In situ/operando synchrotron x-ray
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Additive manufacturing (AM) comprises a group of transformative technologies that are likely
to revolutionize manufacturing. In particular, laser-based metal AM techniques can not only
fabricate parts with extreme complexity, but also provide innovative means for designing
and processing new metallic systems. However, there are still several technical barriers
that constrain metal AM. Overcoming these barriers requires a better understanding of the
physics underlying the complex and dynamic laser-metal interaction at the heart of many AM
processes. This article briefly describes the state of the art of in situ/operando synchrotron x-ray
imaging and diffraction for studying metal AM, mostly the laser powder-bed fusion process. It
highlights the immediate impact of operando synchrotron studies on the advancement of AM
technologies, and presents future research challenges and opportunities.

Introduction
Powder-bed additive manufacturing (AM) processes join
material layer-by-layer to make three-dimensional parts from
computer models. AM exhibits many advantages over sub-
tractive and formative manufacturing technologies, such as
increased part complexity, high customization, short supply
chain, on-site and on-demand production, reduction of mate-
rial and energy consumption. Since AM largely unleashes the
freedom to design, topologically optimized parts can now be
built with superior performance that were previously inacces-
sible.'? In both the public and private sectors, metal AM has
evolved from a rapid prototyping tool to a full-scale product
manufacturing technology in the past decade, and has found
many applications in aerospace, automobile, medical, defense,
and energy industries. Meanwhile, metallurgists have been
tackling the tremendous challenges in metal AM and seiz-
ing opportunities for fundamental research for designing and
processing new alloys and metallic architectures.* ¢ Owing to
the rapid melting and solidification characteristics of AM, the
printed metals exhibit unique microstructures, such as cellular
structures, high dislocation densities, solute trapping, unusual
chemical segregation, porosity, and nonequilibrium phases.” *
Some of these structural attributes are favorable for certain
applications, while others are deleterious.

Understanding the process—structure—property relationship
in AM metals is key to avoiding detrimental defect structures

and improving the reliability of printed parts. In an earlier
issue of MRS Bulletin, five articles reviewed the unique micro-
structures (characterized primarily using ex situ techniques)
and properties of different alloys processed using AM tech-
niques.” In this article, we introduce remaining materials
issues in metal AM and highlight the recent development of in
situ/operando synchrotron x-ray experiments for probing the
dynamic energy-matter interaction involved in powder-bed
AM and the microstructure evolution during the rapid cooling
process. The article ends with a discussion on future research
opportunities.

Key processes in laser powder-bed fusion

Laser powder-bed fusion (LPBF) is currently the dominant
metal AM technique. In a typical LPBF process, as schemati-
cally shown in Figure 1, a laser selectively illuminates certain
locations on the powder bed to melt the powder and underlying
substrate and create a melt pool. Under most build conditions,
the laser power is high enough to induce metal evaporation.
The metal vapor leaves the melt pool surface with a high speed
and creates a recoil pressure that pushes the liquid metal away
to form a depression zone. The high-speed vapor jet may also
impact on other regions of the depression zone to modify the
local fluid flow and interface shape. The general shape of the
depression zone varies with the laser parameters (i.e., power
and scanning speed), and it often fluctuates with various
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Figure 1. Schematic illustration of the physical processes
involved in laser powder-bed fusion.

magnitudes during the laser scanning. Multiple reflection of
the laser can occur inside the depression zone, which leads
to an increase in overall laser absorption by the material, yet
resulting in nonuniform local absorption.

Dynamic fluid flow exists in both the gas region and the melt
pool. In the gas region, the high-speed vapor flow drives the
environment gas right above the powder bed to flow toward
the jet, which causes the local powder particles to move toward
the vapor jet as well (i.e., powder entrainment). Once the par-
ticles move close to the vapor jet, they will be pushed away by
the jet with a high speed (i.e., powder ejection). Inside the melt
pool, the liquid metal flow is driven by a combination of mul-
tiple forces, including vaporization-induced recoil pressure,
the impact pressure by the high-speed metal vapor, the Laplace
pressure, and thermocapillary stress due to the surface tension
on the melt pool surface. These forces create a complex flow
pattern with multiple vortices inside the melt pool.

