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Abstract

X-ray microtomography can be used to characterise objects undergoing fabrication by
additive manufacturing. During the layer-by-layer building process, it can provide key
information about geometry, roughness and it can even reveal typical defects such as lack-of-
fusion porosity, gas pores or cracks. Usually, objects are built with varied processing parameters
and then characterised post-mortem. In the present work, we describe our custom-designed
additive manufacturing chamber allowing in situ 3D-non-destructive characterisation to be
performed during layer-by-layer construction using synchrotron X-ray microtomography.
Scans before (subsequently to powder deposition) and after local laser melting are acquired for
every layer. A few examples of such a characterisation demonstrate the ability of the set-up to
reproduce conditions close to those used in conventional laser powder-bed fusion devices and
to reveal key phenomena.
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1. Introduction

Laser powder-bed fusion (L-PBF) is one of the most popular technologies for additive
manufacturing (AM) because it offers the possibility to produce objects with complicated
geometry [1,2]. The aerospace and medical industries have been key drivers for the
development of this technology [1,3]. The basic principle of laser-based powder-bed fusion
additive manufacturing consists of selectively melting a thin layer of powder. This process is
repeated to build 3D objects layer-by-layer. However, very complex dynamics and transient
phenomena occur when melting a powder bed because of the typical processing conditions such
as localised heating, high cooling rates and thermal cycling induced by the layer-by-layer
construction process. Laser-matter interactions are believed to strongly affect the melt pool
dimensions and dynamics, hence altering the quality of the molten track [4—6] and built objects.
Process-induced defects can lead to a drastic reduction in the mechanical properties and quality
of an object such as its roughness and geometrical dimensions. The main causes of defects are
attributed to powder spattering [7,8] and pore formation [8]. The scientific community has made
a tremendous effort to shed light on the underlying mechanisms of additive manufacturing
based on process monitoring.

In situ process monitoring of laser-matter interactions have first been carried out using
high-speed optical cameras or thermal sensors, see e.g. [7,9-11]. Powder spatter and molten
track quality were thus characterised, see e.g. [7,9-11]. However, the use of high-speed optical
cameras is limited to powder bed surface observations and does not allow the monitoring of the
melt pool evolution during localised melting events. Recently, several research groups have
characterised laser-based powder bed fusion additive manufacturing relying on time-resolved
X-ray imaging. Significant efforts have been made to design replicators to mimic laser-based
powder bed fusion while allowing X-ray synchrotron imaging to be performed, see process
replicator details in [12-14]. These process replicators used in combination with high-speed X-
ray synchrotron radiography have brought new insights into the evolution of melt pool size and
morphology during localised melting [15-18], the mechanisms of defect formation such as
pores [15,17-19] or powder spatters [12,15,17,20] as well as solidification velocity [15]. Such
in situ synchrotron radiation characterisation has been carried out on several materials:
Ti6Al4V-alloy [14,15], Invar 36 [12,17], 316L stainless steel [18,20] and AlSilOMg alloy
[13,16,20]. Although MHz-frame rate X-ray radiography has revealed the melt pool dynamics
and clarified the underlying physical mechanisms, it still suffers from the lack of 3D
information at every step of the process. In addition, the literature on these topic has been
limited to single tracks in a powder bed width of typically a few hundreds of microns. This can
be seen as a situation relatively different compared to AM-processes where parts are made of
adjacent molten tracks and stacked layers. Some authors have also used X-ray diffraction in
combination with high-speed X-ray radiography to provide information regarding phase
transformation [15] and others have run additional post-mortem X-ray microtomography scans
to obtain a full 3D description of the final melting tracks [17,18].

