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ABSTRACT

The development of a sample environment for in situ x-ray characterization during metal Electron Beam Powder Bed Fusion (PBF-EB),
called MiniMelt, is presented. The design considerations, the features of the equipment, and its implementation at the synchrotron facility
PETRA III at Deutsches Elektronen-Synchrotron, Hamburg, Germany, are described. The equipment is based on the commercially available
Freemelt ONE PBF-EB system but has been customized with a unique process chamber to enable real-time synchrotron measurements during
the additive manufacturing process. Furthermore, a new unconfined powder bed design to replicate the conditions of the full-scale PBE-EB
process is introduced. The first radiography (15 kHz) and diffraction (1 kHz) measurements of PBF-EB with a hot-work tool steel and a
Ni-base superalloy, as well as bulk metal melting with the CMSX-4 alloy, using the sample environment are presented. MiniMelt enables
time-resolved investigations of the dynamic phenomena taking place during multi-layer PBF-EB, facilitating process understanding and

development of advanced process strategies and materials for PBF-EB.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

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

I. INTRODUCTION

Electron Beam Powder Bed Fusion (PBF-EB) is an Additive
Manufacturing (AM) technology that utilizes an electron beam
to selectively melt and fuse successive layers of metal powder to
build up components. PBF-EB facilitates the processing of powders
under vacuum (10#-107° mbar) and at high temperatures, reach-
ing up to 1300 °C. Thereby, it enables the processing of refractory
metals, high-temperature alloys, and nonweldable alloys. ~ More-
over, PBF-EB components exhibit reduced residual stress levels and

consequently lower susceptibility to cracking when compared to
components produced through the more prevalent Laser Beam Pow-
der Bed Fusion (PBF-LB) process and its components.” Therefore,
PBEF-EB process development and materials research for PBF-EB are
of great scientific and industrial interest.

In PBF-EB, an electron beam is utilized as a high-energy heat
source, with typical beam powers between 50 and 6000 W.° The
PBF-EB process is described in . First, a start plate is heated
up to the processing temperature with the electron beam. Once
the processing temperature is reached, a series of process steps are

Rev. Sci. Instrum. 94, 125103 (2023); doi: 10.1063/5.0177255
© Author(s) 2023

94, 125103-1

81:06:1 | £20 Joqwia0aq 61



Review of

Scientific Instruments

Start-plate
heating
Recoating
I l VAR
Preheating/
| | | Sintering

\

Postheating

Intermediate

il heatin
Al —=

L1 weting
T— ] I.L I
L1

FIG. 1. Schematic of the typical process steps of the PBF-EB process. The start
plate heating step is only used once at the beginning of the process, while the
other steps are repeated for each layer until the build is finished.
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iterated for each layer until the build is finished. At the beginning
of each cycle, a thin layer of metallic powder (particle size distri-
bution within the range of 45-150 pm’) is spread over the start
plate (recoating). Subsequently, the powder layer is pre-heated to
the processing temperature and weakly sintered to stabilize it against
the so-called “smoke effect.”” Afterward, the powder is selectively
molten, followed by a post-heating step to ensure that the pro-
cessing temperature is maintained. Depending on the number of
components, it is also common to alternate between a melting and
an intermediate heating step to maintain a more constant pow-
der bed temperature. Finally, the build plate is lowered, and a new
powder layer is applied. Through repetition of these steps, com-
plex geometries can be produced by PBF-EB. " The process steps
of PBF-EB induce transient thermal histories in the build compo-
nents, as small melt pools (hundreds of um) are created at very high
scanning speeds (up to 10 km/s’) from which the material solidi-
fies. Furthermore, the pre-, intermediate-, and post-heating as well
as the spreading of new powder introduce changes to the temper-
ature during the process. Through control of the thermal history
during the process and through dedicated alloy design, locally con-
trolled microstructures can be achieved,' enabling optimization of
the mechanical properties within components.

To facilitate alloy and process development for PBF-EB, a
fundamental understanding of the governing physics of heating,
melting, and solidification cycles is necessary.” Various models
have been developed to link process parameters to the resulting
microstructures and to describe the interactions between the physi-
cal phenomena underlying PBF-EB.”" Combined with experimental
observations, these models can be powerful tools for alloy design and
process strategy development for PBF-EB.

Profound insights into PBF-LB have been revealed by in situ
synchrotron x-ray techniques, including radiography, Wide-Angle
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X-ray Scattering (WAXS), and Small-Angle X-ray Scattering
(SAXS).” These techniques provide real-time experimental informa-
tion on PBF processes at high spatial (tens of ym) and temporal
resolutions (up to MHz).” Real-time synchrotron measurements
have been applied to study transient phenomena such as melt pool
dynamics,'’ pore formation,'' cracking,'” solidification,'” phase
transformation,'* precipitation,’”” and stress formation'® during
the PBF-LB process. These measurements unveiled the dynamics
of the listed phenomena, enabled their classification, and vali-
dated computational models of the laser heat source'’ and rapid
solidification. The advances in the fundamental understand-
ing of dynamic phenomena during PBF-LB were made possible
through the implementation of several in situ synchrotron sample
environments for PBF-LB at various synchrotron sources.

