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Imaging of dynamic processes in materials with a laser-wakefield accelerator
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Betatron x rays generated from laser-wakefield accelerators are a promising source for imaging dynamic
processes in materials. Here, we present proof-of-concept imaging of microstructural evolution in a hyper-
monotectic Al-Bi alloy, which consists of liquid Bi particles in a solid Al matrix. The images capture the
elongation and fragmentation of Bi particles upon isothermal annealing. Because of the femtosecond time
scale of the betatron source, the images are not subject to motion blur, whereas the accessibility of the
source allows for studies of long-term processes such as annealing. The high-resolution data reveal that
the evolution of Bi particles is mediated by an interplay of grain-boundary wetting and morphological

instability, in stark contrast to an earlier proposal for (inverse) coarsening.

DOI: 10.1103/jzzn-bsy8

Understanding the evolution of microstructure in mate-
rial processes is key to controlling it. To this end, x-ray
imaging offers unique opportunities in nondestructive
materials diagnostics during processing and service. X
rays can penetrate deeply into materials and provide rich
information from different interactions with matter, e.g.,
absorption [1,2], scattering [3,4], diffraction [5,6], and
refraction [7,8]. With the aid of x-ray imaging techniques,
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we can measure unambiguously time-dependent proper-
ties and kinetics via in situ experiments. Recent examples
include the migration of grain boundaries (GBs) with
respect to GB curvature [9,10], the formation of porosity
during laser-aided additive manufacturing [2,11], and the
emergence of bulk grains during recrystallization [12].
Here, we look to take this concept further by using a
new and accessible x-ray source to investigate the stability
of a semisolid alloy during annealing. X-ray imaging can
be implemented with different sources [13—17]. To date,
real-time studies of microstructure evolution have relied
on conventional synchrotron sources that provide a high
photon flux. However, because of the limited accessibil-
ity of such facilities, there is strong motivation to translate
the capabilities of conventional synchrotrons to compact
x-ray sources. For example, a resolution of ~ 10 um
with an exposure time of ~ 1 s for the acquisition of

Published by the American Physical Society
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a single absorption-contrast image can be accomplished
using a liquid-metal-jet x-ray source [17]. Advancements
in conventional tungsten-anode targets enable submicrom-
eter resolution with a similar exposure time on the order
of 1-10 s for single-image acquisition [18,19]. However,
these sources suffer from a compromised spatial reso-
lution and signal-to-noise ratio when the exposure time
is reduced [20,21]. Thus, challenges remain in attain-
ing capabilities comparable to those of conventional syn-
chrotron sources.

The laser-wakefield accelerator (LWFA) has been inten-
sively investigated to produce giga-electron-volt-range
electron beams in centimeter-scale gas plasmas using
commercially available ~ 100 TW lasers. The ultrashort
laser pulse (tens of femtoseconds) used for the LWFA is
focused, typically, to a spot size of a few tens of microme-
ters and drives a plasma wave with a phase velocity close
to the speed of light. The strong electromagnetic fields gen-
erated by the plasma wave allow for the acceleration of
electrons to relativistic energies. During the acceleration
process, electrons oscillate in the strong focusing fields of
the wakefield, resulting in the emission of betatron x rays
in the energy range of 1-100 keV, with a pulse duration
on the order of ten femtoseconds. LWFA betatron sources
have demonstrated micrometer-scale source size [22,23],
allowing phase-contrast-enhanced x radiography [24] of
objects with micrometer-scale features. Experiments have
also shown enhanced x-ray yield by using tailored plasma
density profiles [25,26] and higher laser energies [27,28]
(~ 10 J), obtaining up to ~ 10'° photons per pulse (for
photon energies > 5 keV). Thus, LWFA betatron sources
can provide average spectral brightness comparable to
those of micro-computed tomography machines and peak
spectral brightness comparable to third-generation light
sources (~ 102 photons s~! mm~2 mrad™> per 0.1%
bandwidth), such that this source holds great promise
for imaging applications, including materials diagnostics
[29,30].

