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Abstract:

High-speed synchrotron tomography was used to investigate the nucleation and growth
dynamics of AlisFes intermetallic during solidification of an Al-5wt%Fe alloy, providing
new insights into its formation process. The majority of AlisFes intermetallics nucleated
near the surface oxide of the specimen and a few nucleated at AlisFes phase. AlizFes
crystals grew into a variety of shapes, including plate-like, hexagonal tabular, stair-like and
V-shaped, which can be attributed to the crystal structure of this compound and its
susceptibility to twinning. Hole-like defects filled with aluminium melt were observed
within the intermetallics. Orented particle attachment mechanism was proposed to explain
the formation of the AlisFes intermetalic, which needs further experiments and simulation
to confirm.
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1. Introduction

During solidification of metallic alloys, intermetallic compounds can form with
complex crystal structures that commonly show anisotropic faceted morphologies,
which significantly influence the mechanical and functional properties of the materials
[1-3]. Therefore, faceted intermetallics have been extensively studied, and there is
renewed interest in developing intermetallic materials for engineering applications [4—
6]. Additionally, faceted crystals can form during a wide range of chemical and physical
processes, ranging from electrochemical reactions [7], the freezing of water [8,9] to the
crystallization of magmas [10]. Thus, new insights into faceted crystal growth could
have significant impacts on a range of subjects encompassing materials science,
chemistry and geology.

Aluminium (Al) alloys are used in many applications ranging from mobile phones to
cars and aeroplanes. During solidification of Al alloys, many faceted intermetallics such
as B-AlsFeSi, AlsFes (or named as AlsFe ), AlsMn and AlsNi can form [11-15]. Due
to the difficulty of removing Fe from Al alloys and the low solubility of Fe in Al, Fe-
enriched intermetallics are common in many Al alloys, which are detrimental to the
mechanical and corrosion resistance performance [16-18]. This has become a more
serious issue in recycled Al alloys as Fe accumulates within the alloy during recycling.
Continuous research efforts have been focused on understanding Fe-rich intermetallic
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formation during Al alloy solidification, such as o and B phase in Al-Si or Al-Si-Cu
based alloys [19,20] and AlisFes in Al-Fe alloys [21-23].

Many previous studies used post-mortem characterization methods (such as electron
and optical microscopies or X-ray tomography) to determine the faceted morphology
of the intermetallic compounds (e.g. AlsMns and AlisFes) in Al or Mg-Al alloys [24—
26] which could not reveal the dynamic formation processes. In situ X-ray radiography
was used to capture the formation and evolution of a-Al(FeMnCr)Si [27,28] and -
AlsFeSi [29] intermetallic phases in iron-containing Al-Si/Al-Si-Cu alloys, which
allows the growth dynamics to be determined, but provides limited information
regarding on their 3D morphology. High-speed synchrotron tomographic imaging,
which capture tomograms in seconds or sub-seconds [30], enables time-resolved
characterization of Fe-enriched intermetallics in 3D (termed as 4D imaging [31-35]).
Much research focused on the B-AlsFeSi phase [19,33,36], as it plays an important role
in the mechanical performance of Al-Si based Al alloys. However, the plate-shaped 3
intermetallics are very thin [37] and as a result of its 3D morphology has not been
resolved clearly by high-speed synchrotron X-ray tomography which usually has
relatively low spatial resolutions (a few pum [38,39]). AlisFes intermetallic in Al-Fe
alloys, on the other hand, could grow into large faceted morphology [40], potentially
resolvable by high-speed synchrotron tomography. We are interested in AlisFes phase
as currently in situ observation of AlizFes formation has not been reported and this
phase is known to form various shapes during solidification [41] while the exact
mechanisms for the shape variation have not been clearly understood, meaning in situ
observation of AlisFes formation is of significant interest.

In the present study, high-speed synchrotron tomography was performed to investigate
the nucleation and growth dynamics of AlisFes intermetallics during Al-5wt%Fe alloy
solidification. Quantifications of the synchrotron tomography provide details of the
formation process of the intermetallic and establish a link between the morphology and
the crystal structure, yielding new insights into faceted crystal growth mechanisms.