Although PBF-LB and PBF-EB are conceptually similar, there
are significant differences between the techniques, related to the
nature of the heat sources, the process steps, and the different pro-
cessing environments. For instance, the underlying reflection and
absorption mechanisms of electrons and photons on the surface of
the processed material are distinct and result in electron beam pen-
etration depths in the range of 10'~10? um, whereas laser beams
only reach a penetration depth of tens of nm.” These differences in
the depth of material interaction between electron and laser heat
sources, the energy deposition efficiencies, and the different pro-
cessing environments (vacuum for the electron beam compared
to an inert gas atmosphere for the laser) lead to different melting
and evaporation dynamics. Furthermore, the smoke effect, which
is assumed to be induced by electrostatic charging of particles by
the electron beam, leading to particle ejection and powder bed
destruction, is process-specific and only occurs during PBF-EB.” In
addition, the higher process temperatures in PBF-EB result in differ-
ent thermal conditions and, therefore, lead to different solidification
and phase transformation conditions. Until now, only one sample
environment for PBF-EB has been presented by Escano et al.,*' but
no sample environment that allows for replication of the full PBF-
EB process cycle at a synchrotron source has been developed and
communicated. This may be attributed to the challenges involved
in developing an experimental setup for in situ synchrotron studies
of PBF-EB, i.e., a suitable (high power) electron beam source and a
vacuum chamber capable of withstanding high temperatures.

The powder bed, in particular, is of high importance in the
design of the sample environment to ensure both good observability
by synchrotron x-ray measurements and accurate representation of
the real PBF process. The powder bed design has a crucial influence
on the thermal conditions that will prevail in the sample during in
situ observations.”’ The thermal conditions are a major cause not
only for the formation of AM-specific microstructures but also for
the occurrence of defects in AM.” The first presented PBF-LB in situ
sample environment by Zhao et al.*” utilized a thin layer of powder
on top of a Ti6Al4V plate sandwiched between two glassy carbon
plates. This sandwich-type powder bed design has been used and
further refined in several other PBF-LB sample environments.
Uhlmann et al.”” constructed a sample environment that allows
powder layers to be recoated and multi-layer sandwich-type sam-
ples to be measured. The sandwich-type powder bed design enables
the investigation of a slice of the powder bed and melt pool dur-
ing PBF. However, this method comes with the limitation that the
x-ray transparent plates act as boundaries to heat diffusion as well as
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to the three-dimensional flow of the melt pool, compared to indus-
trial processes. In particular, direct contact between the melt pool
and the x-ray transparent plates modifies the processing conditions
significantly, particularly the melt pool dynamics. Consequently, the
transferability of observations from sandwich-type sample environ-
ments to industrial processes may be a concern. A miniaturized
PBF-LB device has been presented by Hocine ef al.”® that addresses
this concern. The device enables the processing of multi-layer 3D
samples on a 12 x 12 mm? build plate and complex scanning strate-
gies. Recently, diffraction and radiography experiments have been
performed with a sample environment for in situ electron beam
melting by Escano et al.”! A bare Ti6Al4V plate and a prefabri-
cated Ti6Al4V substrate with sintered powder were used for melting
experiments.

To address the need for an in situ PBF-EB sample environment,
we present the MiniMelt, a PBF-EB system for in situ studies capa-
ble of performing a full multi-layer PBF-EB process in a synchrotron
experiment. Furthermore, we introduce an unconfined powder bed
design, enabling measurements of a specific section of the powder
bed during the PBF-EB process, aiming at representing the thermal
conditions of the real PBE-EB process. In the following, the develop-
ment and design of the equipment are detailed, and the first results

(a) MiniMelt

Synchrotron X-

Synchrotron ray beam

storage ring

Start plate
Melt pool
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of in situ radiography and diffraction of the PBF-EB process utilizing
this environment are presented.