The purpose of the present work is to demonstrate the feasibility to extend the in situ
characterisation of powder bed fusion AM-processes to 3D. A custom-designed laser-based
powder bed fusion instrument allowing 3D-characterisation using X-ray microtomography is
described. To our knowledge, this is the first instrument offering the possibility to achieve a
full 3D description of powder bed fusion additive manufacturing layer-by-layer over several
layers. Our custom-designed instrument allows 3D-builds to be monitored with scans after
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powder deposition and laser melting for each built layer or for any desired event of the process.
Contrary to the instruments described in [12-15], our system does not permit laser-matter
interactions to be investigated, but rather enables 3D images to be obtained at any step of the
layer-by-layer building process. A detailed description of our custom-designed device is given
before showing a few illustrative examples of what can be observed and inferred from such
experiments. As previously highlighted, AM-processing routes have been developed to produce
3D components made of adjacent and stacked molten tracks. There are defects forming within
a single track but a lot of them result from melting adjacent tracks and stacked layers. Thus, the
main additional insight provided by our approach is the monitoring of a defect population. For
instance, persisting defect or, on the contrary, defect healing can be revealed. Other additional
insights can be (i) a full 3D description of the powder bed stacking and packing before melting,
and (ii) to overcome artifacts induced by a 2D characterisation. This paper demonstrates the
technical feasibility and validates our custom-designed laser-based powder bed fusion
instrument adapted for 3D-monitoring of the layer-by-layer building process at beamline 1D19
of the European Synchrotron Radiation Facilities (ESRF). Thus, this report provides proof-of-
concept rather than a fundamental understanding of the defect formation during additive
manufacturing which was the aim of subsequent investigations.

2. Materials and Methods

In the laser powder bed fusion additive manufacturing process, a calibrated layer
thickness is first deposited and subsequently melted with a focused laser beam deflected by
optical mirrors. The overall process must be conducted in a controlled atmosphere to prevent
possible contamination such as oxidation. Such a device consists of two main components: a
high energy source (laser) and a build chamber allowing layers of powder to be deposited with
the help of a rake or a roller. A conventional laser set-up was used while the build chamber was
custom-designed to enable the use of X-ray microtomography at any step of the process, for
example immediately after powder deposition or laser melting.

2.1. Laser set-up

The laser system used in the present study was developed by the former PHOENIX
company, now known as 3D Systems. It consists of a fibre high-energy laser source, a beam
expander and a scanning head. The energy is delivered by a 200W ytterbium fibre laser from
IPG (YLR 4x200W SN). A single head was employed. The laser wavelength is 1080 nm and
the power can be varied continuously from 20 to 200W. The scanning head includes a motorised
galvanometric mirror that controls the final beam motion and position, and an f-theta lens which
focuses the laser beam at a distance of roughly 420 mm from the scanning head. The complete
optical path was characterised using a beam analyser from Promotec with spinning blades
having calibrated hole sizes. The beam diameter given by the Prolas beam analyser software is
defined as the diameter of the spot containing 86% of the laser power. It was found to be
between 50 and 70um at +1mm from the focal distance.

Safety issues are overcome by interlocking the laser source to the experimental hutch
door of the ESRF ID19 beamline. Thus no laser emission is possible when the hutch door is
open.



2.2. Design of an AM-build chamber adapted for 3D imaging

The custom-designed build chamber includes a layering system operating in a controlled
atmosphere compatible with X-ray microtomography. The developed system consists of a
rotating rake and a build plate mounted on a piston that can move up and down along the build
direction, see a 3D CAD in Figure 1a. An accurate position of the piston is ensured by a home-
made micromechanical device. The position of the build plate is controlled at =5um and a
maximal displacement rate of 0.5mm/s can be achieved. The build plate mounted on a piston
can be moved away from its raking position: up to 10mm downwards allowing new layers to
be built, and up to 20mm upwards to be in a “shadow-free” position to perform in-situ
microtomography subsequently to key steps of the layer-by-layer building process. This
“shadow-free” position allows microtomography to be performed without missing angles (over
180 or even 360° if needed). The focal distance of the laser beam was preliminary set to this
“shadow-free” position. Thus laser melting and 3D-characterisation are carried out at the same
position, i.e. 20mm above the layering position.

