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A B S T R A C T

Using synchrotron X-ray diffraction, tomography and machine-learning enabled phase segmentation strategy, we
have studied under operando conditions the nucleation, co-growth and dynamic interplays among the dendritic
and multiple intermetallic phases of a typical recycled Al alloy (Al5Cu1.5Fe1Si, wt.%) in solidification with and
without ultrasound. The research has revealed and elucidated the underlying mechanisms that drive the for-
mation of the very complex and convoluted Fe-rich phases with rhombic dodecahedron and 3D skeleton net-
works (the so-called Chinese-script type morphology). Through statistical microstructural analyses and
numerical modelling of the ultrasound melt processing, the research has demonstrated that a short period of
ultrasound processing of just 7 s in the liquid state is able to reduce the average size of the α-Al dendrites and the
Fe-containing intermetallic phases by ~5 times compared to the cases without ultrasound. For the first time, this
work has revealed fully the nucleation and growth dynamics of the convoluted morphology of the Fe-containing
intermetallic phases in 4D domain. The research has also demonstrated clearly the beneficial effects of applying
ultrasound to control the Fe phases’ morphology in recycled Al alloys and it is one of the most effective and green
processing strategies.

1. Introduction

Globally, the current annual demand for primary aluminium (Al) is
estimated at ~70 million tons [1]. Compared to the production of pri-
mary Al, the uses of secondary Al or recycled Al consume only ~7% of
the energy [2-5]. Hence, it is vital to maximise the reuses and recycling
rate of secondary Al in order to reduce the greenhouse gas emissions in
Al industry. Dependent on the alloy systems and/or manufacturing
routes (i.e., casting or solid state forming), some of the beneficial
alloying elements in one Al alloy may become the detrimental elements
in other alloys. For example, Fe is the most common detrimental element
in almost all commercial Al alloys, which is often accumulated in the
sorting and remelting processes. For the most Al-Cu alloys, Si is another

impurity element. The upper limit of Fe and Si content in industrial
primary Al-Cu alloys is normally controlled at below 0.15 wt% and 0.1
wt% respectively [6-8]. When excessive amount of Fe and Si are present
in Al-Cu alloys, different type of brittle Fe-rich intermetallic phases, e.g.,
Al3(CuFe), Al6(CuFe), β-Al7Cu2Fe (β-Fe) and α-Al15Fe3(SiCu)2 (α-Fe)
[9-13] will form and grow into needle-shaped, plate-shaped or
complex-shaped morphologies [12-14] as typically illustrated in Fig. 1
(in a 2-dimensional sectional view). These Fe phases often cause strain
incompatibility at their interface with the surrounding Al matrix, initi-
ating cracks that propagate along the interface at much lower level of
stresses, damaging greatly the castability and mechanical properties of
the alloys [10,15].

Therefore, to maximise the recycling or re-uses of Al based materials
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with higher Fe concentration in a net-zero emission society in the near
future, it is critical to develop efficient and effective methodologies to
restrict the detrimental Fe phases or to modify/change the damaging
phase morphology into beneficial ones in order to improve the me-
chanical properties. At present, the most common approach to tailor
and/or modify these Fe phases is by adding neutralization elements (e.
g.,Mn and Cr [14,16,17]) or applying physical external fields (ultrasonic
or magnetic fields [18-22]) to control their nucleation and growth dy-
namics with the aims of achieving the desired final size, morphology,
and distribution. Ultrasonic melt processing (USMP) has been long
recognised as an efficient and environment-friendly method for
degassing, structure refinement and chemistry homogenisation [18-21].
Recently, extensive research [23-31] has been carried out to study the
effect of USMP on the microstructures of intermetallics in numerous Al
alloys. For example, Kotadia et al. [28] reported that USMP could
convert the coarse Chinese-script α-Al15(Fe, Mn)3Si2 phases into refined
polygonal morphology in Al-2Si-2Mg-1.2Fe-(0.5,1.0)Mn alloys. Barbosa
et al. [30] also found that USMP could promote the formation of
α-Al17(Fe3.2, Mn0.8)Si2 and α-Al8Fe2Si phases, and suppress the forma-
tion of plate-shaped β-Al5FeSi phases in the Al-9.2Si-2.3Cu-0.7Fe alloy.
However, most of previous research has used conventional ex-situ
microstructural characterisation techniques to analyse the
post-solidified microstructures [32]. Unfortunately, in such structures,
the highly transient phenomena occurring at the phase nucleation stage
or phase transformation/growth at different temperatures are already
missed or obscured [33-35]. Hence, the dynamic structural evolution
from the onset of Fe phase nucleation to a fully developed complex
3-dimensional (3D) morphology have not been fully understood or
quantified.