In this work, we make use of the advantages of LWFA
betatron X rays to probe the dynamic behavior of materi-
als during the process of annealing. We focus on imaging
the evolution of microstructure in a hypermonotectic Al-Bi
alloy, which consists of immiscible and soft Bi particles in
a harder Al matrix. This material is of particular interest
because it is a promising candidate for automotive bearing
applications [31-33]. It is also an appropriate choice for x-
ray projection microscopy (x radiography) because of the
large difference in attenuation between Al and Bi.

In general, a homogeneous dispersion of solid Bi parti-
cles will flow easily under sliding environments, resulting
in a favorable tribological performance [34]. Unfortu-
nately, due to the large density difference between Al and
B4, it is notoriously difficult to produce a uniform distribu-
tion of particles in conventional casting [35]. This is due
to severe sedimentation and segregation of the heavier Bi

phase during solidification. To attain a redistribution of Bi
particles, researchers have proposed a thermomechanical
processing route for the solidified material [36]. During
plastic deformation, the particles can redistribute through
elongation and further fragmentation [36,37], although the
exact mechanism remains an open question. One hypoth-
esis is that small, misfitting particles may grow at the
expense of large ones through inverse coarsening [38] pro-
vided that the increase in surface area (and hence surface
free energy) is compensated for by the decrease in total
elastic energy.

Here, we show that the process is instead mediated
by grain-boundary wetting (GBW) followed by Rayleigh
instability, leading to the breakdown of large particles into
small particles. It should be emphasized that we investigate
the microstructural dynamics above the melting tempera-
ture of the Bi phase (271.4 °C), in order to isolate the effect
of stored elastic energy. Our efforts were made possible
by new developments in real-time imaging with LWFA.
Because of the femtosecond time scale of the betatron
source, the single-shot images are not marred by motion
blur [15]. This enables us to identify micrometer-scale par-
ticles and track their morphological evolution with high
precision.

The experiment was carried out using the Gemini TA2
Ti:sapphire laser system at the Central Laser Facility at
Rutherford Appleton Laboratory (RAL), using the same
LWFA setup as reported in Shalloo et al. [39]. An illus-
tration of the experimental layout for x radiography is
given in Fig. 1. The 5-Hz laser pulses each contained
225 mJ in a pulse length of 45 fs and were focused
with an f'/18 off-axis parabolic mirror to 1/e? spot radius
of 16 wm, giving an in-vacuum peak normalized vector
potential ay = 0.55. The gas cell was filled with a mix-
ture of 5% nitrogen in helium, which was ionized by the
driving laser pulse to a plasma electron number density of

1300 mpm !
50 asma
‘% accelerator
/1 —
Al-Bi | 5 Hz
X-ray CCD sample Tape Drive
reflection Laser
FIG. 1. An illustration of the experimental setup for x radio-

graphy using a laser-wakefield accelerator. The laser focus was
aligned to the entrance of a 4-mm-long gas cell to drive the laser-
wakefield accelerator. At the exit of the LWFA, a refreshable
25.4-pm-thick polyimide tape was used to divert the residual
laser pulse, while the x rays passed through the Al-Bi sample and
were detected by an x-ray CCD. The accelerated electron beams
were deflected away from the x-ray CCD by a magnetic dipole
placed 570 mm behind the gas cell.
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(1.8 4£0.3) x 10" cm™3. Upon exiting the plasma accel-
erator, the residual laser is deflected away by a polyimide
tape, while the betatron x rays pass through the sample
onto the direct-detection x-ray CCD (Andor iKon-M 934
BR-DD), which was mounted onto the vacuum chamber.

