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a b s t r a c t

Magnetic fields have been widely used to control solidification processes. Here, high-speed synchrotron X- 
ray tomography was used to study the effect of magnetic fields on solidification. We investigated vertically 
upward directional solidification of an Al-Si-Cu based W319 alloy without and with a transverse magnetic 
field of 0.5 T while the sample was rotating. The results revealed the strong effect of a magnetic field on 
both the primary α-Al phase and secondary β-Al5FeSi intermetallic compounds (IMCs). Without the mag
netic field, coarse primary α-Al dendrites were observed with a large macro-segregation zone. When a 
magnetic field is imposed, much finer dendrites with smaller primary arm spacing were obtained, while 
macro-segregation was almost eliminated. Segregated solutes were pushed out of the fine dendrites and 
piled up slightly above the solid/liquid interface, leading to a gradient distribution of the secondary β-IMCs. 
This work demonstrates that rotating the sample under a transversal magnetic field is a simple yet effective 
method to homogenise the temperature and composition distributions, which can be used to control the 
primary phase and the distribution of iron-rich intermetallics during solidification.
Crown Copyright © 2022 Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Compared with the primary aluminium production from bauxite 
core, secondary aluminium ingots produced from recycled alumi
nium scraps, including end-of-life automotive and used beverage 
cans, can save up to 95% of the energy [1]. However, impurities such 
as Iron and Silicon accumulate during the recycling process [2]. Iron 
in particular is expensive to remove. Further, iron has a very low 
solid solubility (max 0.05 wt%) in aluminium [3] and can form hard 
and brittle Fe-rich intermetallic compounds (IMCs) such as Al13Fe4 

[4,5] and β-Al5FeSi [6]. Their morphologies, sizes and distribution, if 
not controlled, can negatively impact castability [7] and reduce 
mechanical and corrosion properties of the final components[8,9]. 
IMCs in aluminium alloys can be controlled by their crystal struc
tures and solidification conditions such as cooling rates, temperature 
gradients and external fields (e.g. mechanical shearing, ultrasonic 
processing, or magnetic stirring) [10–14].

Synchrotron X-ray radiography has been widely used to reveal 
the growth process of various IMCs in Al alloys during solidification, 
for instance, α-Al(FeMnCr)Si in Al-Si-Cu alloys [15] and Al13Fe4 in Al- 

3%Fe alloys [4,16]. Recently, high-speed synchrotron X-ray tomo
graphy has been developed allowing us to unravel the micro
structures in 4D (3D plus time) [17–22], and the approach was 
applied to study Fe-rich intermetallics in Al alloys. Terzi et al. [19]
reported the growth of irregular α-Al/β-Al5FeSi eutectic. Cai et al. 
[20] studied the coupled growth of primary α-Al and secondary β- 
phase in W319 alloy, which found that the growth rates and sizes of 
β-phase were restricted by the available inter-primary dendritic 
space. Puncreobutr et al. [21] illustrated the secondary β-phase has 
great effects on blocking liquid flows and decreasing the perme
ability of the semi-solid Al-Si-Cu alloys. Cao et al. [22] have revealed 
the growth process of the primary Fe-rich IMCs with and without a 
weak magnetic field (0.07 T) of Al-Si-Fe alloy. Those examples show 
the power of high-speed synchrotron tomography coupled with 
advanced imaging processing and numerical simulation to study the 
growth dynamics and kinetics of Fe-rich IMCs in Al alloys.

Magnetic fields have been widely used in altering fluid flows 
during solidification processes [23–28], making use of physical ef
fects including electromagnetic damping [29,30], electromagnetic 
stirring [31,32] and thermoelectric magnetohydrodynamic (TEMHD)
[33,34]. Previous studies showed that when applying a rotating 
magnetic field, both the temperature and solute distribution can be 
homogenised during solidification, leading to structure refinement 
of the primary α-Al phase [26,35]. However, several questions 

Journal of Alloys and Compounds 938 (2023) 168691

https://doi.org/10.1016/j.jallcom.2022.168691 
0925-8388/Crown Copyright © 2022 Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 

]]]] 
]]]]]]

⁎ Corresponding author.
E-mail address: b.cai@bham.ac.uk (B. Cai).