A rotating rake is used for powder deposition and it also supports the excess powder
required to deposit and build additional layers, see an enlarged view of the build chamber
interior in Figure 1b. The raking system is confined to the build chamber and consists of a
polycarbonate tube, an upper cover made of stainless steel and a bottom plate. The upper cover
has a treated window absorbing less than 0.5% of the laser power. The bottom plate supports
the raking system. The build chamber is connected to a vacuum pump and an argon flow and
both moving axes are sealed. A controlled atmosphere can thus be employed throughout our
experiments. Control of both build plate motion and raking rotation is ensured by dedicated
softwares.
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Implementation of the AM-system at beamline 1D19 of the ESRF.

2.3. Beamline implementation and imaging conditions

The whole system consisting of the laser source, scanning head, and build chamber has
been implemented at beamline ID19 of the ESRF, see Figure 1c. The laser scanning head is
held by a camera manipulator as shown in Figure 1c and mounted on a motorised stage
allowing the scanning head to be accurately positioned. Note that the final beam profile analyses
(with the whole optical instruments mounted) were performed directly on the rotating stage of
the beamline. This enables the laser melting position to be set at the focal distance giving the
smallest spot size. The building chamber was placed on the Leuven medium resolution rotating
stage. Cables ensuring connection were attached in such a way to allow 180°-rotation of the
building chamber.

An indirect X-ray image detector, the so-called TripleMIC (OptiquePeter, Lentilly, France) was
used: consisting of a scintillator lens-coupled (Mitutoyo long-working distance objectives) to
an SCMOS camera (type: pco.edge 5.5, PCO AG, Germany). Several magnifications can be
achieved using a high-energy X-ray beam. Triple-mic enables rapid switching between the



objectives without the need for focus adjustment and with a scintillator optimised for each
magnification. In this feasibility study, magnifications of 2, 5 and 10 times have been tested,
resulting respectively in a pixel size of 3.64, 1.46 and 0.73um. However, in this work, image
acquisitions were only made with the two-times magnification. Thus, all the reconstructions
shown here, have a voxel size of 3.64 um. Note that all the images were acquired using the
absorption contrast. The scintillator was a 250 um thick LuAg. The experiments were conducted
with a ring current of 200 mA. A pink beam was employed using a W150 wiggler with a 40
mm of gap of filtering with 1.4 mm of diamond, 1.4 mm of copper, and 5.6 mm of aluminium.
This results in a peak energy of about 78keV and a mean integrated detected energy of roughly
95keV. Beam conditions used in this work would also be suitable for heavier metals such as
Ni-alloys or steels for a similar building area (build plate diameter of 6mm). The distance
between the sample and the detector was about 150 mm (this can be reduced down to about 100
mm). Exposure time was set to 20ms. 1500 projections were acquired per scan resulting in a
scan time of 45s including reference images. A region of interest (ROI) of 2440 x 1700 pixels
which results in a field of view of 8.8 x 6.2mm was used. Data were reconstructed using the
ESRF fasttomo3 pre-processing and PyHST2 routines [21] using classical filtered back-
projection algorithms. Post-reconstruction ring removal was applied using an in-house ESRF-
Matlab routine, see [22]. Data were cropped and converted to 8-bits using fixed ROI and
grayscale range per sample. Post-processing was conducted using Fiji [23] and in-house plug-
ins [24]. A virtual powder removal procedure has been applied to allow the 3D rendering of the
molten tracks. In other words, the virtual view is a 3D rendering of the melted wall as it would
be observed if the powder bed was removed. Virtual powder removal was performed using
image processing and neck detection using Fiji plug-ins. A simple approach based on
morphological operators has been employed here: a combination of basic cutoff threshold value
determined by iterative intermeans, 3D holes filling, 3D opening (erosion and dilation) using
an exact euclidean distance, 3D flood fill, and, classical boolean operations. To summarize, this
is roughly equivalent to remove powder particles whose contact surface with the molten track
exhibits a radius smaller than 25 um (7 voxels). Note that other images analysis procedures
such as watershed or level set based segmentation can be applied without impacting the results.