Il. INSTRUMENT DESIGN
A. Design criteria

The sample environment MiniMelt is designed to replicate the
full PBF-EB process while enabling in situ x-ray measurements in
a synchrotron environment (see Fig. 2). Therefore, the sample envi-
ronment needs to allow the synchrotron x-ray beam to enter and exit
the process chamber during processing. Furthermore, the size and
weight of the equipment have to be compatible with the Swedish
Materials Science beamline P21.2 (for diffraction and small-angle
scattering experiments) and the White Beam Engineering Materials
Science beamline P61A (for white beam radiography experiments)
of the PETRA III synchrotron. In addition, the thermal conditions
within the miniaturized powder bed need to be similar to the indus-
trial process to ensure that the gained knowledge is transferable to
an industrial-scale PBF-EB process (Sec. [T D, unconfined powder
bed). The equipment’s software (Sec. II C, software) has to ensure
detailed machine and process control for a flexible design of exper-
iments, provide data collection capabilities during the experiments

Radiography SAXS

Electron beam
X-ray's after interaction
with the sample

Sintered powder

Printed wall

(b) Unconfined powder bed

FIG. 2. (a) Schematic of the PBF-EB experimental setup (MiniMelt) for measurements of Wide-Angle X-ray Scattering (WAXS), radiography, and Small-Angle X-ray Scattering
(SAXS) in a synchrotron. (b) Schematic of the unconfined powder bed where the x-ray beam interacts with the sample.
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through the sensors of the equipment, and allow synchronization of
the process with the radiography and diffraction detectors.

B. Equipment specifications

MiniMelt is based on the commercially available Freemelt
ONE system by Freemelt AB (Molndal, Sweden). Freemelt ONE
is a freely programable PBF-EB machine developed for research
applications.

The main components of the sample environment include an
electron gun, turbo pumps, a process chamber, a viewport, x-ray
transparent windows, and a recoater system [see Fig. 3(a)]. These
components are mounted inside an aluminum frame to allow trans-
portation and positioning of the equipment. For lifting, rotatable
lifting eyes are attached at the top of the frame. The dimensions of
the sample environment are 1180 x 660 x 1600 mm” (length x width
x height), and the weight is 365 kg, excluding the weight of the con-
trol unit that can be placed separately. The distance from the bottom
of the sample environment frame to the measurement position is
350 mm.

(a) MiniMelt

Turbo

Beam
column

Process
chamber N

— Recoater
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The electron gun is the same type of gun used in the Freemelt
ONE system: a diode-type source with a laser-heated cathode (LaBg).
The acceleration voltage is 60 kV, and the electron beam power can
reach up to 6 KW. The coils in the beam-column are shaping, focus-
ing, and deflecting the electron beam at velocities of up to 10° m/s.
Beam sizes of less than 250 pum full-width half power (FWHP) can
be reached. Two turbomolecular pumps (Turbovac 90i, Leybold
GmbH, Kéln, Germany) sustain a vacuum of 10™* to 10™> mbar dur-
ing the process. A magnetic valve to introduce inert gases for cooling
after the build process is completed is installed on the vacuum pump
attached to the electron gun chamber.

Two x-ray transparent windows made of Kapton® 500HN
(127 um) are attached to the process chamber, and one window
is located on the chamber door [Fig. 3(c)] and the other window
is located on the backside of the chamber. These windows have
a diameter of 66 mm and allow for collecting diffraction angles
of up to 14°. The x-ray windows are attached with copper-sealed
CF100 flanges to the process chamber and can be replaced with
blind flanges that eliminate radiation leakage (generated by elec-
tron beam—material interaction) to allow safe operation outside

(b) Process chamber
View port

Heat shields Rake

Proheat™ Build tank Powder tank

plate )
Build area

X-ray path
(c) X-ray window

mechanism

FIG. 3. (a) Image of the sample environment (MiniMelt) with the main components indicated. (b) The inside of the process chamber where the PBF-EB process takes place.

(c) The x-ray window is made from Kapton.
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experimental hutches. The sample environment is equipped with a
safety interlock system that controls the high-voltage unit. The inter-
lock system includes various switches on the process chamber doors,
the cathode chamber, the laser housing, and two emergency stop
buttons on the machine. The interlock of the machine can be con-
nected to the beamline’s interlock system to ensure safe operation.
These features allow us to operate MiniMelt in two modes: In mode
1, the Kapton windows are installed to allow synchrotron x rays to
interact with the sample inside the process chamber. In mode 2, the
blind flanges are installed, and operation in a lab space, e.g., process
parameter development, is possible.

The interior of the process chamber is shown in Fig. 3(b),
including the build area, where the interaction of the x-ray beam
and the powder bed occurs. The process chamber contains all com-
ponents necessary for a layer-by-layer PBF process. These include a
build and a powder tank with movable tables (diameter of 50 mm,
effective height of 50 mm, and a volume of 98 cm?), the recoater,
and heat shielding plates. The internal volume of the process cham-
ber is 21000 cm’, much smaller than the process chamber vol-
ume of Freemelt ONE, which is 70 000 cm?>. The process chamber
has 20 mm thick stainless-steel walls and provides four DN 40
ports that can be used to connect additional sensors and other
accessories.

The powder recoating system in MiniMelt is a linearly mov-
ing recoater. The recoater transports the powder from the powder
tank to the build tank and creates a powder layer of adjustable
thickness in the build area. This design differs from the more com-
mon funnel-based powder feeding systems that are used in in situ
synchrotron PBF-LB devices.” "’ The linear moving recoater of
MiniMelt is based on the powder feeding system of the Freemelt
ONE and reduces powder flowability issues.