An optical filter made up of a 200-nm Al coating on
a 12.8-um Mylar film was placed in front of the x-ray
CCD to shield the diagnostic from optical background
light and plasma emission. The x-ray beam was spectrally
characterized (without the sample in place) by measur-
ing the relative transmission through a multielement filter
array and fitting a synchrotronlike spectrum, of the form
d’1/dEdQ o< EK3 5(E), where E = E/2E, is the photon
energy normalized to the critical energy E., and K is the
modified Bessel function of the second kind. The camera
counts were then converted to photon flux by account-
ing for the energy-dependent detector efficiency and the
transmission of the light shielding (12.8-pwm-thick Mylar
and 600-nm-thick aluminum). A representative image and
retrieved spectrum from the x-ray spectrum characteri-
zation is shown in Appendix A. For the series of shots
reported in this paper, the critical frequency of the retrieved
spectrum was (2.8 £0.7) keV, with a median (1.5 =+
0.3) x 10* photons mrad—2 above 1 keV.

For the experiment, we investigated an extruded Al-Bi
alloy (with 20 wt % Bi) sample (see Appendix B for details
on its preparation). The betatron x rays diverged from a
source at the exit of the plasma, with the source-to-sample
distance of 53 mm and source-to-detector distance of 1300
mm, resulting in a geometrical magnification of M = 24.5.
The CCD had pixels of size 13 x 13 pm?, and so the
detector limit for the image resolution was 0.53 pm. Part
of the residual LWFA electron beam also passed through
the sample, generating background via bremsstrahlung.
This background signal was uniformly distributed over the
detector and was approximately 7% of the betatron signal.
We imaged this sample in an interrupted in sifu manner
[5,16] by isothermally annealing it at 280 °C and then air
quenching it after 0, 2, 4, 6, and 12 h. As noted previously,
280 °C is above the melting point of Bi; thus, Bi particles
exist in the form of melt pools within the Al matrix phase
over the course of the anneal.

We screened the as-collected or “raw” x-radiography
images produced by each pulse of the LWFA based on
the average counts on the x-ray CCD detector. For images
above a set threshold, we conducted a series of normal-
izations, alignments, and transformations to combine them
into a single low-noise image for each time step (see
the information in Appendix C for further details). The
spatial resolution of the resulting images was character-
ized using the Fourier-based power spectral density (PSD)
[40] and found to be x5 = 27 /kes = 8.5 wm. Thus, a
few-micron-scale spatial resolution can be achieved using
LWFA betatron x rays, in agreement with a previous report
[15]. These images were recorded with an extremely short

exposure time on the order of femtoseconds [24,41], which
ensures that the images are free from motion blur, unlike
conventional synchrotron-based imaging [13,42,43]. More
specifically, during imaging at the synchrotron beamline,
the relative sample-to-detector location can fluctuate at an
amplitude of up to 0.5 wm due to vibration, leading to blur-
ring of the images over the millisecond exposure time [15].
However, single-shot LWFA is much less likely to suffer
from the same issue due to the ultrashort x-ray pulse, which
allows visibility of the smallest Bi particles (< Xy in size).

To track the same particle across time steps (pro-
vided it does not disappear completely during annealing),
we invoked the Kuhn-Munkres algorithm [44—46]. This
method solves the assignment problem by matching par-
ticles from one time step to the next by taking into consid-
eration the particle size and location. That is, features of
similar size and location identify the same particle across
time steps. Figure 2 shows radiographs of the sample at
different stages during the anneal. It can be seen that parti-
cles become thinner rather than more isotropic or circular
in shape. The elongation of the particles in the horizontal
direction of the field of view reflects the processing history,
namely, plastic deformation (see Appendix B). Appar-
ently, this morphological evolution cannot be attributed to
(inverse) coarsening: the Al-Bi interfaces with high curva-
ture do not recede over time, giving rise to a more rounded
particle morphology, as would be predicted by coarsening
theory [47]. The two largest visible particles [see the white
arrows in Fig. 2(b) and an enlarged view for one of the
particles in Fig. 2(e)] are further analyzed in Fig. 3.

