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In this paper, we used synchrotron X-ray radiography and tomography to study systematically and in operando
conditions the growth dynamics of the primary AlsNi intermetallic phases in an Al-15wt%Ni alloy in the so-
lidification process with magnetic pulses of up to 1.5 T. The real-time observations clearly revealed the growth
dynamics of the intermetallics in time scale from millisecond to minutes, including phase growth instability, side
branching, fragmentation and orientation alignment under different magnetic pulse fluxes. A multiphysics nu-
merical model was also developed to calculate the alternating and cyclic Lorentz forces and stresses acting on the
Al3Ni phases and the nearby melt due to the applied pulses. Combining the results of the operando experiments
and modelling, for the first time, the differential forces between the growing AlsNi phases and the nearby melt
were quantified. The forces can create slip dislocations at the growing crystal front which can further develop
into nm and pm crystal steps for initiating phase branching. Furthermore, the magnitudes of the shear stresses are
strongly related to the size, morphological and geometric features of the growing AlsNi phases. Dependent on the
magnitude of the shear stresses, phase fragmentation could occur in a single pulse period or in multiple pulse
periods via fatigue mechanism. This systematic research work elucidate some of the long-time debated hy-
potheses concerning intermetallic phases growth instability and phase fragmentation in pulse magnetic fields.
The research establishes a robust theoretical framework for quantitative understanding of the intermetallic phase
growth dynamics in solidification under pulse magnetic fields.

intermetallic phase. In terms of the external fields, ultrasonic, electrical
current, and electromagnetic methods are the common methods
employed in the solidification processes for manipulating or controlling

1. Introduction

An intermetallic compound in a metal alloy is a metallic phase

consisting of two or more metallic elements with a unique crystalline
structure [1-3]. These compounds are typically formed during the
transition from the liquid to solid state, i.e., in the solidification pro-
cesses. The thermal, convective and external physical fields applied into
the solidification processes are the essential driving forces [4-6] for
phase nucleation and growth. In addition, the inherent properties of the
alloy, e.g., the anisotropy and/or interfacial energy of the solid-liquid
interface, atomic diffusivity [7] and kinetic properties of atom attach-
ment [8] also determine the nucleation and growth dynamics of an
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the formation and growth of intermetallics [9-13] in different alloy
systems. The general purpose is to achieve the beneficial size,
morphology and distribution of the intermetallics for structural and
functional properties control and/or performance enhancement. The
application of an external field into a liquid metal can be realized by
immersing specially-designed sonotrodes or electrodes directly into the
liquid. In such case, it must withstand the high-temperature melt erosion
[14]. Alternatively, the field can be applied via electromagnetic
coupling in a non-contact manner, which is particularly useful for
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high-temperature or high-purity alloy melts [15].

Many studies have been conducted over the past few decades to
develop efficient electromagnetic methods for liquid metal processing.
For example, applying static magnetic fields [16,17] to dampen and
control natural convection or melt flow fluctuations in continuous
casting; using high-frequency alternating magnetic fields to improve
superficial properties [15,18]; adopting low-frequency alternating
magnetic fields for removing impurities [19-21]. In the solidification
processes, the applied fields have been mainly for controlling the
nucleation, growth and morphology of dendritic and intermetallic
phases in different alloys [22-25], realising grain refinement [26,27] or
phase alignment for targeted applications. In recent years, pulse elec-
tromagnetic fields (PMF) have gained recognition as a promising
method for grain refinement in metal alloys. PMF has advantages in no
excessive extra heat generation into the melt, no direct-contact
contamination to the melt. PMF can generate short pulses (in ms dura-
tion) with high peak magnetic flux intensity and programable frequency
[28-32]. The unique advantage of using much less energy to create
better or similar grain control effects as other types of continuous
magnetic field methods is very attractive for developing green and
sustainable metal manufacturing routes.

In the past two decades, extensive research efforts have been con-
ducted on understanding the underlying mechanisms of grain refine-
ment via PMF. For example, Zhai et al. [33], Gong et al. [34] and StJohn
et al. [35] reported that, when applying PMF or pulse electric current in
a pure Al melt, the grain refinement effect was only found at the grain
nucleation stage rather than in the grain growth stage. They argued that
this was because the grain nuclei, formed heterogeneously on the rela-
tively cold mould wall, were “shaken” off and moved into the melt by
the oscillating force of the PMF. Zhao et al. [36] found that PMF-induced
forced convection can homogenize the temperature distribution in the
liquid zone ahead of the solidification front. Liotti et al. [37] studied the
effect of PMF on the dendrite fragmentation of an Al-15 wt.% Cu. They
found that the increase in dendrite fragmentation rate and the grain
refinement effect were attributed to the rapid remelting of the most
vulnerable microregions induced by PMF. Li et al. [28] proposed that
applied PMF could introduce extra energy into the melts, reducing the
energy barrier for nucleation and lowering the critical nucleus size, ul-
timately leading to a higher nucleation rate. Furthermore, Fautrelle
et al. [38-41], Pericleous et al. [42] and Ren et al. [25] also studied
systematically the solidification dynamics of intermetallic phases in
high static magnetic fields. Their research has revealed that thermo-
electric magnetic convection (TEMC) becomes a significant mechanism
for controlling the growth of intermetallic phases when the magnetic
flux intensity exceeds 2T.