The dynamic fluctuation of the depression zone and the
multiphase fluid flow are highly coupled during the laser—
metal interaction. As the depression zone changes its tran-
sient shape, the spatial distribution of laser absorption varies
and induces evaporation at different locations with different
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intensities. This can considerably alter the fluid flow patterns
in both the gaseous region and the melt pool, which, in turn,
can modify the shape of the depression zone. The powder-bed
configuration and powder motion also introduce certain ran-
domness in the laser absorption, as well as the distributions of
energy, mass, and mechanical forces. Collectively, these fac-
tors make this multiphysics process even more dynamic and
unstable.

The dynamic fluctuation of the depression zone and intense
melt flow lead to dynamic change of the melt pool geometry,
and thereby the local solidification velocity. However, the
influence of the melt pool fluctuation on the solidification
behavior and material microstructure is still largely unknown.
Furthermore, rapid solidification may induce a complex
solid-liquid interface because of the high interface mobility
compared to the local diffusion. The local solute partitioning
can lead to spatial variation in constitutional undercooling.
This may affect the phase and grain morphological evolution
and form kinetically favored metastable structures. High-
speed x-ray imaging and diffraction may be a powerful tool to
understand these complex processes.

Operando synchrotron x-ray imaging of

metal AM

At the Advanced Photon Source (APS) of Argonne National
Laboratory, we innovated an experimental platform for
operando studies of metal AM processes. The superior pen-
etration power of high-energy x-rays and the extremely high
photon flux afforded by the third-generation synchrotron
facility allow the quantitative characterization of dynamic
structural evolution in bulk metallic materials with unprec-
edented spatial and temporal resolutions. Operando high-
speed x-ray imaging experiments on LPBF (presented in this
contribution) were performed at the 32-ID-B beamline of the
APS. Figure 2a shows the schematic and a photograph of
the beamline setup, with details reported previously.'®!” The
minimum spatial resolution is 1wm, maximum frame rate is
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Figure 2. (a) Photograph and schematic of operando synchrotron x-ray experiment on laser powder-bed fusion (LPBF). (b) Representative
x-ray images of the LPBF process of AlSi10Mg. The frame rate is 30,173 fps, and the exposure time for each image is ~100 ps (i.e., a single
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6.5 MHz, and minimum temporal resolution is 100 ps (i.e., a
single x-ray pulse). In the experiment, the laser is scanned in
straight-line motion across the powder bed sample and x-rays
penetrate from the side providing a view in which the powder
bed is on top and the metal substrate is at the bottom. A repre-
sentative case of operando x-ray imaging is present in Figure
2b, in which the LPBF process of AlSil0Mg with the laser
power 540 W, scan speed 0.6 m/s, and laser spot size 100 um
is revealed. With the high resolution and the decent contrast
between the vapor, liquid, and solid phases, many significant
structure parameters in LPBF can be precisely measured, such
as the melt pool and vapor depression morphologies, solidifi-
cation rate, melt flow, and spatter trajectory.

Understanding defect generation and
elimination mechanisms

Internal defects (e.g., voids, pores, cracks) are commonly
observed in AM metals,® which severely deteriorate their
properties, especially the fatigue life."® Due to the challenge
of studying the defect formation mechanisms by postmortem
microstructure analysis, operando syn-
chrotron x-ray imaging technique, illus-

At the laser-interaction region (bottom panel of Figure 3b), a
thermocapillary force driven pore elimination mechanism was
discovered, leading to the design of a pore elimination strat-
egy for achieving pore-free build via LPBF with powder feed-
stock containing substantial trapped gas pores (an example in
TiAl6V4 in Figure 3c¢).

Cracking is another defect that occurs in some printed met-
als and is generally highly detrimental to ductility in particu-
lar. Recently, operando high-speed x-ray imaging was used
to capture the transient dynamics of hot cracking during laser
melting of aluminum alloy 6061. The initiation of hot crack-
ing from a trapped bubble and crack healing by backfilling of
liquid were observed. The feasibility of determining the point
of origin for hot cracking was also demonstrated.?’