2. Materials and Methods
Sample preparation

An Al-5wt% Fe alloy was prepared from Al-20wt% Fe master alloys and pure (higher
than 99.9%) aluminium. The materials were melted in a graphite crucible using
electrical resistance heating at around 750°C and held for half an hour to ensure all
materials were fully melted. The alloys were then cast into a preheated mild-steel
mould. Finally, cylindrical specimens with 1.8 mm diameter and 100 mm length were
machined from the as-cast alloy via wire electrical discharge machining.

The in situ solidification experiment was performed at 112 beamline at the Diamond
Light Source, Oxford with 55 keV monochromatic X-ray beam [38]. Module 3 out of
four optical modules coupled with a PCO.edge camera (PCO AG, Germany) was used,
providing pixel sizes of 3.24 x 3.24 um?. Images are cropped to 1080x1394 pixels,
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resulting in a frame rate of 200 frames per second. During solidification, high-speed
tomographic scans were captured as the sample was continuously rotated. Each
tomogram required a collection time of 5 seconds and was composed of 1000
projections (radiograph), collected over a range of 180°. Another 5 seconds waiting
time was required for downloading the tomogram between two consecutive scans.

A bespoke temperature gradient furnace [30,31] was used to perform the solidification
experiment, as shown in Fig. 1. During the experiment, the samples were placed in a 2
mm inner diameter alumina tube. The experiment procedure includes first heating up
the specimen gradually up to 750°C and holding for 10 minutes to ensure fully
temperature homogenization. Both the top and bottom heater was run at the same
temperature hence, no temperature difference was applied to the specimen. The
specimen was then cooled at a constant rate of 0.1°C/s until fully solidified.

Tomographic data processing

The collected tomograms were first reconstructed using the Savu package [42,43]. 3D
anisotropic diffusion was applied to reduce the noise [44], followed by image
segmentation in Avizo 9.2 (FEI VSG, France). To quantify the intermetallics, particle
tracking and principal component analysis methods were used [31,45].

Deep etching and SEM characterization

Deep etching technique was used to reveal the 3D morphology of AlisFes intermetallic
by eliminating the aluminium matrix. 5% NaOH solution as an etchant was used to etch
the sample for 1 hour. The sample used for deep etching was melted and cooled at a
rate of 0.1°C/s in differential scanning calorimetry (NETZSCH DSC 404C). The
microstructures of AlwsFes particles were characterised by a scanning electron
microscopy (SEM-HITACHI TM3030 PLUS).

ToposPro and KrystalShaper

A unit cell of AlisFes intermetallic was created from ToposPro [46] and KrystalShaper
(JCrystalSoft, 2018) to demonstrate the crystal structure and shape.

3. Results and Discussion
3.1.0verall observation

High-speed synchrotron X-ray tomography allows the in situ observation of the
solidification process of the AlisFes intermetallic. A set of vertical slices are shown in
Fig. 2a-2d, which illustrates the microstructure evolution in solidifying Al-5wt.%Fe
alloy at t, t+40 s, t+100 s, t+400 s. (where t is the time when the first AlizFes
intermetallic appeared in the field of view). The AlsFes intermetallics appeared to be
much brighter than the aluminium liquid because the iron-rich intermetallics have
higher X-ray attenuation than the liquid. This also allows the AlisFes to be easily
segmented from the aluminium liquid. Fig. 2e-2h represent the corresponding 3D
rendered images of the intermetallics after image segmentation (see also the

supplementary movie 1). The intermetallics are mostly plate-like shapes. The first
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intermetallic was observed in Fig. 2-e, at 741 + 1°C. This solidification starting
temperature was determined from the binary Al-Fe phase diagram. Below this
temperature, AlisFes intermetallics continued to grow and new intermetallics nucleated
rapidly. As shown in Fig. 2-f, after a fall in temperature of 4°C from Fig. 2-e, many
more intermetallics have nucleated. The number and size of intermetallics increase
rapidly in the first 100 s to 731°C, as shown in Fig. 2-g. The formation of new
intermetallics ceased at 701°C, with the total number of intermetallics formed being 62.

3.2.Nucleation of the intermetallic

In addition to the qualitative observation of the overall solidification behaviour of the
Al-5wt%Fe alloy, we can also quantify the evolution of the AlizFes intermetallics. Fig.
3a plots the volume fraction of AlisFes intermetallic as a function of temperature from
both experimental results and the Scheil solidification model. It shows that the
experimentally determined values deviated from the Scheil model, indicating that the
cooling profile may not be linear.