In the past 25 years, the 3rd generation synchrotron X-ray sources
(especially the extremely brilliant source at the European Synchrotron
Radiation Facility, ESRF – the first 4th generation synchrotron X-ray
source) have provided materials scientists and engineers with the
powerful X-ray beams and relevant in-situ instruments for studying in
real-time the growth dynamics of different intermetallic phases in metal
alloys [33,36-50]. For example, in 2012, Kim et al. [35] studied, by
using radiography, the solidification sequences of the Fe phases in the
Al-9.5Si-3Cu-(1.2, 4.2)Fe alloys. In 2014, Pencreobutr et al. [51] used

tomography to confirm that the plate-shaped β-Al5FeSi phases were
nucleated on or near the oxide inclusions or the Al dendrites in the
Al-7.5Si-3.5Cu-0.6Fe alloy. Later in 2020 and 2021, Feng et al. and Song
et al. [34,52,53] used X-ray radiography and tomography to reveal
again that majority of the Al3Fe phases in the hypereutectic Al-Fe alloys
were indeed nucleated near the surface oxides. Their growth into
different morphologies were controlled mainly by the intrinsic crystal-
lography (i.e., twinning) [34,52].

However, most of these in-situ experiments were focused on studying
the faceted growth dynamics of some Fe phases of simple alloy
composition (e.g., plate-shaped Al3Fe and β-Fe phases) [34,51-56]. So
far, to the best of the authors’ knowledge, there have been very limited
research on studying, in-situ and in operando conditions, the nucleation
and growth dynamics of the convoluted 3D Chinese-script type Fe
phases. The dynamic interplay between the primary Al dendrites, the
Chinese-script Fe phases and other types of Fe phases as well as their
co-growth in the solidification process are the fundamental driving
forces for producing such complex and convoluted 3D Fe intermetallic
phases. Unfortunately, in this aspect, systematic and real-time studies
carried out under operando conditions have not been reported yet.
Hence, the nucleation and growth dynamics of the convoluted structures
of the Chinese-script type Fe intermetallic phases in four dimensional
domains (3D space + time) have not been fully understood. Here, we
present our recent operando research work of using the fast synchrotron
X-ray tomography available at beamline ID19 of the ESRF plus
machine-learning assisted phase segmentation techniques to tackle the
challenging scientific issue. Our work reveals the 3D nucleation dy-
namics of the Fe phases in a typical multiple-component recycled Al-Cu
alloy (Al5Cu1.5Fe1Si, wt.%); and how co-growth of the multiple Fe
phases lead to the formation of the complex and convoluted 3D
Chinese-script phases. In addition, the beneficial effects of applying ul-
trasound to control the primary Al dendrites and to alter the Fe phase
growth dynamics as well as the final 3D morphology were also quanti-
fied and elucidated in this work. Because of the page constraint, the
results concerning the effects of different type Fe-rich intermetallics
(including morphology) on the mechanical properties will be reported
later in a separate paper.

Fig. 1. Scanning electron microscopy (SEM) images of the typical Fe-rich intermetallics in recycled Al-Cu alloys. (a) rod-shaped Al3(CuFe) and Al6(CuFe) phases. (b)
plate-shaped β-Fe phases. (c) Chinese-script type α-Fe phases. (d)-(f) The corresponding deeply-etched images [12-14].
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2. Experiments and methods

2.1. Alloys and samples

The Al5Cu1.5Fe1Si alloy (a total weight of ~500 g) was made by
melting 462.5 g pure Al (99.9 %), 25 g pure Cu (99.99 %), 7.5 g pure Fe
(99.99 %), and 5 g pure Si (99.99 %) (purchased from Goodfellow, UK)
in an alumina crucible (the crucible inner surface was coated with a
boron nitride spray). The Al melt was held at 900 ◦C for 2 h to allow the
Fe and Si to be dissolved completely into the Al melt and the composi-
tion homogenised. Then the alloy melt temperature was decreased to
~720 ◦C before vacuum-sucked into a quartz tube (Φ 2 × 10 mm) by
using a dedicated counter-gravity casting apparatus [57] to form the
round bar samples.

2.2. Experimental apparatus and synchrotron X-ray parameters

The operando solidification plus synchrotron X-ray tomography ex-
periments were carried out at the beamline ID19 of the ESRF, and Fig. 2
shows the experimental apparatus and setup. The apparatus consists of 3
parts: (1) an ultrasound generator (Hielscher UP100H, 30 kHz with
adjustable amplitude setting from 20 to 100 %) and a custom-made Nb
sonotrode (2 mm diameter tip, 74 mm long), (2) two small electrical
resistance furnaces (a top and a bottom furnace), and (3) a special
dumbbell-shaped quartz tube sample holder.

This sample holder has a narrow section (2 mm inner diameter) in
the middle where X-ray can pass through with sufficient flux for to-
mography acquisition. The top and bottom bigger-diameter sections (Φ
10 mm ID) are designed for accommodating the metal alloy.