In summary, most previous studies have provided valuable insights
into the effects of magnetic fields on grain nucleation and refinement in
different alloys. However, majority of these studies have focused on the
evolution of dendritic structures or intermetallic phases under the in-
fluence of high static magnetic fields. The effects of PMF on the nucle-
ation and growth dynamics of intermetallic phases has not been
systematically explored. Furthermore, except for a few recent reports by
Cai et al. [43-46] and Ren et al. [47], most prior investigations were
conducted ex-situ, and the resulting microstructures were assessed
post-solidification. Consequently, many interpretations and arguments
found in the existing literature regarding the nucleation and growth
dynamics of intermetallic phases were based on indirect experimental
evidence or hypotheses, lacking real-time, in-situ experimental data.
Consequently, the underlying mechanisms are still the subject of intense
debate, leading to some conclusions that are either controversial or
specific to particular alloys. For example, Mikolajczak et al. [48] sug-
gested that p-Al5FeSi intermetallic phases might undergo fragmentation
or remelting due to forced convection induced by magnetic fields.
Conversely, Ren et al. [25] contended that magnetic fields might not
fracture NiAl dendrites but rather, the TEMC within the interdendritic
regions could be responsible for the development of high-order dendrite
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arms.

In the past ten years or so, researchers in Mi’s group have conducted
a series of synchrotron X-ray studies on the microstructural evolution of
different alloys under PMF [49-53]. Here, we present the very recent
results on the evolution of primary Al3Ni phases observed in operando
using a special PMF solidification device and synchrotron X-ray radi-
ography and tomography at the branchline I13-2 of the Diamond Light
Source (DLS), UK. We chose the Al-15 %Ni alloy because the magnetic
permeability of the solidified primary Al3Ni phases is ~3.3 times higher
than that of the Al melt. Such difference makes the alloy a perfect model
material for us to study the different response of the solid Al3Ni phases
and the melt with respect to the applied magnetic pulses. In addition, the
high absorption contrast between the melt and solid Al3Ni phases gives
very high-quality X-ray radiography and tomography data. A multi-
physics numerical model was also developed for calculating the mag-
netic pulse induced Lorentz forces (stresses), fluid velocity field and the
differential shear stresses acting on the intermetallic phases and the
melt. This work provides systematic data and quantitative understand-
ing into the mechanisms of how the applied magnetic pulses disrupt the
growth direction of the primary AlsNi intermetallic phases and the
critical conditions for phase fragmentation and phase alignment to occur
in the PMF. The research establishs a robust theoretical framework for
quantitative understanding of the intermetallic phase growth dynamics
in solidification under pulse magnetic fields.

2. Methods
2.1. Experimental methods

2.1.1. Alloys and samples

An Al-15%Ni (weight percentage) alloy was used in the experiments
and it was made by melting high-purity Al (99.999 %) and Ni (99.99 %)
ingots feedstock in an alumina crucible (ID of 92 mm and height of 135
mm, Almath, UK). The crucible was coated with boron nitride spray at
its inner surface and then placed inside an electric resistance furnace. It
was heated to 900 °C and held at this temperature for ~60 min to
gradually dissolve the Ni into the Al melt. Finally, the homogenised alloy
melt was drawn uphill under a negative pressure (~0.5 atmospheric
pressure) into quartz tubes (100 mm long and 2 mm inner diameter) by
using a custom-made counter-gravity casting apparatus. The melt flew
quiescently into the quartz tube and solidified as round bars as described
in [52]. Fig. S1 shows the Al-Ni binary phase diagram (the Al-15%Ni
liquidus is at 782 °C), the X-ray attenuation length for the Al, Ni, Al-15%
Ni melt and Al3Ni phase respectively, as well as the typical as-cast
microstructures.

2.1.2. Experimental apparatus and magnetic pulses

Fig. 1 shows the purposely-built PMF solidification apparatus. It
consists of (1) two in-house built small electrical resistance furnaces, one
stacked on top of the other, (2) a Cu coil wound concentrically outside
the two furnaces, and (3) a programmable electrical current pulse
generator connected to the Cu coil to produce pulse magnetic fields
inside the alloy samples.

Application of the magnetic pulses were synchronized with the X-ray
imaging. In this work, we used the peak value of the pulse to represent
the magnetic flux density. The pulses were measured in real-time by (1)
a 100 MHz bandwidth digital oscilloscope (TENMA, 72-8240) and (2) an
axial probe positioned at the centre of the coils (without furnace and
samples) and linked with (3) a gauss meter (HIRST Magnetics GMO08,
UK).