Fig. 3b shows a histogram of the nucleation density of the intermetallic (the number of
nucleation sites divided by the volume of the sample) as a function of nucleation
temperature. As discussed earlier, the first crystal nucleated at 741°C. The intermetallics
mainly (more than 90%) nucleated in the temperature range from 741°C to 724°C. The
curve shows the nucleation density reaches its maximum at around 735°C, followed by
a decline with the increasing of undercooling. A Gaussian distribution (Eq. 1) can be
used to fit the nucleation density as a function of nucleation undercooling. The
nucleation undercooling was approximated according to the difference between the
predicted nucleation temperature and the observed nucleation temperature inferred
from the tomography.

(ATN—ATp)?
n = Npax€Xp (— %) 1)

Where n is the nucleation density at a specific nucleation undercooling, ATy is the
nucleation undercooling. AT), is the mean value of the Gaussian distribution of
nucleation undercooling (6 °C). AT, is the deviation of the Gaussian distribution
(4.3°C). Nyay is the maximum nucleation density (0.73 mm~3). The decline of the

number of nucleation sites at a higher degree of nucleation undercooling can be
explained by the solute depletion in the melt due to the growth of intermetallic particles.

The nucleation sites of the intermetallic can also be identified. In a prior study [19,47],
it was found that Fe-rich intermetallics were promoted to nucleate at the surface of
inclusion and the primary phase, as well as the outer oxide layer of the specimen. In
this experiment, two different nucleation sites were identified. As shown in Fig. 4a-4b,
most of the AlisFes intermetallics connected to the sample surface (58 out of 62). The
surface of the specimen is most likely covered with aluminium oxide [36]. The oxide
layer exhibited high potency for the nucleation of AlisFes phases. Another possibility
is that the surface of the sample was first undercooled, which can then trigger
heterogeneous nucleation of AlizFes in the melt near the surface. The rapid growth of
these AlisFes crystals can release a significant amount of latent heat, which may
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suppress nucleation in its nearby regions. Nucleation also occurred at the tip of existing
intermetallics, as shown in Fig. 4-c1 to 4-c6 (Supplementary movie 2). Once nucleated,
the crystal grew rapidly. In this case, the existing intermetallic can be considered as
inclusions that provide high potential for nucleation.

3.3.Growth of the intermetallic

After nucleation, individual particles were tracked using a particle tracking method [31],
allowing the quantification of individual intermetallic growth. Fig. 5-a shows the
growth velocities of different particles as a function of the growth time. The growth
velocities of impinged intermetallics are not included. The curves can be divided into
two main types. The first type is that the particle growth rates increase at the initial
stage of solidification (the first 50 seconds), then slow down slightly approaching
constant values. The second type is that the particles have the highest growth rates
initially, then the rates slowed down continuously as the temperature decreasing.

Fig. 5-b demonstrates the overall growth rate of intermetallics as a function of its
nucleation time (t»). t is the nucleation time of the particle n. As can be seen, the growth
rates of most of the intermetallics are inversely proportional to the nucleation time. The
first intermetallic has a growth rate of 3x 10* um3/s. The overall growth rate dropped
by 80% to 6000 um3 /s in 200 s. This might be because of the depletion of solutes
which restricted the growth at the later stage of solidification [48].

The intermetallic was shown to grow into different faceted morphologies (Fig. 2). Here,
four main shapes were observed, which are plate-like (Fig. 5-c1), stair-like (Fig. 5-c2),
hexagonal tabular (Fig. 5-c3) and V-shaped (Fig. 5-c4). Fig. 5-c demonstrates the
percentage of each morphology. Plate-like patterns have a frequency of 78%. Only a
few intermetallics are classified into stair-like, hexagonal tabular and V-shaped
structures in the percentage of 11%, 6% and 5%, respectively. The formation process
of those different shape of crystals are discussed in the next section. The growth rate
curves of the particles (Fig. 2-a) were coloured according to the morphologies. There
seems to be no correlation between the growth velocities and the morphologies.