As a characteristic length scale, we consider here the
minor-axis length of an ellipse, representing the shortest
diameter of the particle. Further evidence against coars-
ening theory comes from the fact that all size classes of
particles show a decrease in minor-axis length over time
according to Fig. 3(a), i.e., competitive growth does not
apply. If it did, then we should see a crossover with the
zero axis for a critical particle size [48,49].

Since Al and Bi are mutually insoluble and the mass
of Bi is conserved, we postulate that: (i) the decrease in
minor-axis length is offset by a corresponding increase in
major-axis length; and (ii) this shape change is realized
through a GBW process. If we accept (ii) for the moment,
it follows that the tip of the wetting phase is ~ 1 pm thick
based on past reports [50—52], and hence we are unable
to measure reliably the major-axis length of the particles
at the spatial resolution x,.,; of our images (i.e., the actual
major-axis length is likely greater than that perceived). It
can also be seen in Fig. 2(e) that, at the longest times (12
h), the thin Bi particles eventually break down into smaller
ones, for reasons that will be discussed later.

Of course, the essential prerequisite for GBW is that the
particles are situated on a GB rather than in the intragranu-
lar region. That is, the major axis of the ellipsoidal particles
should follow the trace of the GB. To link the features seen
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FIG. 2. Al-Bi sample imaged by x radiography using LWFA. (a){d) Registered and segmented images of the sample after (a) 0
h, (b) 2 h, (c) 6 h, and (d) 12 h of isothermal annealing at 280 °C. The yellow-colored regions represent segmented Bi particles; the
grey regions are the Al matrix. The two arrows in panel (a) point to the fiducial markers, while those in panel (b) point to the largest
particles in the field of view. (¢) An enlargement of one of these particles [boxed in panel (a)] that fragments during annealing.

in x radiography with the underlying grain structure, we
obtained crystallographic information on a sample from
the same ingot via electron backscatter diffraction (EBSD)
in a scanning electron microscope (SEM). In the resulting
image, shown in Fig. 4, all Bi particles were observed to
sit on GBs or their trijunctions, which provide capillary
channels for GBW to occur.

Based on our time-resolved data, we can test the pre-
dictions of GBW theory. Among the different mechanisms
proposed in the literature [50,53,54], it is clear that the
imbalance between the grain boundary and the surface
tensions of the solid and liquid plays a dominant role.
According to a model by Glickman and Nathan [54], this
imbalance creates a force at the root of the GB groove that
causes stress-driven self-diffusion into the GB channel. By
assuming that the GB acts as a perfect sink, and intro-
ducing a “dynamic” dihedral contact angle, they derived
a constant wetting velocity, I', which depends on the GB
diffusivity, the diffusion coefficient of one metal (here, Al)
in the other (Bi), and the surface tensions of the GB and
solid-liquid interface.

We interpret our time-resolved data in the framework
of the aforementioned model. To do so, we assume the
geometry shown in the inset in Fig. 3(b): the GB runs
through the major axis of the ellipsoidal particle, such that
wetting proceeds from both its vertices in the major-axis
direction. Note again that the liquid-phase channel width
is typically on the order of 1 pm [50-52,55], and so we are
unable to directly measure the major-axis length or its rate
of change over time (and hence the wetting velocity, I').
Instead, we examine the thinning velocity along the minor
axis, exploiting the fact that the volume of the liquid phase
is conserved during GBW.

In this case, it can be shown that the kinetics are
parabolic (see Appendix G). That is, the minor-axis length

Luinor Varies with time ¢ as
Lminor(t) = (klt + kZ)_l/z + k3: (1)

where ki, k;, and k3 are fitting parameters with physical
significance. The positive constant k; is related to the wet-
ting velocity I" from Ref. [54] as k; = 2I'(27/32), where
Q is the particle volume. Meanwhile, &, and &3 account for
the initial and final conditions and must also be positive. In
the limit of long times, the asymptote Lyjno(f — 00) = k3
reflects a Rayleigh instability [47], by which the parti-
cle will subdivide into smaller particles when the minor-
axis length, Lpyinor, falls below the critical wavelength ks.
Indeed, we observe in Fig. 2(e) the fragmentation of parti-
cles at long times. Initially, Lyinor(f = 0) = &, 1z ks <,
where the latter inequality places a constraint on the fit
of Eq. (1) to our data: the length Lo, cannot exceed the
sample thickness (/ = 40 pum).