2.1.3. Temperature control during solidification

Fig. 2a shows the measured temperature profiles of the experiments
in a series of heating-cooling cycles. The Al-15%Ni alloy samples were
heated up above their liquidus temperature (Trjq= 782 °C) and then
cooled down near to the eutectic temperature (Tgytectic=639.9 °C) and
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Fig. 1. A CAD rendering of the PMF solidification apparatus and the set up at the I13-2 branchline of DLS. The inset depicts the pulses of magnetic flux densities with
their peak in the range of 0.85 - 1.5T (controlled by varying the input voltages [13,52]). The pulse duration is ~0.5 ms and frequency is 1 Hz.
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Fig. 2. (a) The measured temperature profiles of the two furnaces at TC1 and TC2; and those close to the alloy sample at TC3 and TC4 in a number of repeated
heating-cooling cycles during the operando experiments. (b) The temperature recorded by TC4 in one cycle (the dotted line framed region in a), showing when and
how long the PMF was applied, and the start and duration of the radiography and tomography acquisitions.

held there for the Al3Ni intermetallic phases to grow. We used the built-
in program (PLATINUM, Omega, UK) designed for the thermal
controller to realise multi-step ramping up/down and soak operations to
control precisely the temperatures of the furnaces and the alloy melt
during the heating and cooling cycles. The top and bottom furnaces were
initially heated to ~835 and ~925 °C to melt the alloy and then held for
60 min to homogenise the temperature of the melt (Fig. 2a). Next, the
temperature of the upper furnace was maintained at ~835 °C, the
temperature of the bottom furnace was ramped down from 925 to 580
°C in 15 min (an average cooling rate of ~0.35 °C/s) using the control
program.

The temperature at TC4 is shown in Fig. 2b, indicating the start of
PMF and radiography and tomography acquisitions. Radiographic im-
ages were taken continuously until the measured temperatures of the
locations (TC 3 and TC 4) reached at 725 and 640 °C (in the semi-solid
region) respectively. The TC4 temperature during tomography scan was
controlled at ~640 °C, slightly above the eutectic temperature (Tey)-
Hence no eutectic phases were formed during the tomography scans.

The time needed to switch from radiography to tomography was ~60 s.
Then, the temperatures of both furnaces were maintained and tomo-
graphic images were taken until next cycling. The average cooling rates
were 0.35 °C/s (measured at the location TC4). Such heating/cooling
operations were repeated for several cycles to ensure different samples
were subject to identical thermal conditions. The temperature gradient
in the sample was ~2.5 °C /mm (see Section 4.2 of the Supplementary
Materials).

2.1.4. Synchrotron X-ray parameters and image processing

The experiments were carried out at the I13-2 of DLS. A poly-
chromatic X-ray beam was used to illuminate the samples. It was
generated by an undulator of 5 mm gap and was reflected from the
platinum stripe of a grazing-incidence focusing mirror and high-pass
filtered with 1.3 mm pyrolytic graphite, 3.2 mm aluminium and 20
um steel. Images were recorded by a CMOS (2560 x 2160 pixels) pcoedge
5.5 camera (PCO AG, Germany) which was coupled to a 500 pm-thick
CdWO4 scintillator and an optical microscope. 4 x objective lens was
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used, achieving 0.81 um/pixel effective spatial resolution in a field of
view (FoV) of 2.1x1.8 mm. 0.1 s exposure time was used to achieve a
sufficient signal-noise ratio. In the tomography experiments, a total of
2001 equally-spaced projection images were acquired over 180 degrees
continuous rotation for each sample. The radiographic images, darkfield
and flat field images were normalized using Fiji. Tomographic recon-
struction was performed at DLS using the in-house software SAVU [54,
55]. The 3D median filter with 1-pixel radius was used to reduce the
noise of those images before segmentation.

For the radiographic images, we used the Trainable Weka Segmen-
tation plugin [56,57] in Fiji to distinguish the Al3Ni phases from the melt
based on the grayscale criterion set for the AlsNi phases. The plugin
combines numerous machine learning algorithms for defining and then
selecting a set of specific image features in order to enable pixel-based
segmentations. To ensure accurate detection and identification of the
features, a classifier that meets the criterion has to be obtained through
multiple training sessions. After segmentation, we employed the
Analyze Particles built-in plugins to measure the area and length of each
Al3Ni phases [57]. For tomography data, we used Avizo software for
visualization and quantitative analysis. We applied the watershed seg-
mentation algorithm [58] to segment and identify the Al3Ni phases. The
number of the Al3Ni phases and the volume of each phase were deter-
mined using a labelling algorithm and line probe within the Avizo

Time

(c1) To +0s

(c2) 6s
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module called Label Analysis. In addition, we also used the skeletoni-
zation function and the separate objects algorithm in Avizo to calculate
the length, surface area, volume and phase orientation (from 0 to 90°) of
each Al3Ni phase.