2.4. Build procedure

To run a build with our custom-designed system, the following procedure is applied. An
overview of this procedure is given in Figure 2.
First, the build chamber is thoroughly cleaned with a suitable vacuum cleaner and all parts
washed with isopropanol. The build plate mounted on the piston is dismantled in order to avoid
any contamination with the previously used powder. The build plate can be easily changed to
use a similar material than the deposited powder or to use a different material, showing the
versatility of our custom-designed build chamber. In the present work, the build plate diameter
was 6 mm. Note that the diameter of the build plate can be changed relatively easily. Our system
offers the possibility to use build plate with diameters from 4 up to 10 mm. Second, powders
of the investigated material are introduced in the build chamber in front of the rake. The initial
amount of powder is about a few cm? to be able to build up multiple layers. Third, the building
chamber is closed by placing the polycarbonate tube covered with a stainless steel plate
including a window on its support, as shown in Figure 1b. Two O-ring seals are used to
simultaneously seal the chamber and hold the polycarbonate tube. Then tubes connecting the
building chamber to the vacuum pump and to the argon flow are connected and valves opened.
To purge oxygen from the chamber, vacuum pump and argon flow are alternated, repeating 5
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times with a vacuum down to 0.1 mbar. No oxygen sensor was used in the experiments but one
will be implemented in a the next-generation building chamber. Valves are finally closed and
the vacuum turned off, the building chamber is thus filled with argon. The reference position
(“zero”) of the build plate mounted on the piston can now be adjusted. This adjustment is carried
out by alternately depositing a layer of powder and measuring its thickness using X-ray
radiography. To do so, the build plate is moved down in its “raking position” (Figure 2a), the
rake is then rotated (Figure 2b) to deposit a powder layer. Depending on the layer thickness,
the layering position is adjusted to achieve the desired height. All subsequent layers are then
deposited with respect to this position. For instance, the fifth layer will be deposited with the
building plate moved down by 500um for a layer thickness of 100um. The building plate
mounted on the piston is then moved up to its “shadow-free” imaging position, see Figure 2c-
d. A microtomography scan describing the deposited powder bed is acquired and allows the
powder bed homogeneity over the region of interest to be assessed. While being at the same
imaging position, a laser melting sequence is applied, see Figure 2e (imaging position = melting
position). If required, in situ high-speed X-ray radiography can be recorded during laser
melting. Any orientation can be selected for registering radiographs. Nevertheless, one should
keep in mind that the frame of the scanning head and the X-ray beam source are fixed. Thus if
the sample is rotated, one needs to adjust accordingly the laser melting pattern directly in the
control software of the laser scanning head. Finally, once the laser melting sequence is
completed, a microtomography scan is acquired (Figure 2f). The build plate returns to its
layering position and a new powder layer is deposited (Figure 2g). Such a sequence is repeated
until the end of the build to obtain a full 3D-description of the build at each layer with images
taken after the powder deposition and laser melting steps. We did not observe any motion of
the powder particles during the elevation and retraction of the build plate, except on the
periphery of the build plate. Typically a region of about 0.5mm was affected along the periphery
of the build plate. This was assessed by comparing CT-scans acquired during preliminary tests
deliberately conducted to detect possible powder particle motion within the powder bed due to
elevation and retraction of the build plate. For a dozen of layers built, we did not observe
significant changes, this might become an issue for higher builds. However, in such a case,
other strategies can be considered. For instance, building a thin wall along the periphery of the
build plate.

Our in-situ characterisation presents several advantages over possible ex-situ
experiments that deserve to be commented on. (i) Taking out the sample at each processing step
might cause oxidation of the built material (powders and molten tracks) induced by drastic
atmosphere changes due to interrupted tests and this might affect the building sequence. (ii)
Samples would have to be very carefully handled between each layer to limit powder bed
stacking changes that could further affect the molten track morphology. For instance,
simulations run in Ref [28] demonstrate that the local powder bed density can affect the final
molten track morphology. (iii) The positioning of the samples when re-loading the sample into
the replicator to ensure a consistent layer thickness throughout the build can be very difficult.
(iv) With our in-situ approach, it is possible to make image acquisitions in time corresponding
to typical layer processing time without requiring additional time that would likely impact the
local thermal conditions.
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bed. (e) Laser beam melting. (f) 3D X-ray imaging to characterise molten tracks embedded in the powder bed. (g) Build plate
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indicated).