We fit Eq. (1) to the measured data, allowing us to solve
for ki, k», and k3. We examine specifically the two largest
Bi particles [see the arrows in Fig. 2(b)] for which the
minor-axis length can be faithfully obtained. Figure 3(b)
demonstrates the goodness of fit. Of note is that data from
the 12-h mark are not included here. This is because the
liquid Bi pools started to fragment, signifying the end of
GBW. At this stage, we postulate that the length of Bi pools
exceeds the critical length for Rayleigh instability, result-
ing in fragmentation into smaller pools aligned with the
GB trace. In the idealized transition from rod-shaped par-
ticles to spherical particles, the critical wavelength [56],
A*, of the Rayleigh instability (in the kinetic limit) can be
expressed as 232 7 Liinor [47]. Employing this criterion,
we calculate the critical minor-axis length at which the par-
ticle is expected to subdivide as 23.6 pm. Comparing our
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FIG. 3. Evolution of minor-axis length L. (a) Relation

between the particle’s initial length and its change in length
upon annealing. Data reflect 12 representative Bi particles over a
period of 6 h. The error bars show the standard error of the data
clusters. The inset shows the trajectories over time of the individ-
ual particles. (b) Discretized data on the two particles of interest,
fit to a GBW model (red). The insets provide snapshots of the
idealized particle evolution together with the model parameters
(see text for details).

calculation to the fitted model [Fig. 3(b)], we find a reason-
able agreement with the fitting result of Lyine (t — 00) =
ks = 19.6 wm. The correct order of magnitude strongly
suggests the transition of the governing dynamics from
GBW to Rayleigh instability.

From the nonlinear regression, we find also k =
0.0165 pwm?/h and therefore I' = 0.0636 pm/s. We fur-
ther validate our measured I' by calculating it directly from
the theoretical model, using the thermophysical parame-
ters listed in Table I in Appendix F. It should be noted
that there exist multiple references for the GB diffusivity
as well as the activation enthalpy of lattice diffusion in
Al [57,58], leading to a range of wetting velocities. Even
so, we find good agreement between the wetting veloc-
ity calculated from tabulated parameters (I" = 0.0897 to
0.00244 pm/s) and the value obtained from our measure-
ments (I" = 0.0636 wm/s). This implies that, at the early
stages of annealing prior to morphological instability, the
evolution of liquid Bi can be ascribed to a GBW process.

FIG. 4. SEM-EBSD image that shows Bi-particle distribution
on the surface of a polished Al-Bi sample, together with the
underlying Al grain structure. The white-colored regions repre-
sent Bi particles; the colored regions represent grain orientations
with respect to the normal to the plane (see standard triangle).

Our findings propose an original mechanism for the
redistribution of large immiscible particles into smaller
ones, through an interplay of GBW and morphological
instability. Importantly, stored elastic strain is not the oper-
ant driving force. We expect that our results may pave
the way toward a simple and general method to manufac-
ture particle-containing alloys without deformation. Our
processing strategy is especially amenable to a range of
hypermonotectic alloys that contain soft particles, such as
Al-In, where In is the particle phase. In such materials,
GBW may occur even below the melting point T}, of the
particles due to impurity or curvature depressions of 7).
For example, if the Bi particle is of the size ~ 10 nm, then
Ty is ~ 1 °C less than in the bulk thermodynamic limit.