3. Results
3.1. Al3Ni phase growth and branching dynamics

Fig. 3 and Video 1 show the growth dynamics of the primary Al3Ni
phases under magnetic flux densities of 0, 0.85 and 1.5 T respectively. In
the O T case, Fig. 3al shows that a few Al3Ni phases first appeared in the
FoV. 1 large phase seemed to fall into the FoV from above, floating freely
in the liquid, rotating ~60° clockwise in 0.3 s and then reaching the
location shown in Fig. 3a2. Clearly it was driven by the density differ-
ence between the AlsNi phase (3.817g/cm3) and the liquid melt (3.014
g/cm®). Fig. 3a3 shows many randomly orientated AlsNi phases
appeared in the FoV after 16 s, and they continued to grow and coarsen
(Fig.3a4). In the 0.85 T case, the Al3Ni phases appeared firstly at bottom
of the FoV (Fig. 3bl). Majority of the subsequently nucleated AlsNi
phases grew along the directions pointed out by the black arrow in
Fig. 3b2. At later stage of growth (Fig. 3b4), some phases seemed to cross
over others and frequent phase branching occurred. In the 1.5 T case, the

Fig. 3. Three rows of synchrotron X-ray radiographs, showing the growth dynamics of primary Al3Ni phases (the black phases) in the Al-15 %Ni melt (the grey
matrix) during solidification with peak PMF flux density of (a) 0 T, (b) 0.85 T, and (c) 1.5 T, respectively. The cooling rate is V = 0.35 °C/s. The 500 um scale bar is
for all images. Video 1 shows more vivdly the growth dynamics of the Al3Ni phases in the three cases.
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first few AlgNi were seen on the right-hand side (Fig. 3c1), growing
vertically and aligned in parallel with the magnetic flux direction (see
the arrow in Fig. 3c2). Subsequently, more Al3Ni phases continued to
grow from the right to the left in the FoV (Fig. 3c2-4) and maintained
their vertical growth direction. Also, in the left upper part, the growth
direction of a few Al3Ni phases seemed to not change much (see Fig. 3¢c3-
c4), i.e., the applied pulse had little effect on their orientation. This was
because in the late stage of solidification, the solid volume fraction was
much higher and there was not enough free space in the remaining
liquid for the phases to move or realign.

Fig. 4 and Video 2 show the Al3Ni phase branching dynamics in the
case of 0.85T case. The Al3Ni phases grew into the red rectangular area
in Fig. 3b1 were enlarged and shown in Fig. 4a. First, the primary trunk
grew into the FoV (Fig. 4al). In next few seconds, side branches
appeared and grew laterally (Fig. 4a2). Finally, a few tertiary branches
parallel to the primary trunk appeared and gradually occupied the
whole FoV (Fig. 4a3 & a4). From Video 2, we extracted one typical Al3Ni
phase to show the instance when the side branches and tertiary branches
started. The processed and rendered Al3Ni phase are shown in the top
part of Fig. 4c. The morphology of the primary trunk and its spatial
correlation with the side branches and tertiary branches are clearly
illustrated. The tip growth velocities of the primary trunk, side and
tertiary branches were measured from the X-ray images and shown in
Fig. 4b and c. In the O T case, there were no side and tertiary branching,
and the average growth velocity of the primary trunk was 50425 pym/s.
In the 0.85 T case, the primary trunk and the side branches started to
grow along the preferred direction with the growth velocity in the range
of 160+80 um/s. In the 1.5 T case, majority of the AlsNi phases grew
along the magnetic flux direction with the growth velocity of ~425 pm/s
(Fig. 4b).

3.2. Al3Ni phase fragmentation

Fig. 5 and Video 3 show the Al3Ni phase fragmentation behaviours in
the case of 0.85T. The Al3Ni phases fragmentation events at the yellow
rectangular area in Fig. 3b2 were enlarged and shown in Fig. 5a. Two
typical regions in Fig.5a were zoomed in again (Fig. 5b and c¢) to illus-
trate more clearly the downwards movement of two phase fragments
(marked in red) occurred in the inter-dendritic region between the
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larger phases (in ms time scale). In Fig. 5d, the total number of the de-
tached Al3Ni phases in the whole FOV was counted and plotted against
time. Additionally, Fig. 5e depicts the number of the detached Al3Ni
phases in the two rectangular regions (b & c) of Fig. 5a. Clearly, most
phase fragmentation and detachment occurred in the first 5-6 s. Video 3
demonstrates more clearly the falling movement of the broken off
fragments.

3.3. Al3Ni phase 3D morphology and orientation

Although the time-resolved radiography images provided rich dy-
namic information about the growth of the Al3Ni phases, the over-
lapping nature of the 2D projections (Fig. 3) makes it very difficult to
differentiate each individual phase. Hence, tomography data were ac-
quired when the melt temperature was maintained at ~640 °C (i.e.,
above the eutectic temperature) for each case after radiography acqui-
sition. Fig. 6 shows the segmented and rendered Al3Ni phases in 3D (the
remaining liquid melt were removed).