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2022.168691
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jallcom.2022.168691
https://doi.org/10.1016/j.jallcom.2022.168691
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.168691&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2022.168691&domain=pdf
mailto:b.cai@bham.ac.uk


remain unanswered. Will the modified morphologies of the solidi
fication microstructure influence the permeability in the mushy 
zone? In Al-Si-Cu based alloys, as the β-intermetallic is the sec
ondary phase following the primary α-Al phase [20], will the growth 
behaviours of β-IMCs be influenced by the application of magnetic 
fields? In view of these questions, the present study aims to reveal 
the growth dynamics of both the primary α-Al phase and secondary 
β-IMC during solidification of W319 (Al-Si-Cu based) alloys under a 
constant transversal magnetic field of 0.5 T while the sample is ro
tating via high-speed synchrotron tomography. Then we calculated 
the absolute permeability of the solidified structures using image- 
based simulation with and without the presence of the β inter
metallic compounds under different solidification conditions. The 
results can be used to validate simulation models, especially the 
growth behaviours of secondary IMCs during the casting of alumi
nium alloys. It also demonstrates that a magnetic field can be used to 
control the distribution of iron-rich intermetallics.

2. Materials and methods

The Al-Si-Cu alloy W319 (Al-5.50Si-3.40Cu-0.87Fe-0.27Mg, in 
weight per cent) was provided by Ford Motor Company. The alloy is 
frequently used in engines such as engine blocks and cylinder heads 
[36]. Cylindrical specimens with diameters of 1.8 mm and lengths of 
100 mm were cut via wire electrical discharge machining. Each 
sample was placed into an alumina tube with a 2 mm inner diameter 
and 3 mm outer diameter. A bespoke temperature gradient furnace 
(MagDS) [20,37] was used to perform the solidification experiment. 
MagDS furnace consists of a small bespoke temperature gradient 
stage and a magnet yoke, which was used to control the solidifica
tion conditions (cooling rates (CR), temperature gradients (TG) and 
the strength of the magnetic field (B)). Two experiments were per
formed. In the first experiment, the sample was heated up until 

melting. The specimen was then held at the melting state for 20 min 
before it was cooled at a constant rate (CR) of 0.1 /s until fully 
solidified [26]. A temperature gradient (TG) 2.5 /mm was applied to 
the specimen (the top part was set at a higher temperature). In the 
second experiment, the magnet yoke was installed close to the fur
nace, which was able to produce a transverse magnetic field of B 
= 0.5 T. The solidification experiment was carried out using the same 
heating and cooling conditions. Thereby, solidification condition I is 
B = 0 T, CR = 0.1 /s, TG=2.5 /mm, whereas solidification condition 
II is B = 0.5 T, CR = 0.1 /s, TG=2.5 /mm. In both conditions, the 
samples were rotating continuously during cooling for tomography.

The in situ solidification experiments were performed at the ID19 
beamline of the European Synchrotron Radiation Facility (ESRF), 
with a 31 keV pink X-ray beam [38]. A high-resolution high-speed 
detector (PCO.dimax) was used, achieving a pixel size of 2.2 µm, and 
a field of view (FOV) of 2.2 × 2.2 mm2. During solidification, rapid 
tomographic images were acquired when the sample was rotating at 
a speed of π(rad/s) continuously. Each tomogram required a collec
tion time of 1 s and was composed of 1000 projections (radio
graphy), collected over °180 . Another 15 s of waiting time were 
consumed for downloading the tomograms between two con
secutive scans.

For absorption contrast-based synchrotron X-ray tomography, 
the phases with higher density (higher absorption coefficients) have 
higher grey values [39,40], allowing the distributions of density/ 
composition before and during solidification to be mapped. Using 
this concept, we have plotted the 2D vertical slices with an artificial 
colour map based on 16-bit unit images. In this work, the regions 
with low attenuation values are shown in blue and green (e.g. in 
Fig. 1-a), which normally mean a higher concentration of light ele
ments such as Al and Si in this experiment. Conversely, yellow to red 
regions should contain heavier elements such as Fe and Cu, which 
strongly attenuate the X-rays.