Our results also highlight the exciting opportunity for
betatron x rays from LWFA to probe the dynamic pro-
cesses of materials. They extend the potential of laser-
based sources in different materials applications that
require real-time monitoring, including, but not limited to,
metal additive manufacturing (AM) as recently explored
by Senthilkumaran et al. [30]. In recent years, AM has
drawn worldwide attention as an emerging process for
making complex three-dimensional objects. A central issue
is to understand the flow in and around the melt pool as
the powder bed is melted [1], which bears some superficial
similarity to the behavior of liquid Bi pools in our work.
Unfortunately, the design principles for AM are far from
clear, as post mortem approaches are incapable of tracking
the real-time evolution of microstructures.

The increasing accessibility of LWFA sources, com-
pared to synchrotrons, allowed our study to follow sev-
eral competing dynamic processes over more than 12 h.
Deploying an LWFA source connected to an AM sys-
tem would allow for real-time in sifu imaging during
AM builds to probe rapid solidification dynamics, melt-
pool behavior, and powder redistribution during metal AM
processes. Also, the ongoing development of >1-kHz-
repetition-rate high-power laser systems, e.g., Ref. [59],
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will enable studies of dynamic processes with < 1 ms
interframe durations. To this end, betatron x rays from
LWFA can help meet the burgeoning need for direct imag-
ing of microstructure evolution. Extending our approach
to higher-power laser systems [60] will also enable
submicron-resolution x radiography using plasma acceler-
ation, further increasing its utility in materials science.
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APPENDIX A: X-RAY SPECTRUM
CHARACTERIZATION

The x-ray source was spectrally characterized in a series
of shots with a multielement filter placed between the x-
ray source and the detector. The relative transmission of
the different elements of the filter could then be used to
fit the free parameters of a given spectral shape. A syn-
chrotronlike spectrum of the form d?//dEdQ EK22/3 (E)

was assumed, where £ = E/2E, is the photon energy nor-
malized to the critical energy E., and K is the modified
Bessel function of the second kind. An example camera
image from the spectral calibration along with retrieved
x-ray spectra are shown in Fig. 5.

APPENDIX B: PREPARATION OF MATERIALS

Ingots of Al-Bi alloy with a nominal composition con-
taining 20 wt % Bi were cast at Michigan Technological
University. The ingots were cast by melting 99.99% pure
Al and Bi in a vacuum induction melt chamber under
a controlled atmosphere. A vacuum of 10~* Torr was
achieved prior to heating. During heating, the chamber was
backfilled to 680 Torr with 5.0 ultrahigh-purity argon, and
then the alloy was melted. A permanent mold (gray iron)
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FIG. 5. (a) X-ray transmission of the filter array for a single

shot. The numeric labels in the image indicate the filter types,
which are: 1, 21.85 4+ 0.25 pm Mylar; 2, 20.15 4+ 0.45 pm Mg;
3,29.5+ 0.3 pm Al-Mg (95%-5%); 4, 33.5 £ 1.1 wm Al-Mg-
Si (98%-1%-1%); 5, 12.9 + 0.1 wm Kapton; and 6, 50 pm W.
(b) Plots of the retrieved x-ray spectra for 10 consecutive shots
(grey) with nominally identical conditions and their average
(black).

with bottom fill design was used to cast two 19 x 150 mm?
rod ingots. The ingot was pre-annealed at 640 °C for 24 h
in order to yield (i) an initial particle size above the spatial
resolution limit of 8.5 wm for our x-ray imaging sys-
tem and (ii) a sufficiently high particle number density to
calculate robust statistics on the particle distribution (see
below).