A few typical phases were extracted from the whole tomography data
and shown on the right for each case. In the 0 T case, the Al3Ni phases
have random orientation with long and blocky morphology (Fig. 6b &
d). In the 0.85 T case, phases with more side branches started to form
(Fig. 6f & h). At 1.5 T, majority of the Al3Ni phases grew into dendritic
morphology with well-developed secondary and tertiary branches (see
Fig. 6j & 1). From the tomography data, we also extracted the orientation
(from 0 to 90°) and length distribution information of the Al3Ni phases.
As shown in Fig. 6m for the O T case, >55 % of the phases were <1 mm
and the maximum length was ~1.9 mm. However, in the two PMF cases,
in the similar solidification time, the phases were approximately twice
longer than those in the 0 T case. The longest phases were ~2.7 mm
which were the curved Al3Ni phases resolved in the tomography. Fig. 6n
shows the phase orientation distributions. The phase orientation angle is
the angle between the central line of a phase in the length direction and
the horizontal X-axis. In the O T case, the phases are randomly orien-
tated. While, at 1.5 T case, approximately 60 % AlsNi phases were
aligned over 70 ° and 75 % are over 50°. Obviously, the peaks shift from
an angle of 35 to 70° when the magnetic flux density increased from 0 to
1.5 T, indicating that the PMF plays a crucial role in rotating and
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Fig. 4. (a) The Al3Ni phases branching dynamics (images taken from the red rectangle area in Fig. 3b1); (b) the tip growth velocities of the primary trunks in the case
of 0, 0.85 and 1.5 T respectively; (c) the tip growth velocity of the primary trunk, side branches and tertiary branches in the 0.85 T case. The rendered Al3Ni phases
shown in the top half of (c) are the phases marked by No.1~3 in (a). The dotted vertical grey line in the lower half of (c) marks the transition between different
growth modes: (i) the free growth on the left-hand side where the Al3Ni phases grew freely in the melt; (ii) the restricted growth on the right-hand side because the
Al3Ni phases’ growth were affected by the nearby phases or the quartz tube wall. Video 2 illustrates more clearly the branching dynamics of the Al3Ni phases.
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Fig. 5. (a) A typical X-ray image, showing the Al3Ni fragmentation events under 0.85 T, (b) and (c) the red and yellow rectangular areas in (a) are extracted and
enlarged, showing smaller Al3Ni fragments broken away from the larger growing Al3Ni phases. (d) and (e) show the number of detached phases over time in the
whole FOV in (a) and in the two rectangular regions (b & c) in (a), respectively. See Video 3 for the falling down movement of the broken off Al3Ni fragments.
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viewing from different angles, espically the dendritic Al3Ni phases in the 1.5 T case.
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reorienting the Al3Ni phases (towards to the flux direction).
3.4. Multiphysics modelling

To understand more quantitatively the effects of PMF on the growing
phases in the solidifying melt cross multi-time scales, we developed a
Multiphysics model using the same geometry domain as the experiment.
Fig. 7a shows the computational domain, the mesh structure and
boundary conditions. A real Al3Ni phase extracted from the tomography
datasets (i.e., the Al3Ni marked by 2 in Fig. 61) was used in the simu-
lation as shown in Fig. 7b. The multiphysics account for in the model are
(1) non-linear heat transfer with calculation of the latent heat release in
solidification, (2) natural convection driven by gravity and forced con-
vection (fluid flow) induced by PMF, (3) electric current pulse induced
magnetic pulse, (4) induced Lorentz forces and stresses by the PMF. The
governing equations, numerical methods and thermophysical properties
used in the simulation are described in Section 2 of the Supplementary
Materials.

3.4.1. Magnetic field and model validation

To validate the numerical model, the results from the modelling and
experiments were compared at the same conditions. The calculated and
measured magnetic pulse profiles in Fig. 7d & e matched very well. For

Far field boundary

a
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instance, when the applied voltage was 180V, the peak magnetic in-
tensity at the centre of the trapezoidal sample is calculated as ~1.5T. We
also tracked the magnetic field profile over time along linel & 2 in
Fig. 7c. When the pulse was just triggered, the magnetic field intensity in
the middle of the sample is weaker than on either side, but it reached its
maximum in 0.25 ms. We then focused on studying the Lorentz forces
and the resulting stresses produced by the PMF on the Al3Ni phases and
the nearby melt.