Before any in-situ tomography experiments, melting of the alloy
sample and control of the melt temperature of each sample were thor-
oughly tested and repeated to ensure a consistent operation and
repeatable thermal profile for all subsequent tomography acquisitions.
The temperature control and calibration procedure are shown in Fig. S1
of the Supplementary Materials. Three K-type thermocouples (labelled
TC1, TC2 and TC3 in Fig. 2) were used to monitor and record the tem-
peratures of the top furnace, the alloy melt, and the bottom furnace
(during testing and calibration, TC2 was inserted into the melt, but it
was lifted out of the melt during tomography acquisition). After 6 times
of thoroughly testing and iteratively refining the temperature control
programs for both furnaces, a consistent and repeatable cooling profile
(see Fig. S1) was achieved as described in Section 1 of the

Supplementary Materials. Then this program was used for all the sub-
sequent experiments. The cooling rate of the melt was set at 0.5 ◦C/s. For
the alloy with USMP, ultrasound setting of 100 % (equivalent to the
peak-to-peak amplitude of 96 µm [58]) was used to apply 7 s of ultra-
sound into the melt when the alloy melt reached to 635 ◦C. Immediately
prior to the tomography acquisition, the thermocouple (TC2) was lifted
out of the melt.

A pink X-ray beam of 26 keV and a CMOS camera (type: pco.dimax,
Excelitas, Germany) were used in the tomography acquisition. The field
of view (FOV) was 1008 × 1008 pixels with an effective pixel size of 1.1
μm via a 10 × optical microscope. 1000 projections (each with an
exposure time of 2.0 ms) were taken over 180◦ of sample rotation.
Therefore, the total time required for each tomographic scan was about
~2 s. After one tomography scan completed, the sample continued to
rotate for 3.5× 360◦ before taking the next tomography scan. Hence, the
time interval between two consecutive tomography scans was 14 s.
Table 1 lists the parameters used.

To determine experimentally the phases of the alloy to appear in the
solidification process (without the application of ultrasound), synchro-
tron X-ray diffraction was also used to characterise the phase formation
sequences in real-time at beamline I12 of the Diamond Light Source
(DLS), UK. A monochromatic X-ray of 100.03 KeV (wavelength of
0.1236 Å) and a 2D flat-panel detector (Pilatus3 X CdTe 2 M, 1475 ×

1679 pixels with the pixel size of 172 × 172 μm2) were used for
acquiring the diffraction patterns. The sample-to-detector distance was
set at 408.02 mm.

Fig. 2. A schematic, showing the experimental setup and the special quartz sample holder for the synchrotron X-ray tomography experiments at ID19 of the ESRF.

Table 1
The parameters used for the tomography acquisition at ID19, ESRF.

X-ray Beam 26 keV (pink)

Scintillator LuAG: Ce 25 μm
Detector pco.dimax
Effective pixel size 1.1 μm
Field of view (FOV) 1008 × 1008 pixels
Exposure time 2.0 ms
Optical magnification 10 ×

No. of projection 1000
Sample-to-scintillator distance 300 mm (phase contrast)
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2.3. Machine-learning enabled tomography data processing and phase
segmentation

The tomography data was reconstructed using the standard filtered-
back projection PyHST2 software package, which has been highly
optimised for speed and data throughput using the ESRF-specific
computing infrastructure [59]. The image preprocessing and 3D
reconstruction were achieved by ImageJ (1.52a, NIH, USA) [60] and
Avizo 3D (2021.1, Thermo Fisher Scientific, USA) respectively. The
Trainable Weka Segmentation Plugin [61] in ImageJ software was then
used for the dataset phase segmentation. The plugin combines a set of
machine learning algorithms to perform pixel-based segmentations.

Fig. S4 shows schematically the machine-learning assisted tomog-
raphy data processing procedure. Firstly, a number of image filters
(Gaussian blur, Hessian, Membrane projections, Sobel filter, and Dif-
ference Gaussians) available in ImageJ were used to extract the image
features from reconstructed tomographic 2D slices. Secondly, a set of
pixel clusters were purposely defined and labelled. Thirdly, a WEKA
algorithm with the default classifier (FastRandomForest) was automat-
ically applied to separate these pixel clusters [61]. Users can also pro-
vide sensible inputs at each iteration by correcting or adding new
clusters [41]. Finally, the well-trained dataset would be used in seg-
menting the remaining tomographic data. Figs. S5 & 6 illustrate the
difference between the raw images and machine-learning processed
images. Clearly the accuracy of phase identification and the efficiency of
phase segmentation have been greatly enhanced by the machine
learning method.

From the different phases’ X-ray absorption contrast only, it is very
challenging to precisely identify the different Fe-containing phases (e.g.,
to differentiate the Al3Fe, from the Al15Fe3(SiCu)2 or the Al7Cu2Fe).

Here, we combined in-situ diffraction and computational phase diagram
calculation to accurately identify the multiple-Fe phases during the
cooling process. Eventually, eight different classes of well-defined fea-
tures i.e., Al3Fe, α-Fe nucleus, α-Fe skeleton, α-Fe colony, β-Fe, α-Al,
liquid melt, and pores were classified and segmented. The processed
datasets were further rendered and visualised by using Avizo. After
reconstructing the 3D morphologies of different phases, the statistical
data concerning their size and spatial distribution [62] were directly
extracted from ImageJ and Avizo 3D.