The subsequent material processing steps were loosely
based on the prior work of Zha et al. [36], wherein severe
plastic deformation and further annealing stimulate a redis-
persion of the Bi particles in the Al-Bi alloy. First, the
solidified sample was deformed in a 110° equal channel
angular extrusion die for 10 passes, employing the B, route
at ambient temperature [20,62]. Next, the deformed sam-
ple was machined via electric discharge machining and
then mechanically polished in the shape of a lift-out grid
of thickness ~ 40 pm to ensure acceptable transmission
for the x-ray radiography experiments (i.e., at 5 keV, the
transmission of Al and Bi is 0.1 and 1073, respectively).
Finally, two fiducial markers (see half-circle and triangle
in Fig. 2) were introduced using a focused ion beam (FIB)
to aid alignment of the imaged field of view in consecutive
x-ray radiography experiments. Annealing of the sample
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200 pm

'

FIG. 6. Optical micrograph that shows the fiducial markers
(see arrows) on the edge of a sample. The two markers are in
the shape of a circle and square.

was done with a muffle furnace, which provided uniform
heating through the embedded ceramic fiber insulation.

Figure 6 provides a closer view of the fiducial markers,
albeit on a different sample. The sample imaged in Fig. 2
is prepared in the same manner but with different marker
shapes (half-circle and triangle). A thermally grown oxide
“skin” protected the Al-Bi microstructure during semisolid
processing and handling.

APPENDIX C: IMAGE PROCESSING

Figure 7 summarizes the image processing procedure.
We registered the images through an affine transformation

(a) (b)

0h

Anneal states

12 h

(translation and shear) based on the projected locations
and geometries of the two fiducial markers (half-circle
and triangle). Shear accounted for the fact that the sample
may have tilted during mounting in the interrupted anneal
schedule. After registration, we filtered and binarized the
images into two classes (Bi particles and Al matrix). Non-
linear diffusion of the Perona-Malik type [63] helped to
suppress low-frequency “speckle” noise while preserving
semantically important Al-Bi interfaces. Even so, binariza-
tion or segmentation left some small (< 10 pm?) particles
invisible. This is not too problematic because we focus
on particles with a larger size that provide a more reliable
measurement of the morphological evolution. To measure
particle size, we applied morphological opening for those
particles that have low convexity [16], defined as the ratio
of particle perimeter to that of the convex hull. This was
done to prevent us from overestimating the particle size
(namely, the minor-axis length) due to small protrusions
on the surfaces of the particles.

APPENDIX D: ELECTRON BACKSCATTER
DIFFRACTION MEASUREMENTS

The positions of the Bi particles relative to the under-
lying Al grain structure were examined using electron
backscatter diffraction measurements in SEM (using a
TESCAN MIRA3 microscope with a field emission gun)
at the Michigan Center for Materials Characterization at
the University of Michigan. After mechanical polishing,
we acquired a scratch-free surface by FIB polishing using

I Al matrix (c)
I Bi particle
Clear path

Image processing

FIG. 7.
normalization, and (c) segmentation of Bi particles.

Summary of the image processing procedures: (a) series of raw images at each annealing state, (b) after registration and
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the Helios G4 PFIB UXe dual-beam system. We analyzed
the texture data with the aid of the MTEX toolbox [64] in
MATLAB, to produce the results shown in Fig. 4.

APPENDIX E: CALCULATION OF SPATIAL
RESOLUTION

Figure 8 shows a representative PSD profile that was
averaged over multiple lines or traces in Fig. 7(b) to obtain
a statistically representative result. Following the proce-
dure given by Modregger et al. [40], we determine the
value of the noise baseline, g, as the mean value of the
high-frequency components (k > 2 pixel™'). The value
of k. is then found as 0.39 pixel’1 at the intersection
between the power spectra and the 2u, value. Accord-
ingly, for a pixel size of 0.53 um, the spatial resolution
Xres = 27T [kyes = 8.5 pm.