3.4.2. The Lorentz forces and stresses

Fig. 8a-c show the vectors of the Lorentz forces per square meter
induced by PMF in the Al3Ni phases at 0.1, 0.2 and 0.4 ms in a single
pulse period. The Lorentz force on the tip of the side branch was 6.2x103
(N/m?), much higher than the force at the primary trunks. We selected 5
typical locations (P1~P5) on the Al3Ni phase in Fig. 8d, representing the
typical geometrical characteristics of the Al3Ni phase. Fig. 8e-g show the
radial Lorentz forces acting on the solid Al3Ni phases and the nearby
melt. In one pulse period of ~0.5 ms, The Lorentz forces at all locations
exhibited like a sine wave, starting with negative (compressive forces),
then changing to positive (tensile forces), and finally damping out at
~0.52 ms. Such force direction change was due to the direction change
of the induced current in the solid phase produced by the applied PMF.
In one pulse period, the 1% half period is a rapid ramping up of the flux,
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and then in the 2nd half period, a rapid ramping down of the flux. Ac-
cording to Maxwell’s equations, the induced current change direction
from the 1st half to the 2nd half period, resulting in the change direction
of the Lorentz forces [59]. Moreover, the duration of the compressive
force is longer than that of the tensile force. The solid Al3Ni phases are
subject to larger Lorentz force compared to the nearby liquid phase.

The force difference between the side branch and the nearby fluid is
much larger than that of the primary trunk and the nearby fluid. This is
because the secondary branches grew laterally and close to the magnetic
coil, resulting in a stronger Lorentz force received. More importantly,
the periodical change of force direction imposed fatigue effect on the
solid phase at the solidification front which is the key driving force for
the side branching as discussed later.

Fig. 9a~c show the time-evolved stress contour on the Al3Ni phase in
one pulse period. The surface of the primary trunk and side branches
near the magnetic coil were subject to higher stresses due to the skin
effect of the PMF (Fig. 9d). Similarly, the necks of the side branches were
also subject to bending stress as shown in Fig. 9e. To understand

quantitatively the fatigue effect on AlgNi phase due to the impulsive
stresses, we plotted the fatigue stress — life relationship (the S -N curve)
for the Al3Ni phase using the equations below:

N=CS" (€D)]

IgN = IgC — ylgS ()

Where S is the fatigue stress, N is the number of cycles to failure, C
and y are the material constants. We used the very rich fatigue datasets
obtained from the Aligned Al-Al3Ni Eutectic Alloy to establish the S — N
relationship [60]. According to Egs. (1) and (2), the values of IgC and y
were obtained by a bilinear fitting of IgS and IgN (see Supplementary
Materials). Fig. 9f shows the referenced data and the fitted S — N curves
in different temperatures, expressed in the number of pulse cycles.
Fig. 9g shows clearly that the neck of the side branch experienced a
stress of 200 MPa. Hence it fractured in a single pulse period. While for
the region subject to 120 MPa, 30 pulses were needed to fracture that
region as pointed by the arrow in Fig. 9g.



L. Qin et al.

To+0.1ms

Acta Materialia 265 (2024) 119593

x10°
20

MPa

18

16

14

1.2

1.0

0.8

0.6

04

0.2

0.0
>

f 400

350
300
250
200
150
100

Cyclic stress, MPa

0
10° 10" 10> 10® 10* 10° 10®° 10" 10%® 10°
Cycles to failure

— 639°C

o 200 F (200,1)
o
=
@ 150 |
el
7 (140,10)
S 100f-
3 (100,100)

50 F

0

10° 10' 102 10°

Cycles to failure

Fig. 9. (a)-(c) The time-evolved stress contour on the Al3Ni phase produced by the PMF with peak flux density of 1.5 T. Highlighting the stress distribution in the
edge and neck regions of the side branches shown in (d) and (e), respectively. (f) the S-N curves of the Al3Ni dendrite at 20 °C, 470 °C and 639 °C, the inserted data at
20 °C, 470 °C were referenced from [60] and the data at 639 °C were from the Supplementary Materials. (g) the S-N curves of the Al3Ni dendrite at 639 °C in the

range of 1-1000 cycles.

3.4.3. PMF induced forced convection surround the AlsNi phases

In addition to the Lorentz forces (stresses), the PMF also produced
forced convection in the melt as shown by the velocity contour maps in
Fig. 10d, e and f for the three cases (i.e., 0 T, 0.85T and 1.5T). Three
typical points (P6, P7 and P8 in Fig. 10a, b and c respectively) were
chosen to illustrate the typical locations at the front of the liquid-solid

interface for the primary trunk (Note the solute boundary layer in
each case is highlighted with reddish colour, but this is just for visual-
ization purpose, it is not the actual solute boundary layer). At P6 (i.e.,
0 T), the flow velocity was 0.4~0.5 mm/s. However, at P7 (i.e., 0.85 T)
when the pulse arrived, the flow velocity rapidly ramped up and reached
a peak value of 2.3~2.7 mm/s and then it ramped down with the similar
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rate. At P8 (i.e., 1.5 T), the peak velocity reached 4.5~5.4 mm/s 4. Discussion

(Fig. 10g). Due to the inherent inertia and viscous dissipation effect of

the melts. The velocity exhibited the similar pulse profile as the mag- 4.1. Phase growth dynamics under PMF
netic pulse, but with much longer duration, typically in ~0.5 s,

approximately 1000 times longer than the duration of the magnetic A few studies including experiments have been conducted to inves-
pulse (i.e., 0.5 ms). Also, the velocity profiles followed the same fre- tigate the intermetallic growth dynamics [46,47,61]. Here, the system-
quency as the input magnetic pulses, i.e., at 1 Hz. atically acquired radiography and tomography data allow us to track
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precisely the time-evolved intermetallic growth, branching and frag-
mentation dynamics. Firstly, the Al3Ni tip growth velocities were sub-
stantially increased by the PMF. At 0.85 T, the growth velocity was in
the range of 80 ~ 240 ym/s and the average velocity was much higher
than the case of 0 T (<100 um/s). At 1.5 T, the peak growth velocity
reached ~425 um/s (see Fig. 4b).