In the present work, the laser scanning speed and layer thickness were kept constant.
The scan speed was set to 200mm/s for all experiments and the building plate was moved 100
um-down at every layer using the micropress depicted in Figure 1a. To vary the linear energy,
the laser power was varied between 50 and 200W. Such parameters were chosen based on a
preliminary study that showed that melting tracks with different morphologies can be obtained
in this range of power. Objects resembling walls were made of stacks of single melting tracks
of 3mm in length and were built with varied laser powers and constant speed on the 6mm build
plate. Walls made of stacked adjacent melting tracks separated by a hatch spacing of 100um
were also built. All of the built objects consisted of multiple layers. In the following, we use a
coordinate system (X, Y, Z) with X the scanning direction and Z the build direction.

2.5. Material

The current experiments have been conducted using Ti-6Al-4V-ELI pre-alloyed gas-
atomized powders, supplied by ARCAM. To facilitate easier powder deposition, a larger
powder size distribution, 45-105um, than usually employed in laser-based powder bed fusion
machines have been selected. Such a powder size distribution is currently used in AM-electron
beam melting machines, another AM-PBF process see e.g. [25-27].



3. Results and Discussion
3.1. Building walls made of single melting tracks

A set of walls made of single tracks were built at constant scan speed (200mm/s) whilst
varying the power input: P1= 50W, P1= 100W, P3= 125W and P4 = 150W as indicated in
Figure 3. This allows investigation of linear energy (E|) ranging from 0.250 to 0.750J/mm.
Figure 3a-f shows 3D renderings of virtual views of the build after the addition of a deposited
layer. These virtual views are an original and interesting way to characterise the 3D molten
tracks morphology. They are generated using image analysis, in particular, powder neck
detections (see details given in section 2.3). The virtual view is a 3D rendering of the melted
wall as it would be observed if the powder bed was removed. Note that in our experiments,
physical powder removal was only carried out after the final layer was melted. Such virtual
views allow the evolution of the morphology of the walls to be monitored as well as the wall
internal structure during additive manufacturing (presence of pores). The virtual powder
removal routine was not optimised for powder particles close to the building substrate resulting
in the presence of few powder particles in contact with the plate as seen in Figure 3a-f.

The evolution of the morphology of the molten tracks can be observed throughout the
build from layer #1 to layer #6 in Figure 3a-f. After melting the two first layers, one can already
detect conditions leading to molten tracks with contrasting morphology. For instance, the single
track melted with low power (P1) is discontinuous and shows numerous irregularities as shown
in Figure 3a-b. In other words, this condition can be considered typical of unstable melting
conditions. This is further exemplified in Figure 4a-b using 2D cross-sections extracted along
the melting direction, i.e. in the XZ-plane where partial melting (few powder particles are
observed after melting) are evidenced. Interestingly, here the discontinuous molten track does
not result from the breakup of a continuous melt pool as typically reported when applying high
laser velocities that generate Rayleigh-kind of instabilities (definition of balling), see e.g. [4-6].
Rather, it is thought that droplets already form during melting at low linear energies due to the
interplay between wetting, capillary forces and even more importantly the local powder
packing/arrangement. In other words, surface tension effects seem greater than the gravity
effect resulting in unstable single tracks due to insufficent energy input. Increasing the linear
energy leads to the formation of droplets that grow until they reach a constant morphology like
those observed for higher linear energies, typically the single tracks melted with P3-P4, see
Figure 3a-b.
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Figure 3. The laser power is increased: P1 = 50W (Ei1 = 0.2503/mm), P2 = 100W (Eiz = 0.500J/mm), P3 = 125W (Eiz =
0.625J/mm) and P4 = 150W (Eis = 0.750J/mm) while the laser scanning speed is kept constant (200mm/s) and the layer
thickness set to 100um (defined here as the powder layer height). (a)-(f) 3D view of the walls built by laser additive
manufacturing using various laser powers. 3D data have been segmented to virtually remove particles of the powder bed.
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Layer #1
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Figure 4. 2D longitudinal cross-sections (X, Z) extracted from the reconstructed volume to illustrate the building sequence of
a wall made of single tracks using a power P1 =50 W (Eiz = 0.250 J/mm). Two different layers are illustrated (a) and (b) and
for each layer we successively show a cross-section after powder deposition (raking) and after laser melting.