3. Results

3.1. Formation sequences of the multiphases quantified by in-situ X-ray
diffraction and phase diagram calculation

Fig. 3a shows the crystalline phases reactions and transitions of the
alloy, calculated by JMatPro ® (v13.2) using the Scheil-Gulliver model
[63]. Fig. 3b and Video 1 shows the synchrotron X-ray diffraction in-
tensity spectra during solidification without ultrasound (from 750 to
300 ◦C). Fig. 3c highlights the diffraction patterns from 630 to 500 ◦C,
and Fig. 3d enlarges again the dotted-box region in Fig. 3c.

Clearly, the first crystalline diffraction peak appeared at 2θ = 4.95◦
and 628.4 ◦C. This peak is indexed as α-Al and Al3Fe. The Bragg peaks of
the two phases are very close and therefore the experimentally measured
peaks overlapped. JMatPro phase calculation indicated that the α-Al
appeared first at ~ 632 ◦C (see Fig. 3a). When temperature reached
615.6 ◦C, the peaks at 2θ = 3.55◦ appeared and it is indexed as
Al15Fe3(SiCu)2 (named α-Fe phase hereafter). When the melt was further
cooled down to 565.3 ◦C, the peak near 2θ = 3.1◦ appeared and this is
the Al7Cu2Fe phase (named β-Fe phase hereafter). As the melt was

Fig. 3. (a) Phase transition sequence of the Al5Cu1.5Fe1Si alloy during solidification calculated by JMatPro® using the Scheil-Gulliver model. (b) The in-situ
synchrotron X-ray diffraction intensity water-fall plot (Please also see Video 1). (c) The diffraction spectra extracted from (b), highlighting those from 630 to 500 ◦C.
(d) The spectra inside the dotted-box region in (c) are enlarged again to show more clearly the appearance of the different phases.
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cooled to 525.7 ◦C, a sharp peak near 2θ = 3.75◦ appeared, indicating
the formation of the Al2Cu phase. Then, the diffraction patterns
remained in similar profiles until 300 ◦C (despite a slightly increase in
intensity). Hence, the fully solidified sample consists of α-Al, Al3Fe, α-Fe,
β-Fe and Al2Cu phases.

Comparing the in-situ diffraction results with the JMatPro calcula-
tions, we found that there was no Al6Fe phase detected in the measured
diffraction spectra, indicating that a slight non-equilibrium phase tran-
sition occurred during solidification. The Al6Fe phase is a typical
metastable phase and need sufficient time for the transformation to
occur in a narrow temperature range (i.e., 605–600 ◦C).

3.2. Dynamic morphology evolution of the multiphases revealed by in-situ
X-ray tomography and machine-learning enabled phase segmentation

The synchrotron X-ray tomography data collected in operando allow
us to reveal in real-time the multiphases dynamic morphology evolution
in the solidification process. Figs. 4 and 5 show the machine learning
segmented and reconstructed 2D tomographic slices at some critical
temperatures for this alloy without and with USMP. Such systematic and
accurate segmentation of the different phases allow us to track and study
the nucleation and growth dynamics of the different phases. Our focus is
on the complex Fe-rich intermetallics as well as their interplays with the
primary α-Al dendrites. To avoid the convoluted effects of the Al2Cu
phases formed in the final stage, all tomography data presented here are
those prior to the formation of the Al2Cu (i.e., above 525 ◦C).

Fig. 4a and Video 2 show a typical scenario when sufficient number
of the primary α-Al dendrites and Fe-intermetallic phases appeared in
the FOV at ~615 ◦C. The Fe phases have sufficient number of polygonal

nuclei and skeleton branches for sensible statistical analyses. As solidi-
fication proceeded, the primary α-Al dendrites continued to grow with
the primary and secondary dendritic arms gradually coarsened. Many
needle-shaped β-Fe phases were also formed in the vicinity of the re-
sidual melt when the temperature cooled to ~565 ◦C. These β-Fe phases
grew laterally into plate-shaped morphology, wrapping around and
between the α-Al dendrites. In the case with the USMP, Fig. 5a and Video
3 show that the α-Al dendrites were considerably refined, and the α-Fe
phases became more compact after USMP.

3.2.1. α-Al phase morphology evolution and the effect of USMP
Fig. 6 shows the primary α-Al dendrites of the alloy during solidifi-

cation without USMP and with USMP when sufficient number of α-Al
dendrites appeared in the FoV. The size of the α-Al dendrites is extracted
from the typical tomographic volume. In the case without USMP, the
α-Al dendrites had primary dendrite arms of ~250 μm long and an
average size of 5.6 × 103 μm2. While in the USMP case, the primary
dendrite arms were reduced to ~120 μm long with an average size of 1.1
× 103 μm2 after just 7 s of USMP.