Inside the vacuum chamber, a movable graphite plate is
installed, the ProHeat™ plate. This graphite plate can be swiveled
to the build area over the powder bed and heated by the electron
beam. The ProHeat plate can thereby provide heating to the powder
bed by thermal radiation without introducing an electric charge into
the powder bed.”

The control unit of the sample environment is mounted on a
metal EUR-pallet and houses the electrical cabinet, the high voltage
unit, the control computer, the beam control unit, as well as a ven-
tilation fan for cooling the beam-column. Furthermore, MiniMelt
includes a closed liquid cooling system for the cathode heating laser
and the turbopumps.

In addition, the synchrotron-based measurements (WAXS,
SAXS, and radiography), the sample environment includes several
sensors that provide data for process monitoring. The temperature
below the start plate is monitored using a type N thermocouple. In
total, four feedthroughs for thermocouples into the process cham-
ber are available. Two pressure sensors are used to monitor the
pressure inside the system. One pressure sensor is attached to the
process chamber, and the other one is attached to the electron gun
chamber. A webcam is used to get live images through the viewport
from the process chamber and the build area. A four-segment total
electron emission (TEE)”® detector [often referred to as a backscat-
tered electron (BSE) detector] is installed at the top of the process
chamber, surrounding the electron beam entrance to the chamber.
This TEE-detector is used for calibration and characterization of the
electron beam, to record ELectron-Optical (ELO) images,” and to
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provide in situ data that can be used for in-process monitoring.”
The ELO imaging system is utilized to determine the sample posi-
tions inside the build chamber and to align the melting locations
with the x-ray beam during synchrotron experiments (Sec. I C 2,
ELO imaging).

C. Software

Since MiniMelt is based on the Freemelt ONE system, the
machine control software is the same as found on that system. This
includes a software interface to control the various components
of the machine (called BOCCI) as well as the backend, support-
ing beam deflection control, beam calibration, log data acquisition,
TEE signal collection, and other features. Similar to standard
Freemelt ONE machines, MiniMelt is freely programmable and does
not come with preinstalled proprietary software for build file cre-
ation or TEE-based process monitoring. Consequently, appropriate
software had to be developed, implemented, and tailored toward
the requirements of an in situ PBF-EB sample environment. This
includes the capability of the machine to communicate with the
beamline detectors when to record data based on pre-programmed
user input, i.e., a triggering system.

1. Build file creation

On PBF-EB machines made by Freemelt, scan objects (such as
points, lines, and curves) can be defined by the user via an openly
available Python package called obplib. Since a build process that

FIG. 4. Example images of the process monitoring capabilities of the MiniMelt
system. (a) Shows a snapshot of a video recording of a powder build using a
webcam via the viewport. (b) Shows an ELO image (in material/density contrast
mode) of a bulk sample inside the build tank (used for beam path positioning),
while (c) and (d) show ELO images of a single line melt within the unconfined
powder bed in topography and density contrast mode, respectively.
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maps all the process steps of PBF-EB requires thousands of these
individual “obp-objects,” a Python-based software called Procsisem
(process control software for in situ EBM machines) was devel-
oped specifically for the needs of MiniMelt. The software contains
a library of functions that describe the various scan objects required
to perform a complete PBF-EB process. These include functions for
the creation of heating files for initial start-plate-, pre-, and post-
heating, as well as melt figures and additional support patterns, such
as functions to embed markers for various trigger events within the
pattern files. A compiler converts a user-defined selection of these
functions and the necessary scanning parameters (such as velocities,
beam powers, spot sizes, and scanning strategies) for each function
into a full, multi-layer build. The software allows for easy imple-
mentation of new pattern functions and has a built-in feature that
coordinates beam power changes between individual patterns. It is
thereby ensured that melting and heating patterns are executed at
their targeted power values (accounting for the time the cathode
needs to adjust to a new beam power target value). Finally, the soft-
ware allows us to change almost all process parameters during a
running build process without interruption.

An essential feature of the MiniMelt system and the Procsisem
software is the ability to predefine within compiled build files when
beamline detectors are supposed to record a measurement. This
is realized through Freemelts’ Syncpoint feature (part of obplib).
By placing Syncpoints within the beam pattern files, the user can
accurately define when to trigger a specified event on a Freemelt sys-
tem. MiniMelt can detect such a Syncpoint during a process and
output a 5 V TTL signal, which can be used to trigger detectors.
The recording of TEE signals from the four-segment TEE detec-
tor during the process can be similarly triggered via a different
Syncpoint. Both trigger signals are implemented as functions within
Procsisem.

X-ray beam
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Procsisem is compatible with MiniMelt and other Freemelt
ONE systems, allowing users to test build procedures and new
code implementations on a standard Freemelt ONE system before
performing experiments at a synchrotron.