Fig. 1. (a) 2D vertical slices of α-Al phase at different timestamps (B= 0 T, TG= 2.5 mm/ , CR= 0.1 s/ ); (b1-b4) 3D volumes of α-Al phase at different timestamps; (b5) a horizontal 
slice at the height of 1.1 mm.
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Avizo 2020.1 (Thermo Fisher, U.S.) was used to segment and 
quantify the phases and perform the absolute permeability simula
tion. For the primary α-Al phase, 3D anisotropic diffusion was chosen 
to reduce the noises [41], followed by the function of interactive 
thresholding whose values were based on the Ostu method im
plemented in ImageJ [42]. To segment the secondary β-Al5FeSi IMCs, 
3D anisotropic diffusion and morphological Laplacian filters were 
employed. More details about image processing can be found in the 
supplementary note. Absolute permeability was calculated by sol
ving the Stokes equations as shown below using the Avizo XlabSuite 
Extension toolbox [43].

=. V 0L (1) 

µ =PV 0L L L
2 (2) 

Where VL is the velocity of the fluid, µL is the dynamic viscosity of 

the fluid, . Is the divergence operator, is the gradient operator, 2

is the Laplacian operator and PL is the pressure of the fluid.
8 groups of tomographic data from each experiment were 

chosen. Sub-volumes of 882× 882× 882 µm3 from the bottom centre 
of the FOV were cropped out for the simulation. Inlet flow along the 
vertical direction provided the permeability of fluid to flow parallel 
to the primary dendritic arms as the dendrites were aligned with the 
vertical direction of the samples. The flow simulations were set with 
the input pressure of 1.3 bar and the output pressure of atmospheric 
pressure by default. The fluid viscosity was set to be 0.001 Pa.s [6,21].

3. Results and discussion

3.1. α-Al phase

Fig. 1 shows the growth process of the primary α-Al phase 
without a magnetic field under the solidification condition 

(condition I) in the first 80 s (videos 1-a and 1-b). Figs. 1-a1 is the 
slice captured 16 s before the dendrites were observed within the 
FOV. The periphery of the sample shows higher image contrast, in
dicating heavier elements were driven to the periphery to form a 
macro-segregation zone, possibly due to the centripetal force re
sulting from the sample rotation during the holding period (20 min). 
As a positive vertical temperature gradient (TG) of2.5 /mm was 
applied during cooling (a lower temperature at the bottom of the 
FOV), columnar dendrites appeared at the bottom of the FOV and 
grew upwards. The dendrites grew from the left side of the FOV first 
(Figs. 1-a2 and 1-b1). 16 s later, a few more dendrites appeared on 
the bottom right side. These dendrites then branched toward the 
centre region of the FOV (Figs. 1-a3 and b2). Well-developed large 
dendritic trunks with both secondary and tertiary arms formed after 
80 s (Figs. 1-a5 and 1-b4). As shown in Figs. 1-a5, there is a large 
region (27.8% cross-section area fraction based on Figs. 1-b5) free of 
dendrite in the middle of the sample, resulting in a very uneven, 
concave solid-liquid interface and a macro-segregation of Cu, redu
cing the solidification temperature in this region. The angle between 
the solid/liquid interface and the horizontal direction is around 70º.

Supplementary material related to this article can be found on
line at doi:10.1016/j.jallcom.2022.168691.

During solidification, solute elements such as Cu, Fe and Si would 
be ejected into the melt. Due to the gravity effect [37], heavy ele
ments (Cu and Fe) accumulated in the free space in the middle and 
bottom of the sample, leading to the macro-segregation zone that 
shows in yellow and red (high grey values) in Figs. 1-a5. This solute 
accumulation restricted dendrites from growing into this region, as 
observed in Figs. 1-a3 and Figs. 1-b2, leading to the formation of a 
curved solid/liquid interface. This curved interface became more 
severe as more Cu and Fe atoms are ejected into the central region of 
the sample (Figs. 1-a4 and a5). The secondary arms of existing 
dendrites branch into this zone at the later stage of solidification 

Fig. 2. (a) 2D vertical slices of α-Al phase at different timestamps (B= 0.5 T, TG= 2.5 mm/ , CR= 0.1 s/ ); (b1-b4) 3D volumes of α-Al phase at different timestamps; (b5) a 
horizontal slice at height of 1.1 mm.
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after the temperature has decreased further, forming well-devel
oped dendritic structures (Figs. 1-b4 and b5).