Inform, validate, and calibrate numerical
models

Operando synchrotron x-ray imaging has provided unprec-
edented information for the calibration and development
of various numerical models for process dynamics.?!:>*?

trated in Figure 2, was demonstrated ]
to be a powerful tool to observe the
transient dynamics of defect formation
and evolution in real time. The deeper
understanding gained from operando
experiments will provide the founda-
tion for designing defect mitigation and
elimination approaches for achieving
defect-less products via metal AM.
High-speed high-resolution x-ray
imaging investigations have revealed
various pore formation mechanisms
during the LPBF process of TiAl6V4
and AlSilOMg: transfer of pore from
feedstock powders (Figure 3a),'*?°
pore formation due to vapor cavity
instabilities,? ™ pores generated by
the vaporization of volatile substance
or expansion of trapped gas,?** poros-
ity induced by melt pool surface fluc-
tuations,”® and pores forming from
cracks.”® Understanding how pores
evolve after their formation is critical
for designing pore mitigation strategies
to eliminate various pores introduced
into the melt pool. The high spatial and
temporal resolutions afforded by the
APS enables the direct observation of
the highly dynamic and complex pore
motions in the melt pool.'® Figure 3b
reveals the dynamic evolution of pores
at different regions of the melt pool in
AlSi10Mg, induced by laser rescanning.
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Figure 3. Defect generation and elimination mechanisms revealed by operando
synchrotron x-ray imaging. (a) Pore transfer from feedstock powders to melt pool during
laser powder-bed fusion (LPBF) of TiAl6V4. (b) Pore evolution dynamics during LPBF of
AISi10Mg. Pores follow circular patterns at the circulation region (top), while pores in the
laser interaction region move toward the depression zone and escape from the melt pool
(bottom). In the transition domain (middle), pores exhibit irregular motions, sometimes
circulating in the melt pool, and sometimes moving toward the melt pool surface and
escaping. (c) Pore elimination in TiAl6V4 using thermocapillary force.'>'® Adapted with
permission from Reference 20. © 2019 Springer Nature.
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Specifically, the actual geometry of the depression zone and
its dynamic fluctuation, which are hidden in the center of the
optically opaque substrate, can be revealed and measured
with high spatial and temporal resolutions. The fluid flow in
the melt pool can also be quantified by embedding micro-
particles into the sample as tracers.” These microtracers are
generally refractory materials with much higher melting point
than the metal being processed and different density to yield
good contrast in x-ray images. Such experimental data pro-
vide the ground truth for different process dynamic models as
benchmarks. Once validated, these models can in turn provide
detailed information for the physical quantities of interest that
are difficult to measure experimentally, such as the tempera-
ture distribution and various mechanical forces inside the melt
pool. Collectively, x-ray imaging and simulations provide a
comprehensive description of the physics in the metal AM
process.

The basic step for validating a process model is to check its
prediction for the quasi-steady state of the process. The simula-
tion results of the general size of the depression zone and melt
pool as well as the melt flow velocity can be directly compared
with x-ray measurements. The more advanced step of model
validation is to check the model predictions for transient phe-
nomena, such as the initial drilling of the depression zone,
pore formation, and particle spattering. For these processes,
the simulation should provide reasonable numerical descrip-
tion not only for the magnitudes of relevant physical quanti-
ties, but also their temporal and spatial variations. Operando
x-ray imaging is capable of capturing these highly dynamic
processes, which prompts further development of fundamen-
tal theories and sophisticated multiphysics models.>*3!

X-ray imaging also provides valuable information to the
computational materials models of the microstructure evo-
Iution during metal solidification. There have been efforts to
inform or calibrate phase-field*? and cellular automata®* mod-
els using the x-ray imaging results for the slow solidification
processes (i.e., casting). For the metal AM process, the solidi-
fication front velocity can be accurately measured using x-ray
imaging, which can potentially be used to inform and vali-
date the solidification models. However, further details of the
rapid solidified microstructure in the metal AM are beyond the
spatial resolution (i.e., 1 um) of the current high-speed x-ray
imaging capability.

