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Historically, metals are cut up and polished to see the structure and to infer how processing influences the
evolution. We can now peer into a metal during processing without destroying it using proton radiography.
Understanding the link between processing and structure is important because structure profoundly affects
the properties of engineering materials. Synchrotron x-ray radiography has enabled real-time glimpses into
metal solidification. However, x-ray energies favor the examination of small volumes and low density
metals. Here we use high energy proton radiography for the first time to image a large metal volume
(>10,000 mm?®) during melting and solidification. We also show complementary x-ray results from a small
volume (<1 mm?®), bridging four orders of magnitude. Real-time imaging will enable efficient process
development and the control of structure evolution to make materials with intended properties; it will also
permit the development of experimentally informed, predictive structure and process models.

maging of natural phenomena often reveals unknown truths and transforms our scientific perspectives.

Prompted by a bet in the late 1800s, Eadweard James Muybridge sought to capture the running of horses

on film to see if all four hooves left the ground simultaneously'. His image sequences confirmed this occurrence
for the first time, which ultimately resulted in his career studying the motion of animals' . Similarly, in a career
spanning over four decades, Wilson A. Bentley imaged over 5,000 different crystalline snowflakes, revealing
astonishing variations in snowflake structure*®. In November 1895, Wilhelm Conrad Rontgen discovered x-rays,
which immediately revolutionized physics and medicine, as the penetration of x-rays allows for x-ray (or
radiographic) static imaging to nondestructively interrogate the inside of the human body or materials®'*.
Today, real-time imaging of small volumes and low density metals during solidification is possible using brilliant
synchrotron x-ray sources available at user facilities around the world"*~**. We show that proton radiography has
the potential to revolutionize solidification science in similar ways.

Pure metals solidify at a single temperature, whereas metallic alloys solidify over a range of temperatures and
compositions. For a hypothetical dilute binary alloy, the equilibrium concentrations of solute in the liquid and
solid phases are defined for a given temperature. However, since the reaction takes place over a range of
temperatures, the equilibrium conditions change continuously during solidification, so that only local interfacial
equilibrium is maintained and the solute environment close to the interface is determined by the relative rates of
mass transport in the solid and liquid phases. In many systems there is only one liquid solution and the transport
in the liquid phase is fast with respect to diffusion in the solid phase. Solubility of the solute in the solid phase
usually increases with decreasing temperature, but solid-state diffusion is too slow to equilibrate the solid, so the
liquid becomes enriched in solute. The temperature gradient, concentration gradient, and the growth velocity
determine the interfacial morphology and can result in pattern formation, such as branched dendritic structures
like the arms of a snowflake (i.e. dendrites). In systems where multiple immiscible liquid phases exist, such as in
the aluminum-indium (Al-In) alloy system, similar solute pile-up can occur, but the interfacial stability condi-
tions of the growing solid phase are altered.

Manipulation of solidification parameters is crucial for growing single crystals or controlling structure evolu-
tion and micro-segregation in a casting, setting the stage for what properties are possible after any downstream
processing. Large scale parameters are controlled by casting design, which can include highly engineered melt
flow patterns, heat transfer during mold filling, and progression of the solidification reaction. Ultimately, this
early processing path determines the overall quality of a casting by influencing the presence of defects (e.g.
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dimensional tolerance, composition segregation, or void formation)
and the microscopic phase arrangement — characteristics that persist
even after subsequent thermal-mechanical processing (e.g. heat-
treatment and forging). Current methods to design castings incorp-
orate experimental trials with destructive characterization techniques
and empirical modeling. Post-mortem structure evaluations are typ-
ically used to infer what occurred at elevated temperatures, but direct
observations of metallic alloy solidification have been limited. More
importantly, commercially available tools to simulate fluid flow and
solidification sequence are generally finite-element based and rely
largely on post-processing and empirical relationships to simulate
structural outcomes. However, real-time monitoring of metallic
alloys during processing will now permit direct interrogation of res-
ponses to parameter changes needed to develop predictive structure
evolution models to couple with finite elements and bridge the micro-
and macro-scale regimes. It will also enable directed synthesis and
processing to control structure evolution and the creation of optimal
properties during process development.