For solidification condition II with the application of a transversal 
0.5 T magnetic field, Cu and Fe elements were shown to be con
centrated at the bottom centre of the FOV before solidification 
(Figs. 2-a1, red circle). This segregation was eased, as solidification 
progressed (Figs. 2-a2 to a4). The solid/liquid interface (black dashed 

line) was initially a curved one (Figs. 2-a2) but gradually transitioned 
to be flat within 64 s (in video 2-a) as the solidification continued. 
Multiple dendrites were formed as shown in Figs. 2-b1. They grew 
upwards slightly tilted from the vertical direction. Figs. 5a and 5b 
show the growth orientation of α-Al dendrites in solidification 
conditions I and II, respectively. We manually selected the primary 
arm of the dendrites and represent them as cylinders, which allows 

Fig. 3. (a) 2D vertical slices of β -phase at different timestamps (B= 0 T, TG= 2.5 mm/ , CR= 0.1 s/ ); (b) 3D volumes of β-phase at different timestamps; Cropped region (882×
882× 882 µm3) from Fig. 2-a at different timestamps. (c) 3D volumes (d) 3D volume with transparent α-Al phase.
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us to measure the titling angle (φ), which is the angle between the 
direction of the length of cylinders and the vertical direction (Z) of 
the sample. Without the magnetic field, 5 out of 6 dendrites grew 
almost parallel to the vertical direction of the sample with tilted 
angles between 3º and 17º (Fig. 5a). The remaining dendrite grew 
with a large tilting angle of 37º. Under the magnetic field, we have 
selected 41 dendrites as representatives. They grew upwards with 
tilting angles (Fig. 5-b1) ranging from 6º to 37º. In Fig. 5-b2, it seems 

the dendrites grew with a pattern: some in the centre of the spe
cimen in a clockwise direction as pointed by red arrows, while some 
in an anti-clockwise direction as pointed by blue arrows in the 
peripheral. This behaviour might be attributed to the solute flow 
caused by the application of the magnetic field and sample rotation.

Supplementary material related to this article can be found on
line at doi:10.1016/j.jallcom.2022.168691.

Fig. 4. (a) 2D vertical slices of β-phase at different timestamps (B= 0.5 T, TG= 2.5 mm/ , CR= 0.1 s/ ); (b) 3D volumes of β-phase at different timestamps; Cropped region(882×
882× 882 µm3) from Fig. 3-a at different timestamps (c) 3D volumes (d) 3D volume with transparent α-Al phase.
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The horizontal cross-sections (Figs. 1-b5 and 2-b5) show a sig
nificant difference in dendrite sizes between the two different soli
dification conditions. Quantification of the primary dendritic arm 
spacing can be obtained by Eq. 1 [44]:

= c
A
n (3) 

Where c is 0.5 for a random array of points, A is the cross-section 
area, which is 4.54 mm2 (Figs. 1-b5) and 4.72 mm2 (Figs. 2-b5), re
spectively; n is the number of dendrites, which are 6 (Figs. 1-b5) and 
60 (Figs. 2-b5) for the two conditions, respectively. Therefore, the 
primary dendrite arm spacing solidified without and with a mag
netic field is 435 µm and 140 µm, respectively.

3.2. β-Al5FeSi intermetallic compounds (IMCs)

Fig. 3-a shows the growth process of β-Al5FeSi IMCs at different 
timestamps under solidification condition I. ta1 is the time when β- 
Al5FeSi IMCs first appeared in the FOV. The bright and thin-plate 
structure in Figs. 3-a2 is β-Al5FeSi, which is the secondary phase 
after the primary α-Al phase formed in W319 alloys [20]. The light 
grey regions between the primary α-Al dendrites are liquid, whereas 

the dark grey is the α-Al phase. 3D volume rendering of IMCs after 
segmentation is shown in Fig. 3-b and video 3 at each corresponding 
time. The plate-shaped IMCs nucleated and grew first within the 
bottom of the FOV in Figs. 3-a1 and 3-b1. More IMCs nucleated at the 
top region (from Figs. 3-b2 to b4) at the later stage of solidification. A 
small volume (882× 882× 882 µm3) was cropped out at the bottom 
of the FOV (red square in Figs. 3-a1) to provide better visualisation of 
IMCs, as presented in Figs. 3-c and 3d. The IMCs (in red) nucleated at 
the inter-dendritic space of primary α-Al phases (in green). β-Al5FeSi 
has very high lateral growth rates and low thickening rates, leading 
to impingement at the later stage of solidification. It also shows that 
the intermetallic compounds grew within the available spacing be
tween the arms of the dendrites. Fig. 3-d presents the 3D volume of 
β-Al5FeSi while the primary α-Al phase is transparent. IMCs grew 
vertically towards the direction of the applied temperature gradient. 
Few IMCs grew horizontally.