Support development of process monitoring
and control systems

LPBF is extremely sensitive to many seemingly unimportant
but practical factors (e.g., degradation of laser power, drifting
oflaser beam size on sample, defective optics, and storage con-
dition for the powder feedstock). These strongly influence the
reliability and repeatability issue of AM systems, for example,
the same parameter set may not yield the same build quality
by different machines or even by the same machine at differ-
ent times. To address this issue, there have been substantial
efforts worldwide devoted to the development of in-process

monitoring and closed-loop control systems. These systems
aim for detecting build anomalies in real time, analyzing the
situation, and making the decision either to stop the process,
or continue the process while creating a log file to facilitate
the post-examination of the part, or generate a new param-
eter set for fixing the errors. Currently, the commonly used
sensory devices are visible-light and thermal cameras, and
ultrasound sensors. Since optical imaging can only capture the
sample information on or above the surface, their fidelity for
capturing defect formation inside the sample is relatively low.
Ultrasound signals may reflect changes in the sample internal
structures, but they can be challenging to interpret. Therefore,
operando x-ray imaging has been used to calibrate these sen-
sors by providing unambiguous information on the morphol-
ogy of the vapor depression and melt pool, as well as the size
and location of internal defects.**3¢

Operando synchrotron x-ray imaging of other
metal AM processes

In addition to LPBF, operando synchrotron x-ray imaging is
also used for studying other metal AM processes, including
blown-powder directed energy deposition (DED) and binder
jetting. Both of these metal AM techniques have their own
advantages and niche applications. Blown-powder laser DED
adds flexibility for controlling the local composition of the
complex build, while binder jetting decouples the printing
process and subsequent densification post-processing step, so
thermal residual stresses and highly anisotropic microstruc-
tures can be avoided.

In a previous study, a gravity-fed, low powder mass flow
DED system was integrated into the high-speed x-ray imag-
ing beamline.” Particles that flow into the melt pool influence
the stability of the vapor depression and the surrounding melt
pool, which increases the chance of porosity generation. The
pore formation mechanism unique to the blown-powder DED
process is being systematically investigated at the APS using
an operando system equipped with commercial gas nozzles.*®
For studying binder jetting, a commercial system with drop-
let-on-demand ink-jet printhead was employed in the oper-
ando synchrotron x-ray imaging experiment.** The impact of
the high-velocity droplet on the powder bed causes movement
and ejection of the powder particles. The depth of disturbance
is dependent on the size, shape, and material of the powder
particles. The large volume of ejected particles left a depleted
zone in the wake of the binder. Both subsurface motion and
ejection of particles can potentially increase porosity in the
printed parts.

In situ synchrotron x-ray diffraction of rapid
melting and solidification of metals

The full-field optics-free x-ray imaging technique relies on the
density difference to generate contrast. The highest resolution
now is 1 um, which is limited collectively by the wavelength
of'the visible light emitted by the scintillators, the x-ray source
size, the source-to-sample distance, and the pixel size of the
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optical sensors. Therefore, the high-speed x-ray imaging is
not sensitive to the grain morphology and texture, dislocation
networks, nanoscale chemical segregation, or atomic struc-
ture of a metal sample. X-ray diffraction, on the other hand,
can provide direct or indirect information on these important
structural attributes.

At the APS, in situ diffraction experiments were carried
out at multiple beamlines to study the rapid laser melting and
solidification of metals. Figure 4a—b shows the representa-
tive 32-ID and 1-ID in situ diffraction data of laser melting
of TiIA16V4 plates, respectively. The 32-ID beamline uses
undulator “pink” beams for diffraction experiments (first har-
monic around 24 keV). With the absence of monochromator
and major optics, the flux of the incident beam is preserved,