Results

The Los Alamos Neutron Science Center (LANSCE) at Los Alamos
National Laboratory (LANL) is home to a powerful 800 mega-
electron-volt (MeV) proton linear accelerator (LINAC). Modern
proton radiography was invented at LANL to use 800 MeV protons
for multi-frame flash radiography for dynamic (explosively driven)
materials studies®*°. Proton radiography (pRad) is similar to x-ray
radiography in that it produces a projected image; however, pRad
uses protons rather than x-rays to directly probe and image dynamic
behavior. A collimator is placed at the Fourier plane of the proton
imaging system to generate contrast in the proton radiograph by
removing protons scattered into a specified angular range. The col-
limation can be adjusted to optimize image contrast for a wide range
of object thicknesses, corresponding to sample densities from
200 mg/cm’ to 50 g/cm’. This technique has been optimized over
the years and achieves ~1% density resolution with typical exposure
times of 100 ns during dynamic experiments®. At 800 MeV, proton
image resolution is limited by chromatic aberrations of the protons,
focused by the magnetic imaging lens, and the resolution of the
detector system. To overcome these effects, magnifying imaging

lenses have been designed to reduce chromatic aberrations and
increase magnification that are placed between the object and the
detection system®. This improves the resolution of the system by
both reducing chromatic aberrations and scaling the field of view to
the experimental region of interest. These improvements have been
demonstrated through performance measurements using an X3
magnifier system, with a nominal spatial resolution of 65 um®.
Exposure times of seconds are reasonable for imaging bulk solidi-
fication and are easily achieved at pRad. We have used pRad for the
first time to directly image bulk metallic alloy melting and solidifica-
tion in thick (2-6 mm) sections and a substantial field of view (~44
X 44 mm) using the X3 magnifier over times ranging from minutes
to hours. LANSCE is uniquely suited for our bulk material studies.

Here we present the results of melting and solidification experi-
ments in the Al-In alloy system. An ambient pressure, equilibrium
phase diagram*® is provided in Figure 1. At the alloy composition Al-
4.7 at.% In, the monotectic reaction L — Alg + L, occurs at 636.5 °C.
For hypermonotectic alloy compositions (above 4.7 at.% In), a range
of compositions and temperatures exist where two immiscible
liquids, L; + L,, co-exist. This region of the phase diagram is known
as a miscibility gap. We selected a hypermonotectic Al-10 at.% In
alloy composition for our in-situ characterization of metallic alloy
melting and solidification, with the intent of creating a fraction of
indium-rich (In-rich) L, liquid droplets distinguishable from the
majority aluminum-rich (Al-rich) L, liquid phase at elevated tem-
peratures. Given the density difference between these two immiscible
liquid phases*, sufficient contrast is available for the study of L;/L,
fluid flow using radiography. Monitoring of the solid-liquid interface
is also possible.

pRad affords investigations of thick samples (and large volumes),
which is an advantage for studying inherently three-dimensional
problems like casting or fluid flow. It also affords investigations of
high density metallic alloys during processing that may not be pos-
sible with x-rays, given energy and sample geometry restrictions.
Given our interest in connecting bulk to microscopic solidification
behavior, we chose to examine a thick section. A select series of
images from the first ever pRad video sequence (see Supplem-
entary Information Video S1) of Al-10 at.% In during melting and
solidification is shown in Figure 2 for a 6 mm thick section. This
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Figure 1| Equilibrium phase diagram for the Al-In alloy system™ that undergoes the monotectic reaction L — Alg + L, (denoted in blue) at the
temperature 636.5 °C. Two immiscible liquids, L, + L, (denoted in red), co-exist over a range of temperatures and compositions. The nominal alloy
composition, Al-10 at.% In, studied here is highlighted by the green dashed line.
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Figure 2 | Selected images from the first ever proton radiography sequence of melting (upper images) and solidification (lower images) ina 6 mm thick
Al-10 at.% In section. The In-rich L, liquid phase appears dark. The monotectic reaction is observed during solidification because macro-scale
sedimentation of the denser In-rich L, liquid phase occurs during melting. The corresponding video (Supplementary Information Video S1) shows the

melting and solidification progression.

large section size permits bulk analysis, allowing for interrogation of
the meso- and macro- length scales relevant in casting. Melting
progresses from the top downward, and larger In-rich regions are
released during liquification of the surrounding solid aluminum.
Large volumes of the denser In-rich L, liquid phase (dark contrast
in the images) tend to remain close to the solid-liquid interface dur-
ing melting due to gravity. Coalescence of In-rich regions is also
observed. Fine droplets of the In-rich liquid remain in suspension
and flow within the majority L, liquid phase, eventually dissolving at
elevated temperatures. However, the average composition of the
alloy in the field of view becomes lean relative to the nominal Al-
10 at.% In composition after melting because of In-rich L, liquid
phase sedimentation, shifting it closer to the monotectic composition
(4.7 at.% In). Essentially, macro-segregation in the form of an In-rich
sediment layer exists at the bottom of the crucible. This phenomenon
makes casting hypermonotectic alloys challenging®**.
Advancement of the solid-liquid interface is shown in the repres-
entative solidification sequence images. The solid-liquid interface
advances at an average growth velocity of approximately 200 pm/s
in the vertical direction (antiparallel to the global heat flow dir-
ection). The growth velocity actually varies somewhat from the edge
to the center of the field of view due to heat extraction from the edges
of the crucible, which is reflected in the interface shape. These images
also highlight the monotectic reaction during solidification and
reveal the spatial distribution of meso-scale monotectic colonies.
The darker streaks observed in the pRad images (Figure 2) corre-
spond to a projection through colony boundaries that contain a
higher volume fraction of indium. Although we selected a 6 mm