Supplementary material related to this article can be found on
line at doi:10.1016/j.jallcom.2022.168691.

2D vertical slices and 3D rendered volumes of β-Al5FeSi at dif
ferent timestamps under the magnetic field (solidification condition 
II) are shown in Fig. 4 and video-4. tb1 is the time when β-Al5FeSi 
IMCs first appeared in the FOV. The growth behaviour of IMCs seems 

Fig. 5. (a) Growth orientations of α-phase (a) without magnetic field at ta0 + 64 s, side view (a1); top view (a2). (b) with magnetic field at ta0 + 64 s, side view (b1); top view (b2). 
(c) Growth orientations of β-phase (c1) without magnetic field at ta1 + 96 s; (c2) with magnetic field at tb1 + 96 s.
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to be close to that of solidification condition I: (1) IMCs also nu
cleated at the bottom of the FOV and grew upwards (from Figs. 4-b1 
to 4-b4), (II) Most of IMCs grew vertically.

Supplementary material related to this article can be found on
line at doi:10.1016/j.jallcom.2022.168691.

The growth orientation of IMCs was quantified based on the 
principal component analysis [20]. The angle θ was defined as the 
difference between the through-thickness direction of the plate-let 
intermetallics and the vertical direction of the sample (the sche
matic diagram is shown in the insert of Fig. 5-c, the z-axis is the 
vertical direction of the sample). Without the magnetic field, 65% of 
the IMCs grew between 60º and 90º in Fig. 5-a1, showing that the 
growth orientation of β-Al5FeSi preferably grew towards the vertical 
direction of the sample. The preferable growth direction towards the 
temperature gradient can be further influenced under a higher 
temperature gradient of 10 /mm in ref [20]. When the magnetic 
field is on, a higher percentage of β-Al5FeSi IMCs (around 79%) grew 
between 60º to 90º in Fig. 5-a2. These indicate that the application of 
the magnetic field might affect the growth orientation of IMCs.

The volume fractions of β-phase versus time are plotted in Fig. 6- 
a. Without the magnetic field, the volume fraction of the β-phase 
gradually increased during solidification, with an average growth 
rate of about 0.7% per second. In 272 s, the volume fractions of β- 
phase achieved 1.9% which is consistent with a previous study [20]. 
The volume fraction of IMCs during solidification with the magnetic 
field grew at a rate of about 0.88% per second, slightly higher than 
the sample solidified without a magnetic field. The volume fraction 
increased to 2.4% in 272 s

Under the magnetic field, we noticed, in Figs. 4-b4, that the 
number of IMCs which grew at the bottom region of the FOV is lower 
than that at the top. We then quantified the volume fractions of the 
IMCs at the bottom (0–0.554 mm) and the top (1.662–2.216 mm) of 
the FOV as a function of time, as shown in Figs. 6-b and 6c. Fig. 6-b 
presents that the average growth rates (the tendency of the 
curves) of the IMCs of the bottom and top regions under solidifica
tion condition I are very close (about 0.0020% per second and 
0.0018% per second, respectively). However, with the application of 
the magnetic field, the average growth rate of IMCs at the bottom 
region is 0.0013% per second, much slower than that at the top 
(0.0024% per second). The top region achieved a higher volume 
fraction (0.64%) than the bottom one (0.34%). The gradient volume 
distribution of the β-phase formed along the vertical direction of the 
FOV, suggesting the concentration of the Fe element might be higher 
at the top region than at the bottom. This behaviour is different from 
the sample solidified without the application of the magnetic field.

Fig. 6. (a) Overall volume fraction as a function of time; Volume fraction of β-phase at 
different height: (b) B= 0 T; (c) B= 0.5 T.