Morphologies and crystal structure

The melting entropy can be used to predict the crystallisation behaviour. The
intermetallics that have high dimensionless entropy more than 2 (entropy of fusion ASr
=3.65) can form faceted phases [24]. Otherwise, they tend to form non-faceted
structures. The entropy of fusion ASr of AlwsFes is 4.6 [49]; hence the faceted structure
was formed. The morphology of a crystal strongly relates to its crystal structure. The
crystal structure of AlisFes particles is monoclinic C2/m (a=1.549nm, b=0.808nm, c=
1.248nm, a=y=90°, p=107.7°) [25,50]. A unit cell and the simulated shape of the
AlisFes are shown in Fig. 6a to 6¢. According to the crystal growth theory [51], the
high-index planes have higher rates in accepting atoms and grow faster. These planes
will disappear, and the crystal will be bounded by low-index planes that grow slowly.
The low index planes of AlisFes include (100), (001), (201) and (110). The
5



corresponding d-spacing and interplane angles are listed in Table 1. Previous studies
have shown that the preferred extension direction of AlisFes was suggested to be <010>
or <011> [23]. The morphology evolution and growth rate quantification of each
pattern from the four groups are demonstrated in Fig. 7-10.

The majority of the observed particles are plate-like. One example (number 1 marked
in Fig.2) is shown in Fig. 7 al-a6 at ti, t1+10 s, t1+20 s, 1430 s, t1+40 s, t1+180 s
(Supplementary movie 3), clearly showing the growth anisotropy. ti is the first time
when the plate-like pattern appears in the selected field of view. the Fig. 7-b presents
the evolution of the plate-like pattern in the first 40 seconds overlapped together. The
first particle is in the shape of a thin plate in Fig. 7-al. A series of re-entrant corners
were formed along the edges of the plate, as pointed by the black arrows in Fig. 7-b.
This repeated formation of re-entrant corners may contribute to the anisotropic growth
and results in the plate-like intermetallics with high aspect ratios. This growth
behaviour of AlisFes was also observed by an in-situ radiographic observation [15].

Fig. 7-c1 and 7-c2 show the meshed intermetallics and the angles between different
facets were measured. Fig. 7-c1 shows the front view of one plate-like crystal. All of
the six proximal angles of this crystal are around 120°. According to Table 1, the angles
between (100) and (110) planes, between (110) and (110) planes are both around 120°.
This allows us to index the bounding facets to be (100), (110) and (110) as shown in
Fig. 7-c1. The extension direction of this crystal is <001> as shown in Fig. 7-c2. The
simulated crystal shape (Fig. 6-b) bounded by those planes is similar to Fig. 7-c1.

We then used the principal component analysis [31,45] to calculate dimensions of the
plate-like particles. The length, width and thickness of plate-shaped particles are the
first, second and third principal component. Fig. 7-d1 presents the size evolution of one
plate-like intermetallic in three directions as a function of temperature. Red, blue and
black arrows indicate the measured direction of length, width and thickness,
respectively. At ty, the plate-like structure has 388 pum in length, 91 um in width and 14
pm in thickness. It appears that the crystal grew rapidly at the early stage of
crystallization especially at the length and width directions in the first 60 seconds. Then
the growth rate slows down but continued to grow to 710 um in length, 286 pm in width,
and 49 pum in thickness in 180 s. This demonstrates the growth anisotropy of the AlizFes
crystal. 1t grew much faster in length and width than in thickness, which is most likely
caused by the slow attachment of atoms on the flat faceted plane [52]. The quantified
3D dimensions of plate-like patterns can be used to verify the numerical modelling.