2. ELO imaging

Utilizing the signals from the TEE detectors, MiniMelt can be
used to create ELO images. This functionality is required to locate
samples inside the process chamber and can also provide informa-
tion about the surfaces and objects in the build area during the
process. To create ELO images, the working principle of scanning
electron microscopes is applied. The time series intensity data col-
lected by the TEE detectors during a raster scan is combined with
beam position data to render ELO images [Figs. 4(b)-4(d)].

The ELO imaging is realized by a Python-based ELO imaging
software (FreemeltELO) that was initially developed for TEE-based
process monitoring on Freemelt ONE systems. An example of the
process monitoring capabilities of this software on a Freemelt ONE
system can be found in a publication by Bireis et al.”’ The soft-
ware allows us to define imaging settings, including the position and
size of the scanning area, and to perform an ELO scan at the end
of each layer during a build process. To achieve that, the software
interacts with the backend of the MiniMelt system to automatically
pause a running build process at the end of each layer and record an
image before continuing the build process with the recoating. The
images recorded by each of the four detectors, as well as topography
and material contrast images (through subtraction and addition of
opposing detectors, respectively), are displayed in a graphical user
interface. In addition, the software provides the ability to manually
caputre images of a scanned surface outside of the build process.
While the automated process monitoring mode is mainly used to
monitor changes during a running build process, the manual mode

Powder hill \_‘-
/(b)

Sintered powder

81:06:1 | £20 Joqwia0aq 61

Start plate

(a)

FIG. 5. The unconfined powder bed. (a) Schematic of an in situ measurement with the unconfined powder bed. (b) A sinter cake with an incorporated wall, processed with
MiniMelt. (c) A manufactured wall on top of a start plate, processed with MiniMelt (sinter cake removed).
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is used to record images of bulk samples and remelting experiments,
determine the positioning of installed samples, and define the scan-
ning paths of the electron beam. Examples of the various process
monitoring and imaging modes are displayed in Fig. 4. The manual
recording of bulk samples inside the build tank is an essential tool to
make experiments with bulk samples possible.

D. Unconfined powder bed

A new unconfined powder bed design was developed in con-
junction with the MiniMelt to ensure the observability of the PBF-
EB process with synchrotron techniques (radiography and scatter-
ing) while being as representative as possible of the industrial PBF-
EB process. In this design, the powder bed is shaped during the layer-
wise build process by modified rake blades with a trapezoidal cutout
(see Fig. 5). The pre-heating step unique to PBF-EB allows us to
stabilize the trapezoidal shape during the build process.

The geometry of the trapezoidal powder hill (height of 2 mm,
a top width of 1 mm, and an inclination angle of 35°) was deter-
mined during preliminary studies. The inclination of the hill is
small enough to not exceed the flowability limit of standard PBF-
EB powder (spherical, size distribution between 45 and 105/150 pm),
whereas the top width of 1 mm ensures that a single melt line or sim-
ilarly small sample sizes remain surrounded by powder. The powder
surrounding the melt pool ensures that melt pool dynamics dur-
ing melting and thermal diffusion during and after melting remain
representative of an industrial scale PBF-EB process (according to
thermal diffusion simulations performed with CMSX-4 as a model
material’!), different from sandwich-type powder bed designs where
the melt pool tends to get in direct contact with the x-ray transparent
walls.

The powder hill is created automatically layer by layer at the
beginning of the build process (first ~20 layers) on top of the start
plate until the target height, defined by the rake blade design, is
reached. The geometry of the powder hill can be varied by mounting
rake blades with different cutout designs. The unconfined powder
bed design not only allows for single-line scans but also for the
processing of three-dimensional melt patterns.

In addition to the unconfined powder bed, the relatively large
build tank (50 mm diameter) provides enough space for bulk sam-
ples to be positioned, while the FreemeltELO software allows the
users to target the sample with the electron beam reliably.

lll. SYNCHROTRON X-RAY MEASUREMENTS

MiniMelt is compatible with the Swedish Materials Science
beamline P21.2 and the High Energy Material Science beamline
P61A of the synchrotron PETRA III at DESY, Hamburg. During
commissioning beamtimes, in situ WAXS and SAXS experiments
with a monochromatic beam and radiography experiments with a
white beam were performed. An overview of the first results cap-
tured during these commissioning beamtimes at both beamlines is
provided in Secs. IIT A and 111 B.