APPENDIX F: CALCULATION OF GBW
VELOCITY

According to the theory proposed by Glickman and
Nathan [54], the wetting velocity I' in the direction of the
grain boundary trace at the root of a fingerlike groove is

r— (Daeycsm)* 2 ' (F1)
Dy ysLCrooL2kT
Here Dgg is the GB diffusivity, which follows an Arrhe-
nius relation as Dgg = D%B exp(—AHgp/ksT); yas is the
GB surface tension; €2 is the atomic volume of solid metal
(Al); Dy is the diffusion coefficient of Al in liquid Bi; ysp is
the solid-liquid interphase tension; Cy is the equilibrium
solubility of Al in liquid Bi; L is the characteristic distance
between dislocationlike defects that serve as sinks in the
GB structure; and m = 1 — [cos(6;/2)/cos(0y/2)], where
6 is the equilibrium dihedral angle and 6, is the “dynamic”

kres

log PSD (arb. units)

1
1
i ™
1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency (1/px)

FIG. 8. Measurements of the spatial resolution by Fourier-
based analysis of the PSD. An image of the sample at the 0 h
mark [Fig. 2(a)] is used for the calculation.

TABLE 1. Parameters used in the calculation of the wetting
velocity I'.

Parameter Value Reference
Dy (x10° m?/s) 1.89-1.94 [57,65]
AHgg (x10° J/mol) 0.695-0.775 [57,65]
T (K) 553.15

voe (J/m?) 0.34-0.35 [58,66]
Dy (x107° m?/s) 1.8 [67]
vsL = 0.45y6 (J/m?) 0.31-0.32

Q (x107¥ m?) 1.0

Creo 0.006 [68]
L(x1078 m) 8 [54]

dihedral angle [58]. The values of these parameters for the
case of Al-Bi are given in Table 1.

APPENDIX G: CONVERSION FROM
MAJOR-AXIS TO MINOR-AXIS VELOCITY

In deriving Eq. (1) in the main text, we assume linear
kinetics for the major axis of the particle [53,54],
Umajor X 2T, (G1)
where vmajor represents its (constant) velocity, and I' is
determined by a collection of thermophysical parameters
[Eq. (F1)]. As the liquid Bi pool is embedded inside the
material, it is in contact with two fingerlike grooves oppo-
site each other along the major axis (see inset of Fig. 2 and
also Fig. 3). Thus, the pool lengthens along the major axis
at twice the anticipated velocity for a single groove. Taking
the liquid Bi pool to be in the shape of a three-dimensional
spheroid, its volume 2 can be expressed as

Q:4—7TL2

3 minoerajor’

(G2)

where Lyinor and ¢ are the minor- and major-axis lengths,
respectively. Then, given that € is conserved, we can
relate the major-axis velocity vmgjor = (0 Lmajor/ 98 to the
minor-axis velocity vminor = (0 Lminor/08)q as

Vo _ aLminor v
minor — major
8Lmaj or/ Q !

2
= -2r _T[ L13nin0r
3Q

= kL. Q.

minor

(G3)
where we set k; = 2I" (2 /3Q2). Integrating Eq. (G3) gives
Lminor(l) = (kll + k2)_1/2: (G4)

where k; is an integration constant.
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At long times, Eq. (G4) predicts that Ly (! = 00) —
0 or conversely that Liy,jor(f — 00) — o0 [Eq. (G2)]. Yet,
it is more likely that the liquid pool would have pinched off
via Rayleigh instability before thinning completely. That
is, lengthening the pool (increasing c) raises the solid-
liquid interfacial energy by increasing the ratio of surface
area to volume of the liquid stream. To reduce this energy,
the stream forms sinusoidal perturbations. As lengthening
continues, the perturbations increase in amplitude until the
stream subdivides into distinct, smaller pools. According
to Rayleigh’s criterion [47], the distance between the cen-
ters of mass of adjacent pools is directly proportional to the
minor axis of the stream. Therefore, Lminor(f = 00) > 0
and a constant term, k3, must be introduced into the gen-
eral form [Eq. (G4)] to account for the finite size of the
stream before it is rendered unstable; see again Eq. (1). We
note that all three free parameters have a physical meaning:
ks gives an (average) estimate of the critical wavelength
of the morphological instability at long times; k, is set
by the initial condition, Luinor(f = 0) = k; /> + k3; and k;
prescribes a rate for the GBW process.
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