3.2.2. Spatial relationships between the α-Al dendrites and multiple Fe
phases

Figs. 7a shows that different Fe phases were formed in the inter-
dendritic region during solidification without USMP (Video 2 shows
more vividly the machine-learning segmented phases as compared to the
original tomography data). Fig. 7b and Video 3 show the case with
USMP. The size and distribution of Fe phases in the USMP case became
more homogeneous compared to those without USMP. The statistical
results reveal that, without USMP, ~20 % Fe phases were near-spherical

Fig. 4. Typical machine-learning processed tomographic slices (No. 640 of the 1000 projections) of the Al5Cu1.5Fe1Si alloy at some critical temperatures in so-
lidification without USMP.

K. Xiang et al.
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or polygonal nuclei (i.e., particles smaller than 5 × 103 µm3), while ~50
% Fe phases grew into large clusters with an average size reaching 2.0×

105 µm3. In the USMP case, the number of Fe phase clusters was reduced
to ~15% andmost of themwere smaller colonies with an average size of
4.2 × 104 um3. Furthermore, for the case without USMP, the inter-
dendritic region spread from 10 to 60 μm. For the USMP case, it
concentrated in the 20 - 30 μm region (Fig. 7f), resulting in much smaller
free space for the Fe phases to grow, hence a smaller and more compact
structure.

3.2.3. Co-growth dynamics of the multiple Fe-rich intermetallics in
solidification

Several typical Fe phases are extracted to illustrate the evolution of
their morphology. Fig. 8a shows a cluster of irregular Al3Fe phases
(without USMP) formed due to the initial segregation of Fe element in
the melt. As the temperature decreased, α-Fe phases started to nucleate
either directly from the melt or by from the Al3Fe phases (some of the
Al3Fe phases acted as the nucleation sites for the α-Fe phases), and then
gradually evolved into polygonal structures. Interestingly, some of the
polygonal structures appeared as a near prefect rhombic dodecahedron
in 3D space (Figs. 8b1&2 and Video 4). Subsequently, skeleton branches
grew epitaxially along the tips or edges of the nucleus to form hopper-
shaped structures. As the growth proceeded, the skeleton structures
gradually closed up, forming α-Fe colonies in 3D space.

Similarly, this evolution was observed for the α-Fe colonies in the
alloy with USMP (Figs. 9a1-5). The main difference is that these colonies
were more compact, and the growth was completed at early stages
(remained the same size in the subsequent solidification process). As the

solidification proceeded, several plate-shaped β-Fe phases were
observed to form from the residual melts without and with USMP
(Figs. 8c and 9b and Video 5). These β-Fe phases were found to nucleate
from the residual liquid melt rather than from the nearby α-Fe phases.
These β-Fe phases then grew laterally and branched out, wrapping
around the dendrite arms, and eventually impinging on each other or the
nearby α-Fe phases, which is consistent with the observation in other Al
alloy systems [35,51,55,56,64].

3.3. Modelling and simulation of the acoustic pressure, melt flow and
temperature fields

To obtain more quantitative information about the effects of USMP
on the liquid melt, we have simulated the ultrasonic pressure fields, the
temperature evolution of the melt and the resulting melt velocity fields
during USMP and afterwards (after the USMP was completed). Fig. 10a
shows the computational domain (the same as the experimental geom-
etry in Fig. 2), the mesh structures and boundary conditions. The gov-
erning equations, numerical computing methods and thermophysical
properties employed in the simulation are described in Sections 4 - 7 of
the Supplementary Materials.

To validate the simulation results, the measured temperature profile
was compared with the simulated profile (see Fig. 10b for the temper-
ature profile measured at P2) and they matched very well. Fig. 10c &
d show the simulated pressure field and fluid flow velocity field at P1
(0.5 mm below the sonotrode tip) and P2 (the centre of the X-ray im-
ages) during USMP and afterwards. Figs. 10e & f depicts the time-
evolved evolution of the pressure field and melt velocity vector maps

Fig. 5. Typical machine-learning processed tomographic slices (at the same number of projections) of the Al5Cu1.5Fe1Sialloy at the critical temperatures in so-
lidification with USMP.

K. Xiang et al.
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in the sampled area in approximately one half of an ultrasound cycle. It
is clear that the ultrasonic pressures inside the melt followed the induced
pressure wave pattern, oscillating cyclically in the range of ±1.5 MPa,

which produced oscillating velocity fields at P1 (the maximum value of
180 mm/s) and P2 (the maximum value of 155 mm/s) during USMP.
Immediately after USMP, the pressure and velocity very quickly damped

Fig. 6. (a) The typical tomographic slices (a binarized image with the red lines delineating the skeleton of the dendrites), showing the distribution of the primary α-Al
dendrites in the alloy without USMP (Video 2 shows more vividly the machine-learning segmented α-Al dendrites). (b) shows the case with USMP (also see Video 3).
(c) size distribution of the primary α-Al dendrites for both cases. (d) and (e) The typical 3D α-Al dendrites (The Fe phases, melt, and pores are removed to highlight
the dendrite morphology). (f) Distribution of the primary dendrite arms for both cases.