The average growth velocities of the plate-like intermetallics are presented in Fig. 7-d2.
The average growth rate is the particle volume divided by its solidification time, while
the instantaneous growth rate is the increased volume over 10 s divided by the interval
(10 s). The selected plate-like particle has a growth rate of 1.4 x 104 um3 /s in the first
10 s, it then increased until a maximum value of 3.9 x 10* um3/s in 60 s. Finally, it
approached to a constant average growth rate around 3 x 104 um3 /s in 190 s.
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Fig. 8-a presents the growth process of hexagonal tabular (hnumber 2 marked in Fig.2)
AlsFes intermetallics (Supplementary movie 4). The intersection angles between the
facets are different from the crystal in Fig. 7. Fig. 8-b shows the front view of the
corresponding transparent images from Fig. 8-a, which provide a clear formation
process of the crystal pattern. The first particle in Fig. 8-al has a hexagonal tabular
shape rather than a thin plate as in Fig. 7-a. It first extended in y-direction towards liquid.
It then coarsened in z-direction while the shape of the crystal was maintained. The
crystal grew into a hexagon with almost equal edge length, different from the one in
Fig. 7. The measured angles between facets are about 110° and 140°, as shown in Fig.
8-cl. According to Table 1, the angle between (100) and (001) planes is 107°, while the
angle between (100) and (201) is 143°. Hence, we can index the bounding facets to be
(100), (001) and (201) as shown in Fig. 8-c1. The extension direction for this crystal
was subsequently identified to be <010>. The simulated crystal shape bounded by these
planes is shown in Fig. 6-c, which closely resembles the shape of the hexagonal tabular
crystal in Fig. 8-c. The volume change of the particle during growth was quantified as
shown in Fig. 8-d1, the first pattern that was observed by tomography has the volume
of 1.8 x 10°um?3 . After 150 seconds, the volume is increased to 10.8 x 10°um?3. Fig.
8-d2 present the average growth velocities. The particle has the highest average growth
rate of 1.8 um3 /s in the beginning, it then slowed down to a value of 0.7 um?3/s. This
growth behaviour may be due to slow atom attachment on all highly ordered faceted
planes.

Another morphology is stair-like (number 3 marked in Fig.2), as shown in Fig. 9-a and
9-b (Supplementary movie 5). It can be seen that initially, a plate-like crystal form (Fig.
9-a; and a2). Multiple re-entrants were also observed in Fig. 9-b. Later, part of the
crystal on the flat surface started to thicken at a faster rate than the rest of the plate,
forming a stair (Fig. 9-as to as). Fig. 9-c1 and 9-c2 show the facets of the meshed
stepped intermetallic. Similarly, we first measured the angles between different facets
as shown in Fig. 9-c1. Then according to Table 1, we indexed the bounding planes.
Stairs were frequently observed on the (001) facet of B-AlFeSi intermetallics in
solidified Al-Si-Mg-Fe alloys, which were caused by the presences of lattice faults [52].
A similar mechanism can be used to explain the stair-like AlisFes intermetallic
formation: during AlisFes growth, a fault could form on the (100) plane, resulting in
low energy sites for atoms to deposit, forming a stair on top of the (100) facet. The
volume of this pattern increased to 2.05 x 10°um? in 110's from 1.7 x 10°um? in Fig.
9-d1. The quantification of the average growth velocities is presented in Fig. 9-d2. The
average growth velocity increased from 1.7 x 10* um3/sto 2.5 x 10* um3/s in the
first 40 s, it then reduced to 1.7 x 10* pm3/s.

The last morphology is V-shaped (number 4 marked in Fig.2) in Fig. 10-a and b, which
have the lowest quantities (Supplementary movie 6). Only three intermetallics out of
62 were V-shaped. Fig. 10-c1 and 10-c2 show the front view and side view of a V-
shaped particle. Li et al [23] observed a AlisFes particle by SEM with similar
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morphology (called as bended particle in their study), and suggested that it is a twinned
particle. For AlisFes crystal, (001) plane was proposed to be the possible twinning plane
[15,23,53]. Here, the V-like structure can be considered as twins connected by two
plate-like patterns which share a common plane. Here to identify and index the facets
of the bended crystal, we also measured the angles between different facets, as shown
in Fig. 10-c1. We started with two angles around 140° in Fig. 10-cl. Since the
interplane angle between (100) and (201) is 143.9°, the bound facets of the angles were
indexed to be (100) and (201). According to the shape of the crystal, we can identify a
twinning plane marked by a red line. The measured angle between the red line and the
top flat facet is about 109°. From Table 1, We know the angle between (100) and (001)
is 107.7°. Hence, the twinning plane in the red line is highly likely to be (001) as
suggested by Li et al [23],.