Al3Ni is solute-rich phase with solute distribution coefficient, k > 1.
Any Al3Ni crystal growth is accompanied by solute redistribution within
the melt, resulting in solute deficiency ahead of the solid-liquid interface
that may slow down any further growth. The melt velocities in Fig. 10 d,
e. f and g indicate that, at the tip of the Al3Ni phase, the flow velocities
were 0.4~1.2 mm/s for 0 T, 1.8~2.4 mm/s for 0.85 T, and 3.5~4.9
mm/s for 1.5T, respectively. Hence the enhanced melt velocity is 4-8
times higher compared the 1.5 T with the 0 T case. Although the ve-
locity exhibited the similar pulse profile as the magnetic pulse, it lasted
much longer (~0.5 s, ~1000 times longer than the duration of the
magnetic pulse). Undoubtedly, such enhanced forced convection is able
to accelerate the mass transport near the tip of the Al3Ni phase, bringing
in more solute atoms to the interface front and therefore increase the
growth rate of the Al3gNi phases. Fig. 4b and ¢ show that the measured tip
growth velocities oscillated to a certain degree. This again can be linked
to the pulsed melt velocity profile shown in Fig. 10g, which is active for
only 0.5 ms in one magnetic pulse cycle (1 s), causing oscillated growth
profiles.

4.2. New mechanism of phase branching under PMF

Secondly, most previous studies found that the instability induced by
external fields plays a key role in phase branching. For example, Li et al.
[62] proposed that the instability of cells and dendrites in a high mag-
netic field was attributed to the thermoelectric magnetic force (TEMF) in
the solid dendrite and cell. In our work, the 2D radiographs clearly show
the morphology changes of the Al3Ni phases from the facet growth to
dendritic growth as the pulse flux increased (see Fig. 3). Furthermore,
Fig. 6 illustrates clearly the 3D morphology of the secondary and tertiary

a
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branches. For the Al3Ni phases (crystals), the [001] and [010] crystal
directions are the easy magnetic axis and the loose-packed crystal
planes. The (011) and (011) planes are closely packed crystal planes.
According to the classical crystal growth theory, the ability of liquid
atoms attachment onto a solid surface varies with the atomic density and
crystalline interplanar spacing. It is easier for liquid atoms to adhere
onto the loosely packed crystal planes than onto the close-packed crystal
planes. Hence, under an identical condition during phase growth, the
[001] direction is the preferred growth direction for the AlsNi phases
[38]. Fig. 8e shows that the peak Lorentz force at the tip of the AlgNi
phase is approximately 3.5 times higher than that at the adjacent melt,
producing a shear force acting on the growing crystal front. Fig. 11a
illustrates schematically a mechanism of how such shear force can cause
asslip dislocation in the growing crystal front. Under the repeated actions
of the applied pulses, such slip dislocation may develop further into nm
and then pm scale crystal steps. Many evidences were found in the 2D
radiography and 3D tomography for such um scale steps. One typical
example is highlighted in Fig.11b.

In previous studies, Lan et al. [63,64] demonstrated that an external
flow field can promote phase side branching using adaptive phase
simulation, but its flow velocity is approximately Centimeters per Sec-
ond level, which is much larger than the forced convection caused by
PMF. Fig. 11c & d show the Al3Ni phases branching dynamics in the 0.85
T case and the final 3D morphology. The primary trunk of the AlgNi
intermetallic phase was observed to initially grow in a direction offset by
45° from the vertical axis. Subsequently, under the PMF, secondary side
branches appeared in the horizontal direction. This confirms our argu-
ment that the initiation of side branches started with the creation of the
slip dislocation.

4.3. New mechanism of phase fragmentation under PMF
Several studies have been conducted to investigate the grain

refinement mechanisms in the presence of PMF [28,35,65-67]. The
widely accepted theory is that PMF causes more nucleation in the early