so a much higher temporal resolution can be achieved. A
home-integrated scintillator-based detector is used for collect-
ing the diffraction patterns with a frame rate up to 2 MHz.** A
tradeoff for the high temporal resolution is the low resolution
in reciprocal space (i.e., scattering vector ¢) due to the large
energy bandwidth of the incident beam (i.e., 10?) and the low
dynamic range of the diffraction data. Six frames are selected
to reveal the melting, solidification, and phase transformation
process of TiA16V4 (i.e., fine oo — melting — coarse f —
fine o) in Figure 4a. The laser power is 440 W, scan speed is
1.2 m/s, and laser spot size is 100 um. 1-ID is a high-energy
monochromatic x-ray diffraction beamline (E =55.6keV in
Figure 4b). A PILATUS3X 2M CdTe pixel array detector is
used in the diffraction experiments. The high sensitivity and

counter depth of the detector, coupled
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with the high g resolution afforded by
the small energy bandwidth (i.e., 10%)
of the monochromatic beam, allow the
detection of both main and minor phases
in materials simultaneously without
changing the exposure time setting.*!
This is evidenced in Figure 4b, in which
the B phase (less than 5%) in the sample
before laser melting can be readily char-
acterized with 2 ms detector exposure
time. Given their unique advantages
and limitations, these two diffraction
techniques are highly complementary,
and thereby can be applied for studying
different structural dynamics involved in
metal AM.

Future perspectives

The last few years have seen a rapid
growth of the research community that
applies in situ/operando synchrotron

26 (°)

Figure 4. Representative in situ x-ray diffraction data collected at the Advanced Photon
Source (a) 32-ID and (b) 1-ID beamlines from TiAl6V4 plate samples. The raw data at the 32-ID
beamline were collected with a frame rate of 100 kHz and an exposure time of 5 us, and data
at the 1-1D beamline were collected with a frame rate of 250 Hz and an exposure time of 2 ms.
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l LL I l Lglr 88 & S&TTe the next decade, most of these facilities

00 5 0 15 will undergo major upgrades to diffrac-

tion-limited sources. The spatial and
temporal resolutions and sensitivity of
full-field imaging will be dramatically
enhanced. Meanwhile, the small source
size will markedly increase the flux of

a focused beam, benefiting the in situ
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diffraction experiments. One can reasonably expect to be able
to probe many more details of the aforementioned dynamic
processes (particularly for high-Z materials) and also study
other phenomena in metal AM, such as chemical segregation
during solidification, precipitation below a micron, transi-
tions of minor phases on a microsecond time scale. Along
with the source and beamline development, more sophisti-
cated AM apparatus are highly desirable for the next gen-
eration of operando x-ray experiments. These systems must
emulate the real AM processes with higher fidelity, integrate
with more advanced sensors, provide more controls for the
printing process, and allow faster sample switching and data
collection.

With the rapidly increasing number of in situ/operando
synchrotron experiments being carried out, another set of
challenges emerges, namely, data collection, storage, transfer,
and analysis. The popular perception of the data challenge
focuses on how to exploit large sets of data such as photo-
graphs, diffractograms and videos. The inherent assumption
is that such images are complex but sufficiently information
rich that patterns can be discovered automatically via machine
learning and not necessarily with any human intervention. The
data challenges in the context of x-ray imaging and diffrac-
tion are quite other than this, in terms of raw data processing,
information extraction and interpretation as follows. The data
set from any given experiment is large, for example, many
gigabytes, and the image generation physics is generally well
enough understood to permit forward modeling. Extracting
useful information at the required high precision is, however,
a different task from distinguishing cars from cats. Moreover,
the data rate is increasing to the point where special computers
will be required to capture all the raw data or process it on-
the-fly.>! For x-ray imaging, there are many features such as
pore formation that would be useful to be able to detect and
quantify in a sufficiently automatic way that large numbers of
experiments could be efficiently analyzed: with the low con-
trast available with dense metals, including many of those of
practical interest such as steels and nickel alloys, this offers
challenges aplenty for image processing, for example.

In summary, in situ/operando synchrotron x-ray study of
metal AM is still in its infancy. While tremendous progress has
been made in the last few years and remarkable insights have
been gained, there are still many challenges and opportunities
in this research field, which demands substantial efforts by sci-
entists and engineers in academia, government laboratories, and
industry.
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