The growth mechanism of the V-shaped intermetallic is proposed to be as follows. First,
an AlwsFes intermetallic was nucleated and grew into a small plate-like particle
extending in <010> direction. This compound has a tendency to twin, and so a stacking
fault relates to (001) plane may occur. The intermetallic was then extended in the
reflected direction of the (001) twinning plane. Finally, the V-shaped intermetallic was
bound by low index faces (100), (001) and (201).

The intermetallic grew to 6.18 x 10°um3 in 190s in Fig. 10-d1 continually. The
average growth rate first increased then decreased. As shown in Fig. 10-d2, it has a
growth velocity of 1.5 x 10* um3/s in the first 10 seconds, it then increased until a
maximum value of 4.2 x 10* um3/s in 70 seconds. Finally, the average growth rate
reduced to around 3 x 10* um3/s.

3.4.Crystal-crystal interactions

Interactions between intermetallics during growth, mainly impingement, have also been
observed, as depicted in Fig. 11-a to d (Supplementary movie 7). When two or more
intermetallics grow towards each other, they will impinge and insert into one another.
Before impingement (Fig. 11-a), the two crystals are both platelet-like. Fig. 11-b and
11-c show that the two crystals grew into each other at an angle. One of the crystals on
the right-hand side, after impingement, became stair-like crystal (Fig. 11-c and 11-d),
indicating that crystal-crystal interactions may alter the shape of the intermetallics, for
instance, from plate-like to stairs. However, even faster tomographic scans are required
to reveal this phenomenon in more detail.

3.5.Internal defect formation

An orthogonal cross-section slice extracted from the tomography shows internal defects
(dark region, pointed by a red arrow) in the AlisFes crystals (bright region) as displayed
in Fig. 12-a. This kind of defects was also confirmed by SEM characterization (Fig. 12-
b). Fig. 12-c and 12-d show the morphology of the internal defects in 3D (red coloured),
which were connected to the crystal surface and appears to be hole-like. The shape of
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the crystal was rendered as transparent. The hole-like defects were not porosities but
filled with aluminium melt since they have the same image contrast as the melt. Fig.
12-e to fig. 12-h demonstrate the surface morphology of a crystal with internal defects
in 3D at ts+30 s, ts+90 s, ts+160 s and ts+560 s (Supplementary movie 8). At the early
stage of crystal formation, some irregularities appeared on the supposedly flat surface,
which became grooves as shown in Fig. 12-f. The grooves appear to be engulfed later
on during solidification, leading to the formation of internal defects/holes. The process
was schematically shown in Fig. 12-i. Similar defects or holes in faceted Ge crystals
were also observed by Shahani et al.,[54] in Al-Ge alloys, and their formation was
attributed twinning and plate branching. The surface defects of faceted AlsFeSi
intermetallics observed in Al-Si alloys [19] was attributed to the physical interaction of
the intermetallics with aluminium dendrites.

3.6.Potential Growth hypothesis

Fig. 13-a and 13-b reveal the SEM images of deeply etched AlisFes particles. During
the etching process, aluminium acts as an anode, and the AlisFe4 particles act as a
cathode [55]. After deep etching, the aluminium matrix surrounding the iron
intermetallics were dissolved, revealing AlisFes blocks. The hexagonal tabular (Fig.13-
a) and plate-shaped particles (Fig.13-b) were observed. There are also many cracks on
the surface of the deep-etched particles and a large hole, although we cannot confirm
whether the cracks and hole were formed during crystal growth or as a result of deep-
etching. On the side facets, the cracks seem to be organized (pointed by red arrows),
dividing the crystal facets into many sub-units.

Here, we propose a hypothesis that the growth behaviour of AlisFes intermetallic may
be the oriented particle attachment [56]. There also have more widespread acceptance
that crystals form through the assembly of building subunits/blocks [57,58], an
alternative pathway for crystallisation. During the nucleation stage, precursors
nucleated and grew into small crystal subunits (Fig. 13 c-t1). As the temperature
lowering, new subunits could form in the nearby region and attached together to form
a large crystal then this large one will coarsen as more subunits are attached (Fig. 13 c-
t2 and t3). Some faults might form during this process, leading to a change of the
attaching order and the formation of internal defects (Fig. 13 c- t4) and various shapes
(Fig. 13-d and 13-e). Similar mechanisms were proposed to describe the formation of
faceted Al,Cu intermetallics in Al-Cu alloy [59]. However, we do not have direct
evidence to confirm this hypothesis in this study except that the SEM images (Fig. 13-
a and 13-b) of deep etched samples shows that the crystals are cracked into regular
subunits. A recent study by in situ X-ray radiography shows that the growth of AlizFes
is by repeated attachment of AlisFes sub-platelets to its corners [15], which could be
understood as oriented particle attachment. To prove or disprove this hypothesis, we
need to carry out extensively more research, including (1) nano-scale in situ TEM [60]
or X-ray tomography [61] to observe the nucleation process of intermetallics which the
aim to identify the subunits; and (2) even fast micro-scale tomography (sub-second)
[62] to visualize the crystallization process.