thick section for our pRad study, pRad also affords the flexibility
to examine thinner, constrained sections. This might reduce poten-
tial projection issues associated with thicker sections, but if three-
dimensional information is required for a particular study, proton
tomography** (like x-ray tomography*»**?**>*) is possible. If only
some three-dimensional information is desired, additional radio-
graphs taken at select rotations would afford construction of a stereo
image. Microstructural features observed during microscopic exam-
ination of ex-situ serial sections from our pRad field of view are
consistent with those we observe in pRad images, suggesting that
through-thickness projection is not a major concern in our study
aimed at monitoring macro- and mesoscale fluid flow. An area con-
taining representative In-rich boundaries in a pRad image is high-
lighted in Figure 3(a); a higher magnification post-mortem scanning
electron microscopy image of that region is shown in Figure 3(b),
along with an even higher magnification image in Figure 3(c). Here,
the In-rich boundaries and regions within the colonies appear bright
and exist in two size classes — either as high aspect ratio fibers or as
low aspect ratio droplets. These regions contain a fine-scale Al-rich
phase, presumably associated with solute separation as aluminum
solubility in L, decreases during cooling from the monotectic reac-
tion (the invariant reaction at 636.5°C). The images in Figure 3 reflect
the coupled complexities of structure evolution that transpired at a
variety of length scales in this alloy system.

Macroscopic fluid currents exist in the alloy melt, as evidenced by
sedimentation during melting in Figure 2, in concert with meso- and
micro-scale flows that are influenced by external fields (i.e. gravity,
thermo-capillarity, or Stokes drag forces acting on second phase

-
Figure 3| (a) A proton radiography image (Figure 2) of the solidification structure and (b,c) corresponding post-mortem scanning electron
microscopy of the indicated regions that highlight the In-rich boundaries and regions that exist within the colonies of the solidified structure. In (a),
the higher density In-rich boundaries appear dark, whereas the In-rich boundaries and regions appear bright in (b,c). The In-rich boundaries and regions
in (b) and (c) contain a fine-scale Al-rich (dark) phase.
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Figure 4 | Selected images from a synchrotron x-ray radiography sequence of solidification in a 0.2 mm thick Al-10 at.% In section, highlighting In-
rich L, liquid phase (dark) along the solid-liquid interface and In-rich L, channel development. In addition to the solidification progression, the
corresponding video (Supplementary Information Video S2) reveals In-rich droplet motion and coarsening within the majority L, liquid phase.

droplets®**). These flows affect morphological evolution during
solidification. To reveal dynamic processes occurring in Al-10 at.%
In during melting and solidification at smaller length scales, we
performed complementary synchrotron x-ray radiography, imaging
approximately a 1.4 X 1.74 mm field of view in a 0.2 mm thick
section, at the Sector 32-Insertion Device beamline at Argonne
National Laboratory’s Advanced Photon Source. It is important to
reiterate that the sample volume interrogated using x-rays is over
four orders of magnitude smaller than that probed using protons at
pRad. A series of images from an x-ray solidification sequence is
shown in Figure 4. An accompanying video (see Supplementary
Information Video S2) highlights L,/L, fluid flow, including the
formation, coarsening (ripening and coalescence), and complex col-
lective motion of In-rich L, droplets within the majority L; liquid
phase at elevated temperatures. In a constant but small thermal
gradient, the droplet motion is highly irregular, with larger scale
convective currents sweeping in and out of the field of view. Once
the monotectic front approaches the field of view, more organized
motion begins to dominate. During solidification, L, droplets are on
a trajectory toward the advancing solid-liquid interface (see Figure 4
and the accompanying Supplementary Information Video S2). These
L, droplets accumulate at the solid-liquid interface and are either
pushed along that interface, or are engulfed in the solidifying Al
matrix, creating In-rich channels (Figure 4). The same physics
observed by Schaffer et al®' in an x-ray study of the Al-Bi system
apply to droplet motion in our study; however, more chaotic con-
vection currents appear to exist in our samples during cooling. The
solid-liquid interface advances at a growth velocity of approximately
145 pm/s. The x-ray images also suggest that indium wets the cru-
cible walls in some instances, which promotes the formation of In-
rich channels at these locations. Hydrodynamic effects of the L,
liquid phase exist at the micro-, meso-, and macro- length scales in
this hypermonotectic alloy and substantially influence the resulting
solidification structure. Improved understanding of micro- and
meso-scale L, droplet motion may provide a methodology to advan-
tageously control alloy melt flows in these alloys to offset macro-scale
sedimentation and improve casting quality®"**.