A. Radiography at P61A

The in situ radiography experiments at high frame rates (up to
15 kHz) were performed using a white beam (40-200 keV) of the
size 2.5 x 1.5 mm? (width x height). The transmitted beam was
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converted into visible light using a cerium-doped gadolinium gal-
lium garnet (GaGG:Ce) scintillator (400 um, actively cooled using
N> gas). A focusing lens assembly and 45° reflection mirrors are
part of the radiography system. The images were magnified with
an objective lens with 10x magnification power and recorded on a
high-speed camera (Phantom v2640, Vision Research, USA). The
maximum recorded resolution was 2048 x 1952 pixels, with an
effective pixel size of 1.35 pm. Before the sample, various atten-
uator materials (copper, aluminum, iron, tantalum, and tungsten)
were introduced into the incident x-ray beam to vary its intensity
and energy bandwidth. The selection of attenuator materials and
their respective thicknesses was informed by simple absorption cal-
culations and trial-and-error testing. The attenuators mitigated the
thermal load on the scintillator while simultaneously optimizing the
x-ray energy bandwidth and thereby enhancing the contrast during
imaging of the samples. Notably, the high absorbance of the CMSX-4
samples required attenuation to harden the x-ray beam and reduce
the thermal load on the samples. The radiography setup is presented
in Fig. 6, and more details can be found in Bidola et al.*

In Fig. 7, several radiography frames recorded during the melt-
ing of a line in the unconfined powder bed at 6.6 kHz are displayed.
During these measurements, 10 mm Al and 200 pm Ta were used
as attenuators. The processed material was a hot-work tool steel
with the composition listed in Table I, provided by Uddeholm AB,
Sweden. The particle size distribution of the tool steel power was
50-150 pum.

The electron beam was scanned from left to right at a velocity of
200 mm/s with a power of 240 W. During scanning, the powder was
melted and densified, and the top surface of the built wall was there-
fore located below the top of the powder hill surface, as illustrated in
Fig. 7(a). In Figs. 7(b) to 7(e), the gray values are directly correlated
with the x-ray transmission of the material and, hence, to the elec-
tron density. Figures 7(a’) to (¢') show the difference between the
frames before the arrival of the electron beam on the field of view

FIG. 6. Radiography setup at beamline P61A. The MiniMelt is placed on a
heavy load diffractometer, allowing for positional adjustments in the x-, y-, and
z-directions. The high-speed camera is protected from radiation by an enclosure,
which provides 25 mm of lead shielding.
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(a) Powder to be melted
e-beam Powder on hill side

{Melted/ solidified}
e material :

to+ 14.2 ms

FIG. 7. In situ radiography showing the PBF-EB process of tool steel during the
melting of a line in the unconfined powder bed. Schematic of the process (a),
radiography density contrast at different times (b) to (e), and density evolution
over the melting showing the molten material (in dark) and the disappeared powder
particles (in white) at different times (a”) to (e”) (multimedia available online).

and the current frame, exhibiting the evolution of the x-ray trans-
mission (related to the material’s density) within the field of view.
With this image processing, the melted or solidified material (dark,
due to the density increase) and the melted powder particles (light,
due to the density decrease) can be identified. Furthermore, the melt
pool depth can be quantitatively retrieved, as can the molten metal
flow (not presented here). In Figs. 7(2’) and 7(b’), an ejected spat-
ter particle is visible, allowing us to estimate its velocity, size, and
direction.

Figure 8 displays a series of radiography frames exhibiting the
smoke effect. For this experiment, a steady electron beam with a

ARTICLE pubs.aip.org/aip/rsi

TABLE I. Nominal composition of the steel powder in mass-%.

Element Fe C Cr Mo \% Mn Si N

Composition Bal 0.35 4.93 224 054 045 025 0.049
[mass-%]

beam power of 60 W and a dwell time of 30 ms was targeted
at the powder bed at room temperature [displayed in Fig. 8(a),
showing the top of the powder hill]. The images were recorded at
6.6 kHz with 10 mm Al and 200 pm Ta attenuators. The utilized
powder was a Ni-base superalloy, EIGA atomized (by TLS Technik
GmbH & Co. Spezialpulver KG, Bitterfeld, Germany) from CMSX-4
feedstock rods (Ross & Catherall Ltd., Sheffield, UK). The pow-
der has a spherical morphology and a particle size distribution of
45-105 um.

When the electron beam hits the powder bed, a melted material
aggregate forms [Fig. 8(b)]. As the beam continues to hit the same
spot, the powder particles surrounding the electron beam position
are repelled to the sides, setting more and more particles in motion
[Figs. 8(c) and 8(d)]. In Figs. 8(e) and 8(f), all powder particles
are rapidly accelerated out of the powder bed due to electrostatic
repulsion.