Fig. 7. (a) Simulated absolute permeability as a function of the solid volume fraction. 
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3.3. Permeability estimation

Fig. 7 presents the simulated absolute permeabilities of the semi- 
solid W319 alloys during solidification without and with the mag
netic field, based on solving the Stokes equations. Without the 
magnetic field, the solid volume fraction of α-Al dendrites increased 
from 39.6% to 43.3% within the chosen 8 tomographic scans. The 
absolute permeabilities reduced from 77.6µm2 to 41.6µm2. The per
meability decreased monotonically with the increase of solid volume 
fraction of α-Al dendrites as expected. The permeabilities are sig
nificantly lower in the presence of intermetallics, as was found by 
Puncreobutr et al., [21]. At a solid volume fraction of α-Al dendrites 
of 43.3%, the absolute permeability was 41.6 µm2 without IMCs but 
reduced to 27.3µm2 by the intermetallics. As the intermetallics nu
cleate and grow at the inter-dendritic spacing [19,20,45], they can 
block the liquid flow through the channels.

For solidification condition II, the permeability shows the same 
tendency. It decreased from 63.6µm2 to 32.5µm2 while the solid 
volume fraction increased from 36.5% to 41.2%. Permeability loss due 
to the presence of intermetallics also occurred. At a solid volume 
fraction of α-Al dendrites of 41.2%, the absolute permeability was 
32.5 µm2 without IMCs but was reduced to 25.6 µm2 due to IMCs.

However, at the same solid volume fraction of α-Al phase of 
around 40.7%, the permeability is 60.5 µm2 for the sample without 
the magnetic field applied, higher than the one with the magnetic 
field (36.0µm2). The permeability is not only monotonically related 

to the volume fraction but can also be influenced by the inter-den
drite-arm spacing. Under the magnetic field, much finer dendrites 
were formed, resulting in narrower liquid channels. This can block 
melt to flow through the semi-solid structures, leading to lower 
absolute permeability. The reduction of primary dendrite arm spa
cing of the α-Al phase has a higher impact on the reduction of the 
absolute permeability than the blocking effect from the inter
metallics.

3.4. Discussion

Fig. 8 shows the schematic diagram of the solidification process 
under both solidification conditions without and with the magnetic 
field. The presence of a magnetic field has changed the morphologies 
of the primary α-Al phase from coarse to fine dendritic structures. 
The distribution of the β-Al5FeSi IMCs was also altered.

Under solidification condition I without the magnetic field, in
itially, the primary α-Al was formed near the surface of the sample 
(Fig. 8-a1). Solute elements such as Cu, Fe and Si were ejected into 
the melt. Due to the gravity effect, heavy elements such as Cu and Fe 
settled down to the bottom of the FOV, forming a macro-segregation 
zone, which retards the upwards growth of the primary α-Al into 
this region. Therefore, a concavely curved solid/liquid interface was 
formed. As solidification progressed, the primary dendrite arms 
continued to grow upwards, while the secondary arms branched into 

Fig. 8. Schematic diagram of the solidification process (a) without a transverse magnetic field; (b) under a transverse magnetic field while the sample was rotating. 
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the central region during cooling. The macro-segregation became 
more serious, which is because more Cu and Fe were ejected and 
accumulated into this region during solidification. The solid/liquid 
interface becomes more concave in Fig. 8-a2. The curved interface 
due to solute accumulation was observed previously in Al-Cu al
loys [46] by examining the solidified sample, which for the first time 
demonstrated that fluid flow as a result of gravitational force can 
change the solid/liquid interface shape. In-situ X-ray radio
graphy later was used by A. Bogno et al. [47] to reveal the initial 
transient of the solid/liquid interface due to solute segregation. As 
the solidification proceeded, the secondary β-IMCs started to nu
cleate and grew at the inter-dendritic spacing of the primary α-Al 
dendrites in Fig. 8-a3. The size of the secondary β-IMCs is con
strained by the available spacing [20]. Its growth orientation is 
strongly controlled by the temperature gradient.

Under the magnetic field, initially, during solidification, the 
segregated heavy elements of Cu and Fe also accumulated at the 
centre region of the sample to form a curved solid/liquid interface in 
Figs. 2-a2 and schematically shown in Fig. 8-b1. A rotating magnetic 
field can induce a strong azimuthal flow that came from the con
vection damping effect [48,49]). Here, the sample was rotating under 
a transverse magnetic field. During solidification, the liquid flow was 
impeded due to the convection damping effect, while the solid α-Al 
dendrites were still rotating at angular velocity of π/s. Due to the 
speed difference between the liquid and solid part (α-Al dendrite), a 
rotational flow can be generated (in the red circle) in the mushy zone 
(Fig. 8-b1) in the direction of rotation.