4. Conclusion

In summary, the formation of AlisFes intermetallic in a solidifying Al-5wt% Fe alloy
was quantified via 4D synchrotron X-ray imaging. The in situ solidification under a
slow cooling rate (0.1°C/s) was performed at scan intervals of 10 s, which allows us to
observe the rapid nucleation and growth of faceted AlisFes intermetallic. The work
demonstrates that high-speed synchrotron X-ray tomography can be a useful tool to
reveal the dynamic of faceted crystal growth. The following conclusions can be made:

1. Regarding the nucleation of AlisFes, the intermetallics (more than 95%)
prevalently nucleated near the melt surface and the rest nucleated on the
intermetallics formed earlier. The number of nucleation sites or nucleation
density as a function of the temperature follows a Gaussian distribution,
providing a sufficient equation for numerical modelling of intermetallic
growth.

2. Individually faceted intermetallics were classified and quantitated. Four
types of intermetallics were found based on different morphologies, which
are plate-like, hexagonal tabular , stair-like and V-shaped. The variation in
morphologies was explained by the crystal structure and twinning of the
particle. Both volume change and growth velocity of the formation
processes were provided.

3. The processes by which hole-like defects form, on the surface and inside the
faceted AlizFes intermetallic, were observed.

4. A potential hypothesis of oriented particle attachment was proposed to
describe the faceted crystal growth and internal defect formation. However,
even faster tomography with higher resolution is required to observe the
attachment process in solidifying AlisFes intermetallics.
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Fig. 6 (a) Unit cell; (b) simulated planes of the plate-like Al13Fes intermetallic; (c)
simulated planes of the hexagonal tabular Al13Fe4 intermetallic.



Table 1: d-spacing and interplane angles of AlisFes intermetallic

Planes
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d-spacing(nm)
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t,+30 s, t;+ 40 s; (c) Meshed plate-like intermetallic and the angles between different
facets; (d1) Growth of plate-like particle in three dimensions; (d2) Growth velocity of
the plate-like particle.
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100 s, t;+110 s; (c) Meshed stair-like intermetallic and the angles between different
facets; (d1)Volume change of the stair-like particle as a function of time (d2) Growth
velocity of the stair-like particle.
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Fig. 10. (a) 3D rendered volume of V-shaped Ali3Fes at t,, t,+10 s, t,#20 s, t,4#30 s,
t,+#40 s, t,+190 s; (b) Transparent image of V-shaped AlisFes t,, t,+10s, t,+20 s, t,+30 s,
t,+ 40 s, t,4+190 s; (c) Meshed V-shaped intermetallic and the angles between different
facets; (d1)Volume change of V-shaped particle as a function of time (d2) Growth
velocity of the VV-shaped particle.



Fig. 11. (a-c) Impingement growth mechanism at t; +10 s, t; +20 s, t; +190 s;
scale bar:200um (d) Enlarged view
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Fig. 12. (a) and (b) 2D slices of the Al1sFe4 particle; (c) and (d)
internal defects at t; +160 s, t; +560 s. scale bar:100pm

(e-h) morphology of the crystal with internal defects at t;+30 s,
t; +90 s, t; +160 s, t; +560 s; (i) Schematic diagram of the defects

formation process
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Fig. 13. (a-b) SEM images of Al13Fes intermetallics after deep etching;
(c) Schematic diagram of the formation mechanism of AlisFes4, where t1-
t4 are at different stages of solidification processes; (d) V-shaped
structure; (e) Stair-like structure.