Aside from powder bed experiments, the MiniMelt can also be
used for electron beam remelting experiments on thin bulk samples.
This is demonstrated in Fig. 9, where an electron beam was scanned

i @|[;,* 13.6 ms @

t,+ 2.3 ms )|[t,+ 19.7 ms (e)

aggregate

hﬂ-”

FIG. 8. X-ray radiography time series of the smoke effect, showcasing melting,
charge up, and electrostatic repulsion due to a standing electron beam. (a) Turning
on the electron beam on the sample surface (dwell time: 30 ms), (b) formation of
a melted material aggregate, (c) and (d) evaporation driven repulsion of particles
from the beam impact area, (e) and (f) rapid repulsion of powder particles from the
powder bed due to electrostatic discharge of charged-up powder particles.
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FIG. 9. In situ radiography of electron beam melting of a 1.1 mm thick bulk CMSX-4 sample, recorded at 15 kHz. Creation and expansion of a keyhole due to evaporation
driven recoil pressure (a) to (c). Collapse of the keyhole (d) and (e). Recreation of the keyhole (f) to (h) [similar to (a) to (c)]. Overall periodic formation and collapse of a

keyhole.

over a 1.1 mm thick (in x-ray beam direction) bulk CMSX-4 sample
at room temperature using a beam power of 560 W and a scanning
velocity of 25 mm/s. The images were recorded at an acquisition
rate of 15 kHz and showcased the formation of an oscillating key-
hole moving through the sample while reaching a melt pool depth of
over 1 mm. The same attenuators as in the smoke experiment were
used.

In addition to the presented measurements, the MiniMelt and
high-speed radiography at P61A are also expected to allow for
insights on powder behavior and flowability during powder raking
depending on the powder characteristics, powder sintering behavior
depending on the pre- and post-heating parameters, crack formation
and growth, as well as pore formation.

B. X-ray scattering at P21.2

Simultaneous SAXS and WAXS measurements were performed
at the P21.2 beamline (setup in Fig. 10). A monochromatic x-ray
beam of 68 keV (energy resolution of AE/E = 107%) and a beam size
of 0.1 x 1 mm”* (width x height) were utilized. The width of the x-ray
beam was optimized to ensure a sufficient x-ray flux while providing
a sufficient spatial resolution in the direction of the electron beam
travel. The center of the x-ray beam was positioned at the top of
the powder hill, so that ~ 0.5 mm of the beam height was inside the
unconfined powder hill, giving rise to the SAXS/WAXS signal. The
WAXS signal was recorded with an EIGER2 4M detector (frame rate
up to 1.12 kHz) placed at a sample-to-detector distance of ~ 1 m.
To record the SAXS signal, a Pilatus 2M detector with a frame rate
capability of 500 Hz was utilized at a sample-to-detector distance of
~ 15 m. The SAXS signal was guided through an evacuated flight
tube to reduce air scattering. The 2D images were azimuthally inte-
grated using LaB6 and AgBh calibration samples for the WAXS
and the SAXS data, respectively. The azimuthal integration was per-
formed on the Maxwell HPC cluster at DESY with a Python script
applying the pyFAI** package. This script is capable of an integration
time of ~ 22 ms per frame of an EIGER2 4M and ~ 9 ms per frame
of an EIGER2 1M, enabling online data visualization for datasets
typically consisting of around 10 000 frames.

WAXS data were recorded during PBF-EB of a wall in the
unconfined powder bed with the hot-work tool steel [Fig. 11(a)] and
the nickel-base superalloy [Fig. 11(b)]. In these figures, the x- and
y-axes show the time and the g-space, while the range adjusted
integrated diffraction intensities are represented by the color. In
Fig. 11(a), the WAXS signal during an entire layer cycle with the
hot-work tool steel is shown, recorded at 10 Hz. The utilized printing
parameters were 200 W, 200 mm/s, and a processing temperature of
850 °C. From 18.5 to 21.5 s, a new powder layer (50 um layer thick-
ness) is fed to the build area by the rake. The rake blades and the
powder in front of the rakes induce broad signals when passing the
x-ray interaction volume at 20.1 and 21.2 s. The newly recoated cold
powder shows a {110}, peak that is present until 25 s, after which
all the powder in the x-ray interaction volume is transformed into

FIG. 10. Combined WAXS and SAXS setup at the P21.2 beamline.
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FIG. 11. (a) WAXS data recorded for a full cycle of PBF-EB on the hot-work tool steel powder bed. Starting with recoating of a powder layer (18.5 to 21.5 s), pre-heating
(24 to 26.7 s), ramp-up of the beam power (26.7 to 30.2 s), printing of one line (30.2 s), and post-heating (30.2 to 47.8 s). During the powder feed, a phase transformation
of the newly recoated powder from o to y is observed. The beam power was 200 W, and the scanning velocity was 200 mm/s. (b) WAXS data recorded for a full cycle of
PBF-EB on the CMSX-4 powder bed. The temperature evolution over one cycle is indicated by the g-value change of the displayed {200},,,-peak. The line was molten at a

beam powder of 120 W and a scanning velocity of 50 mm/s.