Fig. 7. (a) The typical slices, showing the distribution of the Fe phases in the alloy without USMP (Video 2 shows more vividly the machine-learning segmented Fe
phases). (b) the case with USMP (also see Video 3). (c) The size distribution of the Fe phases for both cases. (d) and (e) Spatial relationships between the α-Al
dendrites and Fe phases in 3D space. (f) Local thickness of the inter-dendritic region for both cases.

K. Xiang et al.
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Fig. 8. The 3D morphology evolution of 3 different Fe phases in the alloy without USMP: (a1-a5) the α-Fe phase grew on top of the Al3Fe phases; (b1-b5) the α-Fe
nucleus and its growth into complex skeleton structures (see Video 4 for the nucleation and growth dynamics from different view angles for the α-Fe phases); (c1-c4)
the lateral growth and branching of β-Fe plates (see Video 5 for the nucleation and growth dynamics from different view angles for the β-Fe phase).

Fig. 9. The 3D morphology evolution of two different Fe phases in the alloy with USMP: (a1-a5) the growth of compact α-Fe colonies; (b1-b4) the lateral growth and
branching of β-Fe phases.

K. Xiang et al.
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to 65 KPa and 0.5 mm/s respectively, similar to natural convection in
conventional solidification cases [50].

4. Discussion

4.1. Nucleation dynamics of the polygonal α-Fe nucleus

In general, the final morphology of a crystal is influenced and
determined by the intrinsic crystallography characteristics (internal
factors) and the surrounding environment for crystal growth (external
factors) [65]. The internal factors drive the crystal growth towards a
perfect crystal shape with minimum total surface free energy, whereas
different external factors usually affect the crystal shape by forcing them
to deviate from the equilibrium and develop into various sizes and
morphologies. Therefore, the crystal growth is closely related to the
growth kinetics, such as interfacial properties, solute distribution, heat
and mass transfer, etc. [66,67].

The atom structures in a liquid melt consist of a large number of free
atoms (atom clusters) [68,69]. Nano and micro scale segregation do
exist in a free melt [70-72]. Solidification is essentially a
diffusion-controlled atomic movement and rearrangement process [73,
74]. According to the phase diagram calculation and in-situ X-ray
diffraction results (Fig. 3), the primary α-Al phase was formed just prior

to the α-Fe phase, which consumed a certain amount of Al and expelled
the solute elements (Fe, Si, and Cu) into the Al inter-dendritic region,
resulting in localised solute segregation. These solute-enriched atomic
clusters are prone to new crystal nucleation via the mechanism of
structure and/or energy fluctuations [71,75]. In addition, some Al3Fe
phases were also formed immediately after α-Al, and they can act as the
preferred substrate for the nucleation of α-Fe phases [12].

Figs. 11a1-4 show the crystallographic directions and planes that
govern the growth of the α-Fe phase (a BCC - body-centred cubic
structure crystal) and Figs. 11b1-4 show the actual morphology evolu-
tion of the α-Fe phase during solidification. To minimise the free energy
change in nucleation, the embryonic nucleus prefers to form spherical
(or near-circular) morphology [66,71]. When an embryo exceeds a
critical size, it loses its stability and grows into uneven faceted surface
with small perturbation and hillocks along different directions which is
governed by its strong anisotropic crystalline characteristics, eventually
forming a faceted morphology [71,76]. According to the Bravais-Friedel
empirical law [77], the order of preferred growth orientation of crystal
facets depends on the reticular density: i.e., the particular facets with
lower reticular density grow faster along the stacking directions [65].
The reticular density is defined as the number of atoms (or its fraction)
per unit area on a plane [78]. For the crystal with BCC structure, the
reticular densities of some important crystalline faces are in the order of

Fig. 10. (a) The computational domain and mesh structures (only showing a 2D sectional view because of the axis symmetrical nature of the model) as well as the
boundary conditions. (b) Comparison of the calculated and experimentally measured temperature profile at P2 along with the temperature distribution at some
critical temperature points. (c) and (d) The simulated pressure and fluid flow velocity profiles at P1 and P2 during USMP and afterwards. (e) and (f) The evolution of
the pressure field and fluid flow velocity vectors in about one half of an ultrasound cycle. The data shown are those in the dotted-red rectangles of 10c & d.
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{110} > {111} > {100}. Therefore, its growth velocity should exhibit
the opposite order, i.e., V{110} ˂ V{111} ˂ V{100}, where V{100} is defined
as the growth rate of the {100} plane along its normal direction, i.e.,
[100] direction [76]. As a result, the actual exposed crystal facets are the
slowest-growing facets, i.e., facets (dense planes) with the highest
reticular density.