® .
Magnetic pulse

©
Magnetic pulse
|—

Slip planes
= L
k ~ ®

Growth direction

3D Al;Ni morphology

Fig. 11. (a) Schematic illustration, showing the creation of slip-dislocation in growing Al3Ni crystals under the PMF. (b) A typical Al3Ni phase with numerous micro-
steps extracted from the tomography data. (c) The Al3Ni phases branches growing out of from these micro-steps in the case of 0.85 T. (The extracted images were
from Video 1 and Video 2). (d) The final 3D morphology of the Al3Ni phases showed in (c).
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stages of solidification [67]. Previous experiment and simulation result
suggested that the applied pulses could detach many grains from the
mold wall, propelling them towards the center of the melt and resulting
in more nucleation [35]. Moreover, based on classical nucleation theory,
Zhao and Liu et al. [36] indicated that the magnetic field could provide
an additional driving force to the formation of grain nuclei. Therefore,
the nucleation rate increases under PMF. Our in-situ observation clearly
showed that the Al3Ni phase fragmentation events occurred in the entire
FOV as shown in Video 3. In contrast, no visible fragmentation events
were observed in the case of no magnetic field (see Fig. 3a). Our simu-
lation also quantified the forces acting on the different points of the solid
phases, those on the nearby locations inside the melt, and the difference
between them. In Fig. 9d & e, the stresses acting on the Al3Ni phase were
as high as ~200 and 120 MPa at the side branch necks and near the
trunk surface, respectively, which are much higher than the stresses
experienced elsewhere (~40 MPa). Furthermore, Fig. 9g also clearly
illustrates that, at a given stress level, phase fragmentation occurred
when the number of pulse cycles exceed its fatigue life. For example, for
the region that experienced a stress of 200 MPa (at side branch necks). It
fractured in one pulse. While for the region with ~120 MPa (at trunk
surface), it broken off (fragmentation) after 30 pulses.

Fig. 3a and Videol show very clearly that, without PMF, the solidi-
fied bulky Al3Ni phase rotated and sank downwards under gravity (due
to the density difference between the solid phase and the melt). How-
ever, no fragmentation or remelting events were observed. We have
done three samples without the application of PMF (i.e., under the effect
of gravity only). In all three cases, we did not observe any fragmentation
events in the radiography videos. Hence gravity is not a major factor in
fragmentation.

For the forced convection, simulation results show that the flow
velocity induced by the PMF around the Al3Ni phase ranges from
1.5~5.2 mm/s for 1.5T as shown in Fig. 10f & g. Hence, the bending
stresses acting on the surface of the Al3Ni phase induced by the forced
convection is extremely low. By comparison, Fig. 8 shows the Lorentz
force (up to 4.8x10° N/m?) acting on the solid phase is three times
higher than that on the surrounding liquid phase (1.5x10% N/m?). More
importantly, the stresses acting on the trunk surface and side branch
necks of the Al3Ni phases are much higher than elsewhere (see Fig. 9d &
e). The higher stressed regions correspond to the locations where phase
fragmentation occurred in the X-ray images. All experimental and
simulation evidence indicated that the PMF induced stresses are the
dominant mechanisms for intermetallic phase fragmentation to occur
instantaneously or via a fatigue mechanism. While the induced forced
convections are very weak and not able to cause any phase
fragmentation.

After a certain amount of AlgNi phases were formed in the Al-15 %Ni
melt, the Ni concentration in the remaining Al-Ni melt is less than the 25
% atomic percentage needed for the Al3Ni phases (See Fig. S1 a). In this
case, there is no constitutional undercooling at the front of the AlsNi
solid-liquid interface [68,69]. Therefore, any constitutional under-
cooling induced phase remelting phenomenon does not exist in the
Al-15%Ni alloy. Hence for phase fragmentation, the pulse stresses
induced fragmentation is the dominant cause.

5. Conclusion

We used synchrotron X-ray radiography and tomography to study, in
operando conditions, the growth dynamics of the primary Al3Ni inter-
metallic phases in an Al-15%Ni alloy under pulse electromagnetic fields.
A multiphysics modelling was also developed to calculate the differen-
tial forces/stresses acting on the AlsNi phases, the melt and the forced
convections inside the melt. The systematic operando experiments and
modelling work allow us to establish a robust theoretical framework for
quantitative understanding of the intermetallic phase growth dynamics
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in solidification under pulse magnetic fields. The important new findings
of this research are:

1. The magnetic pulses can produce significant differential forces or
stresses acting on the Al3Ni phases and the nearby melt, producing
slip dislocations at the growing crystal boundaries and this is the
primary driving force for the phase branching to occur.

2. The growing velocity of the AlsNi phases and their orientations are
greatly affected by the increase of peak magnetic flux density. This is
due to the enhanced forced convection induced by the magnetic
pulses at the front of the liquid-solid interface, resulted in a much
increased growth rate with the increase of magnetic flux density,
forcing the AlgNi phases to grow into full dendritic structures at the
peak flux of 1.5 T.

3. The magnetic pulse induced stresses behave alternatively (from
compressive to tensile) and impose on the growing Al3Ni cyclically
according to the applied pulse frequency. Dependent on the
morphology and geometrical characteristics of the growing phases,
shear stresses of up to 200 MPa can be produced at the narrow neck
regions, sufficiently enough to cause fragmentation of the AlgNi
phases in a single pulse period. In other lower stress regions, phase
fragmentation could occur via fatigue mechanism after a certain
number of pulse periods.
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