y-austenite. The build area is pre-heated from 24 to 26.7 s. During
pre-heating, a decrease in the {111}, -peak position is observed, indi-
cating a temperature increase. In the next step, the beam power is
ramped up to melting power with the electron beam positioned on
the Proheat plate (26.7 to 30.2 s). At 30.2 s, the line of the wall is
melted, followed by post-heating until 47.8 s, when the next layer is
started by the feeding of new powder. In the recorded WAXS signal,
a varying background, introduced by the electron beam—material
interaction, is observed, reaching a maximum of ~ 1 % of the maxi-
mum peak height when the beam power is highest. For comparison,
a similar layer cycle is shown for CMSX-4 powder in Fig. 11(b). Due
to the absence of phase transformations in this material over the
entire temperature range and due to its lower thermal conductivity,

temperature changes are more easily visible. In particular, when
fresh powder is supplied to the powder bed, it takes several seconds
to heat up, as indicated by the lower g-range of the peak of the sup-
plied powder. Due to the higher processing temperature (> 950 °C),
the temperature changes during individual heating cycles are also
more pronounced.

In Fig. 12, the melting of a line on the unconfined powder bed
recorded at 1 kHz is shown. The hot-work tool steel was melted at
480 W and 300 mm/s. The length of the melted line was 15 mm;
hence, it took 50 ms (0.01 to 0.06 s) to melt the line. At 0.035 s,
the electron beam passes through the x-ray interaction volume, and
the y-austenite peaks are splitting up. From 0.04 to 0.07 s, a peak of
S-ferrite is present at ~ 30.1 nm™'. The fraction of the y-austenite
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FIG. 12. WAXS recorded during the melting of a line on the unconfined powder
bed of the hot-work tool steel and subsequent post-heating patterns recorded at
1 kHz.

peaks exhibiting an increase in q-range after melting is associated
with the melt pool and the surrounding heat-affected zone. The frac-
tion exhibiting a continuous decrease is associated with the powder
surrounding the melted line. At ~ 0.1 s, both fractions combine
again as the temperature homogenizes in the interaction volume.
After the melting of the line, the electron beam is scanned over
the unconfined powder bed for post-heating. The x-rays created by
the electron beam—material interaction during post-heating might
be partly shadowed by the powder hill, which would explain the
fluctuating background radiation visible from ~ 0.1 to 0.3 s.

Besides the qualitative analysis of the WAXS signal presented
here, the WAXS signal recorded during PBF-EB can be utilized to
study the solidification, phase transformations, and precipitation
quantitatively as well as to investigate the stress state and texture in
the solidified material during the build process and the cooling down
of the samples after processing.

The SAXS signal can also be recorded and yield information
on the evolution of, for example, precipitation. The SAXS signal was
recorded during the cooling of the steel samples, but no precipitation
has been observed in the performed measurements.

IV. CONCLUSION

We present a PBF-EB sample environment, the MiniMelt, for
in situ synchrotron measurements of PBF-EB. MiniMelt’s design
is based on the commercially available Freemelt ONE system
(Freemelt AB, Mélndal, Sweden), with the main modification being
a reduced process chamber size with integrated x-ray transpar-
ent windows. This allows experiments to be developed initially on
Freemelt ONE systems, which can then be investigated with Min-
iMelt in a synchrotron environment, as well as for the transfer of
synchrotron results to the Freemelt ONE systems. The software
developed for MiniMelt is compatible with standard Freemelt ONE
machines as well. Furthermore, we introduce the unconfined pow-
der bed, which allows in situ observations of multi-layer builds and
provides thermal conditions close to an industrial PBF-EB process.

ARTICLE pubs.aip.org/aip/rsi

This work describes the characteristics of the equipment and its
implementation at the DESY beamlines P61A (radiography) and
P21.2 (WAXS and SAXS). The initial results of radiography and
WAXS are presented, including measurements of the unconfined
powder bed as well as of bulk samples at frame rates up to 15
(radiography) and 1 kHz (WAXS). In the experiments presented, a
hot-work tool steel and the Ni-base superalloy CMSX-4 were inves-
tigated. The measurements presented showcase the capabilities of
the equipment to study the PBF-EB process in situ. Moving forward,
this equipment will enable the study of the melt pool, powder, and
defect dynamics as well as solidification, phase transformation, and
precipitation kinetics in PBF-EB. Furthermore, the MiniMelt can be
utilized for small-scale electron beam melting as demonstrated for
bulk melting of CMSX-4. Other potential applications of the sample
environment include the validation and calibration of process mon-
itoring data obtained from the total electron emissions detector, the
thermocouples, and other monitoring devices that can be integrated
with the equipment.

Ongoing and upcoming experiments with the sample envi-
ronment are expected to contribute to the progress of PBF-EB by
increasing the understanding of the physical phenomena that occur
during the various process steps of PBF-EB. The findings of these
experiments are anticipated to improve the process and alloy devel-
opment for PBF-EB. In addition, these experiments can enable and
foster model development and validation for PBF-EB.
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