Furthermore, due to the different electrical conductivities of the 
primary α-Al phase and the melt, current loops at the solid/liquid 
interface can be generated as shown in Fig. 8-b1 (in green), which is 
known as the Seebeck effect [22,33,50]. The interaction between the 
Seebeck current loops and the rotating magnetic field can induce 
Lorenz forces acting on both dendrites and the melt in the mushy 
zone. This can produce meridional flow ahead of the solid/liquid 
interface [51]. The changed interface from tilted to flat in Al-Cu al
loys under a transverse magnetic field was observed by Wang et al.
[52] by using in-situ radiography, and a corresponding 3D simulation 
was also performed to confirm that the changed interface was at
tributed to the induced thermoelectric magnetohydrodynamic 
flows (TEMHD) [53]. In their work, the sample was static, TEMHD 
alone was attributed to being the main mechanism for changing the 
solid/liquid interface. In our previous study, we observed the for
mation of a helical structure of the α-Al phase in Al-15 wt%Cu alloys, 
in which the screw structure was formed due to the formation of the 
helical channel enriched with Cu solute [26], suggesting that rota
tion inside a magnetic field can induce strong solute flow. In this 
experiment, the sample was also rotating inside a magnetic field. 
The combination of the two forces from the convection damping 
effect and TEMHD might homogenise the temperature distribution 
via mixing of the solute [26] and ease the macro-segregation, which 
allows more primary dendrites to grow into this region (Fig. 8-b2).

The solid/liquid interface transformed from a curved one to flat 
one during solidification. As a result of these combined magneto
hydrodynamic effects, the number of dendrites was increased, and 
PDAS was reduced. Smaller PDAS led to narrower liquid channels, 
which can reduce the absolute permeability [21]. The refined pri
mary dendrites led to the growth orientation of the IMCs towards 
the vertical direction of the sample. Finally, segregated solute was 
pushed above the solidified structures in Fig. 8-b3. This leads to a 
higher solute concentration at the top region of the sample, which 
promotes more β-Al5FeSi IMCs to form at the top region, resulting in 
a gradient volume distribution of IMCs [51]. This study demonstrates 
that applying a static magnetic field to a rotating sample can not 
only successfully reduce the PDAS but also alter the distribution of 
IMCs. It provides a cost-effective method for controlling the iron-rich 

intermetallic in recycled aluminium alloys and thus improving me
chanical properties and corrosion resistance.

4. Conclusions

High-speed synchrotron X-ray tomography was used to reveal 
the growth dynamics of both the primary α-Al phase and secondary 
β-Al5FeSi IMCs in W319 alloys directionally solidified without and 
with a transversal magnetic field. This work reveals that the appli
cation of a transverse magnetic field during solidification processes 
can effectively change the morphology of the primary α-Al phase 
and subsequently alter the distribution of the secondary β-Al5FeSi 
IMCs. The following conclusions can be drawn from this study: 

1. Without the magnetic field, a high concentration of heavy ele
ments such as Cu and Fe at the periphery of the sample was 
revealed by mapping the solute distribution. Under a magnetic 
field, the peripheral macro-segregation was removed. A concave 
solid/liquid interface was observed at the initial stage of solidi
fication under both conditions. However, the solid/liquid inter
face transformed from curved to flat when the magnetic field is 
applied.

2. Without the magnetic field, the primary α-Al phase has coarse 
and well-developed dendritic structures with large primary 
dendritic arm spacing of about 435 µm. Under the magnetic field, 
the primary α-Al phase becomes fine dendritic structures with 
smaller dendritic arm spacing of about 140 µm.

3. Absolute permeabilities were simulated using image-based si
mulation based on the tomographic data. The simulations show 
β-Al5FeSi IMCs can reduce the absolute permeability of the semi- 
solid structure by blocking flows in both solidification conditions. 
In addition, under an applied magnetic field, fine dendritic 
structures also reduce permeability due to the formation of 
narrower liquid channels.

4. Without a magnetic field, the volume fraction and growth rate of 
β-Al5FeSi IMCs have almost the same values at different regions 
of the sample. However, under the magnetic field, at the top 
region of the sample, the β-Al5FeSi IMCs have higher growth rates 
and volume fractions than the bottom.
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