Discussion

We have demonstrated that the ability to interrogate large volumes
(pRad) in metallic alloys during solidification and complement these
results with local, higher resolution (x-ray) observations allows for
unprecedented understanding of fluid flow and structure develop-
ment. Experiments such as these will revolutionize our knowledge of
metal casting and completely transform our ability to model these
phenomena accurately. Furthermore, interest exists among the phys-
ics and materials communities to move toward higher energy proton
radiography, which will provide improved spatial resolution and
make protons an ideal probe for two- and three-dimensional sim-
ultaneous macro- and micro- length scale solidification studies
in low or high density metallic alloys. Process parameters such as

thermal gradient and solid-liquid interface velocity affect the solid-
liquid interface stability in metallic alloys during solidification, which
can result in pattern-forming instabilities that dictate the morpho-
logical and structure evolution. Real-time feedback from in-situ
characterization will permit in-process parameter changes to control
structure and defect evolution to achieve desired properties and the
development of experimentally informed, predictive multi-scale
models for solidification and structure evolution. In-situ character-
ization, in particular proton radiography, will also enable process-
aware manufacturing studies of materials, reducing the time for
process development and the time from discovery to deployment
through the elimination of trial and error, which are critical for
advanced manufacturing initiatives**~*.

Proton microscopy fills a critical gap in the evolving capabilities of
dynamic imaging techniques. Specifically, it allows for direct obser-
vations of structural outcomes as a function of processing in large
volumes of materials; it also affords studies of three-dimensional
processes, such as fluid flow encountered during solidification for
which thick sections, rather than thin (constrained) sections, ulti-
mately better represent processes that occur in actual castings.
Performance measurements at pRad have successfully demonstrated
an X7 microscope configuration with nominal spatial resolution of
~17 pm for a ~17 X 17 mm field of view***; we are currently
pursuing improved spatial resolution for our studies, beyond the
low magnification results shown here that were acquired using the
X3 magnifier. We have also successfully demonstrated that we can
acquire tomographic reconstructions of morphological evolution in
metallic alloys during solidification using x-rays®, which is also
possible at pRad. Proton radiography is a unique, in-situ character-
ization tool with significant potential that finally connects the macro-
scale to the micro-scale, which will permit the exploration of efficient
processing to produce materials with intended structures and
properties*-*.

Methods

Sample preparation. Charges of aluminum and indium were loaded into small
graphite crucibles encapsulated in quartz and backfilled with argon and melted in a
furnace. These samples were cold-rolled to ~2 or ~0.2 mm in thickness. A stack of
2 mm thick sheets was re-heated in a large graphite crucible in a vacuum furnace at
670 °C for 3 hr to create a single 6 mm thick sample with a coarse starting structure
for proton radiography. The 0.2 mm thick foil was used for x-ray radiography.

800 MeV proton radiography at Los Alamos National Laboratory’s Los Alamos
Neutron Science Center. The 6 mm thick sample, nominally 112 mm in width by
108 mm in height, was heated in a large graphite crucible embedded with
thermocouples at 1.5 °C/min with a 2 °C/cm applied gradient. A centered window
(~50 X 50 mm) with reduced thickness was machined into the front and back of the
crucible. A 305 X 305 mm aluminum box with machined windows contained the
crucible. The crucible was resistively heated by adjacent graphite blocks situated next
to water-cooled copper blocks. The entire system was under vacuum. Images were
obtained from the windowed region during heating and cooling in video mode.

Synchrotron x-ray radiography at the Sector 32-Insertion Device beamline at
Argonne National Laboratory’s Advanced Photon Source. A 5 mm diameter disk
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of 0.2 mm thick foil was sprayed with boron-nitride. The disk was inserted into a
quartz frame sandwiched between two ~25 X 12.5 X 0.25 mm quartz slides. The
edges were sealed, and this configuration was inserted into a slotted 12.7 mm
diameter graphite rod with a through hole embedded with thermocouples. Induction
coils above and below the sample were used for heating. The x-ray energy was 18 keV.
Real-time images were acquired with exposure times of 0.04 s and a frame rate of
~4.5 57
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