn-1.0Fe alloy solidified
at 3.5 K/s (a) without grain refiner addition, (b) with 1000 ppm novel grain refiner addition (Mn-
modified TiB2 particles); (c) TEM bright-field image showing the TiB2/η-Al6(Fe, Mn) interface,
(d) high-resolution TEM image showing the modified TiB2/η-Al6(Fe, Mn) interface. [82].

Figure 19 shows the Super-X EDS elemental mapping results for the TiB2 particles
in Al-3.7Ti-1.5B-1Mn alloy. Mn segregation is clearly seen on the {1010} planes of TiB2.
When this grain refiner containing the Mn-modified TiB2 particles was added into an
Al-2Mn-1Fe alloy, the η-Al6(Fe, Mn) was refined considerably (see Figure 20a,b). The size
of the cross-section of η-Al6(Fe, Mn) was reduced from 26.0 ± 2.1 µm to 9.5 ± 0.6 µm after
1000 ppm addition of the Al-3.7Ti-1.5B-1Mn grain refiner. The Mn-modified TiB2 particles
were found to be engulfed in the η-Al6(Fe, Mn) particles (Figure 20c). Some of the TiB2
particles have a well-defined orientation relationship with η-Al6(Fe, Mn). See Figure 20:

(2 0 0)η[0 2 1]η//(0 0 0 1)TiB2
[
1 1 2 0

]
TiB2 (OR6)

The grain refinement results are summarised in Table 5. The interfacial segregation of
different elements, such as Fe, Mn, and Si, on AlB2 or TiB2 particles [82] were investigated
and confirmed on an aberration (Cs)-corrected FEI Titan 80–200 instrument equipped with
Super-X energy-dispersive X-ray spectroscopy (Super-X EDS) system. These different types
of Al-Ti-B master alloys containing modified AlB2 or TiB2 particles were added to different
alloys shown in Table 5 to test their effect on refining both FIMCs and α-Al. It shows that
the TiB2 particles with Fe and Si segregation (TiB2(Fe, Si)) are most effective. It can refine
not only α and β FIMCs, but also the primary Si phase. TiB2(Fe, Si)) particles refined the
α-Al15(Fe, Mn)3Si2 from 38.7 ± 6.8 µm to 11.1 ± 4.4 µm in Al-5Mg-2Si-0.7Mn-1.3Fe alloy,
and refined β-Al5FeSi from 1178.4 ± 135 µm to 425.2 ± 61 µm in Al-12Si-0.7Mn-2.8Fe
alloy. The primary Si phase was refined from 461 ± 51 µm to 39 ± 5.5 µm in Al-27Si



Metals 2022, 12, 1677 28 of 33

alloy. The master alloy containing TiB2(Ni, Si)) particles can grain-refine α-Al in CP-Al to
184 ± 20 µm, which is similar to the effect of Al-5Ti-1B.

Further work is required to investigate the structural modification caused by the inter-
facial segregation and the assessment of the nucleation potency of modified particles for
the FIMCs. Moreover, further studies are required to understand the interfacial segregation
on native oxides at the same time, and the competition contribution of the heterogeneous
nucleation for FIMCs between the native oxides and the added inoculants.

6. Challenges/Future Research

Current research has achieved some fundamental understandings on the heteroge-
neous nucleation, formation, and phase transformation mechanisms of Fe-intermetallic
compounds in Al alloys. Some useful techniques have been developed to modify the
nucleation substrates by providing the structural and compositional templating. How-
ever, there are a few more challenges that need further investigations to achieve the ideal
microstructural control and refinement of FIMCs.

The first is the understanding of heterogeneous nucleation of the FIMCs in Al alloys
on the native inoculants, especially oxide particles. Due to the complexity of heterogeneous
nucleation, different types of FIMCs can be nucleated competitively, which leads to the
subsequent solid-state phase transitions between different types of FIMCs. Moreover,
the true nucleation sequence/solidification sequence could be covered up by the final
solidification microstructure. For example, when θ phase was nucleated as non-equilibrium
phase in Al-5Mg-2Si-0.7Mn-1.3Fe, phase transformation happened and completely covered
by the α phase [66]. The final microstructure (Figure 2a) could mislead researchers to
consider that the primary α phase actually formed from the phase transformation of θ is
directly formed from the heterogeneous nucleation on the native oxides. Therefore, direct
evidence for heterogeneous nucleation of FIMCs on neither oxides nor the external applied
grain refiner particles is rarely reported.

The second is the understanding of the effect of the interfacial atomic arrangement on
structural and compositional templating on the surface of potent nucleation substrates. The
FIMCs are formed in multi-component alloys. Therefore, understanding of interactions
between the nucleation substrates and the alloy elements is important to investigate the
nucleation potency. There is plenty of evidence to show that alloy elements in the melt
can modify the surface of particles by interfacial segregation. However, the types of
alloy element, segregation concentration, and atomic arrangement at the liquid–substrate
interface, and so on, still warrant further investigations. This is especially difficult for
FIMCs due to the nature of multi-component alloys. The other difficulty arises from the
nucleation competition between FIMCs on different nucleation substrates. At present, the
competition for heterogeneous nucleation between multiple types of substrates is not clear.
For example, when Al-Ti-B master alloys are added in Al melt, there is competition for
heterogeneous nucleation on the exogenous TiB2 particles and the other native inoculants,
such as Al2O3, MgO or MgAl2O4.