Clearly, the α-Fe nuclei exhibited three distinctive stages: (1) near-
circular embryo growing into hopper-shaped skeleton structures, (2)
filling of interstitial space, and (3) formation of a rhombic dodecahe-
dron. At the first stage, a spherical embryo first grew into uneven faceted
surface with small perturbation and hillocks along 〈100〉 direction (i.e.,

[100], [010], [001], [100], [010], and [001]). Then, secondary
branches were formed along 〈111〉 direction. This was termed as “skel-
etal growth”, and such similar growth behaviours had been also
observed in the formation of the Mg2Si phase with face-centred cubic
(FCC) structure [66,79]. Subsequently, due to the strongly intrinsic
faceting tendency of anisotropic crystals, these nearest branches were
interconnected to form {110} facets with the lowest surface free energy,
leading to the formation of skeletons with hollow hoppers (Fig. 11a2)
[32,33,80]. As the solidification proceeded, the interstitial space inside
the hopper was gradually filled via the deposition of atomic clusters (or
some atoms) along 〈110〉 direction. The filling efficiency was mainly

Fig. 11. (a1-a4) the crystallographic directions and planes that govern the growth dynamics of the α-Fe phases. (b1-b4) the actual morphology evolution of the α-Fe
nucleus in the early stage of the solidification.

Fig. 12. (a) An exploded 3D view, showing of the growth dynamics of the α-Fe skeleton branches (light green) and colonies (blue) from the core (pink) along
preferred directions.
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influenced by the surrounding solute distribution and volume-diffusion
[33]. At this stage, the transfer of mass was important, especially for the
outer exposed {110} facets. As the solute diffusion and absorption in the
central region of these facets was more difficult than that near the tips
and edges whilst impurities repelled from the surface were accumulated
at the solid-liquid interface [81-83], slowing down the growth rate,
small voids were gradually formed on these facets (Figs. 11a3&b3).
Eventually, these voids were partially filled, and the nuclei developed
into rhombic dodecahedron bounded by {110} dense planes
(Figs. 11a4&b4).

4.2. Co-growth dynamics of the α-Fe skeleton colonies

As solidification proceeds, multiple skeleton structures were formed
from tips and edges of the core. Fig. 12 illustrates the structural evolu-
tion of typical α-Fe colonies, consisting of a nucleus and multiple skel-
eton branches. The growth pattern of the skeleton branches inherited
that of the polygonal nuclei, i.e., growing preferentially along 〈100〉 and
〈111〉 directions and forming {110} facets driven by facet growth ki-
netics. EDX analyses (Fig. S3a) indicate that the α-Fe nucleus and skel-
eton branches have similar chemical composition in Si and Cu, but with
relatively higher Fe in the nucleus. Comparison of the diffusion coeffi-
cient changes of Fe, Si and Cu in Al shows that the diffusion coefficient of
Fe is approximately 1 order of magnitude lower than that of Cu and Si
(Fig. S3b), resulting in much less Fe concentration in the skeleton
branches (formed in the later stage of solidification) than that in the
nucleus (formed at the initial stage of solidification) during solidifica-
tion, whereas the concentrations of Si and Cu in the nucleus and
branches are only slightly different. Such growth behaviour from tips
and edges has also been observed in other anisotropic crystals grown
from solutions or melts [84-90]. These facets gradually self-assembled
into a series of hopper-shaped skeleton structures. Unlike the solid
cores, the interior of these skeleton structures was actually filled with
α-Al phases [71,91]. The interior and surrounding α-Al phases were
removed to reveal more clearly the 3D morphology of the Fe phases.
Subsequently, such growing process repeated in 3D space and finally
developed into complicated and convoluted Chinese-script α-Fe phase
colonies. Ideally, these skeleton colonies would follow the same growth
behaviour as the polygonal nuclei and develop a perfect rhombic
dodecahedral shape. However, due to the impediment of the already
formed α-Al dendrites around them, the growth of the Fe phases was
further restricted, growing into different sizes and exhibiting distorted
and convoluted morphologies (see Figs. 7d and e).

4.3. Effects of USMP on the nucleation and growth of α-Al and Fe-rich
phases

It is widely accepted that the refinement and homogenisation
mechanisms of the solidification microstructures by USMP are due to
two effects: (1) ultrasonic streaming flow enhanced thermal and solute
homogenisation, (2) acoustic cavitation and bubble implosion induced
structure fragmentation [19,28,37,38,42,92]. Our previous work [37,
38,42,92,93] has demonstrated that USMP is capable of generating
strong swirling acoustic streaming flows (up to 300 mm/s) into Al-Cu
alloy melts. For example, Al2Cu intermetallics formed in the solidifica-
tion of Al-35wt%Cu were broken up and swept out of the field of view
after 5 s of ultrasound application. After ultrasound process, a great
number of small fragments formed and grew into equiaxed morphology
[38]. Also, just 10 s of ultrasound application at an early stage of the
solidification of Al-15wt%Cu was able to produce ~100 % refinement
effect on α-Al dendrites compared to the case without ultrasound,
resulting in 20~25 % reduction in the average grain size [42]. In this
work, since the ultrasound was applied for just 7 s above the liquidus
(~635 ◦C), there was no solid phases formed in the melt before or during
USMP, meaning that no structure fragmentation occurred in the liquid
state. However, the in-situ observations demonstrated clearly that such a

short ultrasound operation time (~7 s) was sufficient to change the
morphology, size and distribution of the α-Al dendrites and Fe-rich
phases compared to the case without USMP. The simulation results
(Fig. 10) show that the melt velocity fields induced by the oscillating
ultrasonic pressure reached to 155 mm/s at P2, which is nearly 300
times higher than that after USMP (0.5 mm/s, i.e., in the natural con-
vection state), resulting in a drastic and high-frequency convective melt
stirring effect (see Fig. 10.d - the melt velocity field during USMP).

It is widely accepted that, above the cavitation threshold, the
acoustic cavitation can increase local melt undercooling. In addition, the
very quick oscillating acoustic pressure field (see Fig. 10c) and the
strong melt perturbation (see Fig. 10d) are very effectively in homoge-
nizing the thermal and solute distributions of the melt and therefore to
reduce very effectively the solute suppressed nucleation effects for
multiple component alloys as in this case [94]. It also helps to dissipate
the latent heat released at the initial phase nucleation stage. The above
combined effects are therefore very effective in promoting grain (or
phase) nucleation rate and the initial nuclei’s growth rate [13,28,95] as
evidenced in Fig. 6b (for the α-Al dendrites) and Fig. 7b (for the
Fe-phases). For the USMP case, although the subsequent solidification
occurred without any further ultrasound applied, the enhanced grain
nucleation effect has indeed resulted in much higher number of α-Al and
Al3Fe nuclei in the melt as the phase diagram calculation (Fig. 3a) and
in-situ X-ray diffraction (Fig. 3c, d) indicate that the Al3Fe phases
appeared just 2–3 ⁰C below the α-Al dendrites. However, the α-Al has
much higher growth rate compared to the Al3Fe and other Fe-phases
because the Fe diffusion rate is at least 1 order of magnitude slower
than that of the Al (see Fig.S3 in the Supplementary Materials). Hence,
the α-Al grew much faster into dendritic structures, while the initially
nucleated Fe phases remained in their “original sites”, looked like to be
trapped between the α-Al inter-dendritic regions. Higher number of the
α-Al nuclei in the case of USMP resulted in much smaller and more
frequently overlapped α-Al inter-dendritic regions. While the trapped
Fe-phases have much smaller free space for continuing to grow, leading
to the formation of much smaller and more compact Fe phases or Fe
phase clusters [42,94]. As a result, the average size of the α-Al dendrites
and the Fe-containing intermetallic phases reduced by ~5 times
compared to the case without USMP (see Figs. 6 and 7).

5. Conclusion

Using synchrotron X-rays and machine-learning enabled phase seg-
mentation strategy plus multi-physics modelling approach, we have
studied under operando conditions the nucleation and co-growth dy-
namics of multiple Fe-rich intermetallics and their dynamic interactions
with the Al dendrites of the Al5Cu1.5Fe1Si alloy in solidification with
and without ultrasound. This systematic research work has produced
very rich 4D (3D space+ time) datasets that allow us to fully understand
the dynamic interplays between the Al dendrites and multiple Fe phases
and how the Fe phase evolved into complex and convoluted 3D network
structures. The important findings of this research are:

1) The α-Fe phases were nucleated either from the Al3Fe phases or
directly from the liquid melt. The α-Fe embryonic nucleus had a
circular morphology, it grew into uneven faceted surfaces and then
gradually transformed into rhombic dodecahedron bounded by the
{110} dense planes. The skeleton branched out from the dodecahe-
dron’s edges and tips, growing into 3D skeletons with α-Al inside the
hoppers. Such skeleton growth process repeated in 3D space to
eventually form the complex and convoluted Chinese-script clusters
or colonies.

2) As solidification proceeded, the β-Fe phases nucleated directly from
the residual liquid melt. They grew laterally and branched out,
wrapping around the α-Al dendrite arms and eventually impinging
on each other or the nearby α-Fe phases.
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3) Application of high-frequency ultrasound of just 7 s in the liquid state
produced oscillating ultrasonic pressure fields and melt velocity
fields as high as 1.5 MPa and 150 mm/s in the melt, very effectively
homogenising thermal and solute distribution of the melt, leading to
a much-increased homogenous nucleation rate. As a result, the
average α-Al dendrite size was decreased by ~5 times at the early
stage of solidification which, in turn, further restricting the free
growth of the Fe phases, reducing the Fe phases by ~5 times in terms
of the average size compared to the case without ultrasound.
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