The third is the understanding of crystallographic relationships between different
types of FIMCs. The phase transformation between FIMCs has been widely reported. In
recent years, some research attention has been paid to investigation of the phase forma-
tion, crystal structure and microstructural evolution between FIMCs [67,82,83,97,107–109].
However, due to the complex crystal structure of each FIMC and the composition-lattice
parameter variations, experimental research is very difficult but necessary to investigate
the phase transition between these FIMCs by applying experiments and computer calcula-
tions. The structural transition between FIMCs helps us to understand not only the phase
transformation happening in solid states but also the nucleation competition during the
solidification process. Computer calculation methods such as DFT, molecular dynamic
(MD) simulation, etc. are required, especially for investigation of the phase transitions
between different types of FIMCs.
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7. Summary

In this paper, a concise overview of the recent fundamental research on the formation
of Fe-containing intermetallic compounds (FIMCs) in Al alloys was provided. Some good
progress has been made, particularly on understanding the heterogeneous nucleation
of FIMCs and the mechanism of phase transition between FIMCs. This is summarized
as follows:

1. FIMCs in Al alloys are not strictly stoichiometric compounds and hence can accommo-
date certain levels of alloying elements in their crystal lattice without changing their
crystal structure, although this may cause some changes in their lattice parameters.
For instance, Si content in the θ phase increases with increasing Si content in Al alloys.
The maximum Si concentration in θ is experimentally measured to be 2.7 at.%. The
lattice parameters of θ decreased with the increasing Si concentration in θ.

2. The composition of FIMCs changes significantly to adjust the consuming rate of
different alloy elements at different stages of solidification. For instance, Mn con-
centration in α-Al15(Fe, Mn)3Si2 reduced from 7.4 at.% in the primary α, to 5.6 at.%
in the binary eutectic α, and then 0.8 at.% in the ternary eutectic α, without chang-
ing the crystal structure. In addition, the solubility of Si in FIMCs has a sequence
of 0 = CSi

η <CSi
θ <CSi

α <CSi
α′<CSi

β <CSi
δ , which contributed to the phase transformation

between different types of FIMCs.
3. The FIMCs that have a broad plate-like morphology, such as θ, β and δ, may have

different morphological features. The θ has up to tenfold twins, which can grow into
star-like morphology on its cross-section; the β is thin but coarse; the branches on β

are less observed; the δ is shorter than β and grows with spiral traces. The terminating
surface planes of the relevant FIMCs were identified. The θ is {010} faceted. The β

and δ are both {002} faceted. The α and η are {110} faceted. The α’ is {100} faceted.
4. It has been identified that the α-Al15(Fe, Mn)3Si2 with Chinese script morphology is

not the primary α, but belongs to the binary eutectic structure although it may be
nucleated on (or grow from) the compacted primary α-Al15(Fe, Mn)3Si2. In addition,
the compacted morphology of α-Al15(Fe, Mn)3Si2 in a ternary eutectic was observed
at a slow cooling rate—0.01 K/s. It is possible that the compact ternary α-Al15(Fe,
Mn)3Si2 was nucleated or grew from the binary eutectic α-Al15(Fe, Mn)3Si2.

5. Evidence of the heterogeneous nucleation of θ-Al13Fe4 on native MgAl2O4 parti-
cles was observed. A well-defined OR was observed:

(
2 2 2

)
MgAl2O4//

(
1 3 6

)
θ-

Al13Fe4 and [1 1 0] MgAl2O4//3.4◦ [0 2 1] θ-Al13Fe4. However, it was found that
the primary α-Al15(Fe, Mn)3Si2 in Al-5Mg-2Si-0.6Mn-1.3Fe alloy was not nucleated
on the native oxides, but formed through solid-state phase transformation from the
previously formed non-equilibrium θ-Al13Fe4 phase. Such transformations can be
achieved through either a multi-step transformation or a single-step transformation.
For instance, multi-step phase transformation of θ→α’→β→δ was observed in Al-
20Si-0.7Fe. The phase transformation was driven by the alloy elements, especially Si
diffusion. The intermediate structure (α’-Al8Fe2Si + α-Al) was also observed. The
well-defined orientation relationships between θ/α’, α’/β, β/δ, θ/β and θ/α were
observed. A single-step phase transformation from θ-Al13Fe4 to β-Al5FeSi was also
observed with an OR: (200) θ-Al13Fe4//(003) β-Al5FeSi, and [1] θ-Al13Fe4//[100]
β-Al5FeSi.

6. A compositional templating concept was proposed. Different types of alloy elements,
such as Fe, Mn, and Si, can segregate on AlB2 or TiB2 particle surfaces, providing both
the compositional and structural templating required by heterogeneous nucleation of
FIMCs. The AlB2 or TiB2 particles with interfacial segregation of alloy elements such as
Fe, Mn, and/or Si can grain-refine different types of phases. In addition, it was found
that both the primary θ-Al13Fe4 and α-Al grains in Al-4Fe alloys are significantly
refined by addition of 0.5 wt.% Zr by enhancing heterogeneous nucleation on the
primary Al3Zr particles.
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