The final morphology of the walls made of six different layers and built with increased
power is shown in Figure 3f. At low laser power (P1), one can see a thin discontinuous wall
with significant height variation whereas at higher power (typically P4) the wall is continuous,
larger, and exhibits a mostly smooth surface with a relatively constant height. The average
width of the walls increases with the linear energy, see Figure 5, ranging from roughly 150pum
for linear energy of 0.250J/mm up to about 350pm at 0.750J/mm. Note that for power P1 and
P2 the average width of the walls is relatively constant with the addition of new layers whereas
the average width of the walls melted using higher power (P3 and P4) increases over the first
three layers before achieving a steady-state regime where the width no longer changes between
the third and sixth layers.
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Figure 5. 2D cross-sections parallel to the build plane (X, Y) extracted from the reconstructed volume to illustrate the
evolution of the width of the walls made of single tracks with power (layer thickness = 100um). This cross-section was
extracted at a height corresponding to the addition of layer five.

More interestingly, it is possible to track defect formation and their possible healing by
liquid feeding when melting the next layers, thus providing new insights regarding the build
history. For instance, in the build history of the track melted with power P4, for layer one, the
melting track looks continuous without significant variations of heights (Figure 3b).
Subsequently for layer two and layer three, the track P4 shows height variations, see Figure
3c-d, but these tend to be smoothened during the melting of layers four to six, see Figure 3e-f.
In addition, the width of the built wall P4 seems to increase with the addition of new layers.
Similarly, the wall built with a power P3 which shows a defect at layer one, indicated by a white
arrow in Figure 3b, and which corresponds to a lack of material. This local absence of melted
material leads to an irregularity along the melt track that is progressively compensated as new
layers are built, see Figure 3c-d. Another kind of defect is generated in the wall P3 at layer
four: a protrusion forms (Figure 3d) and is at the origin of the surface irregularity seen in
subsequent layers (Figure 3e-f).

Another view of the build sequence when adding new layers is provided by the 2D
transversal cross-sections (Y, Z), see the example shown in Figure 6a-d. These 2D cross-
sections were extracted from the reconstructed volume at the same position, just after powder
deposition as well as after melting, from layer three to layer four. The molten track geometry
seems to show a stochastic aspect; this can be seen because the molten track morphology
evolves with the addition of a new layer. This indicates that the molten track geometry is
sensitive to the local powder arrangement which changes at every layer. This stochastic effect
of the molten track geometry can be better exemplified using 3D-imaging, see Figure 7a-h
where the build history of a single wall is shown using our virtual views. The latter idea
highlights the importance of the local powder stacking, packing, and distribution within the
powder bed. The similarity is striking between our experimental results displayed in Figure 6a-
d with the predictions of the simulation of Korner et al. [28-30] using a 2D Lattice-Boltzmann
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numerical framework [31], see e.g. Figure 6e taken from [29]. Thus our experimental results
can be discussed in the light of the large body of modeling work published by Korner and co-
workers [28-32]. In reference [28], the effect of the powder bed density on the resulting melt
pool shape was investigated. At low relative powder densities (<50-55%), it is reported that the
melt pool geometry was unstable and did not exhibit a typical hemispherical shape because of
the predominance of capillary forces and wetting. In other words, this highlights the key role
played by surface tension in comparison with gravity in particular in the presence of a loosely
packed powder bed. It was demonstrated that the stabilisation of the melt pool geometry
increases with high powder bed densities, typically (>55%). In order to study the stochastic
effect of the powder layer, randomly stacked powder layers were generated while keeping a
powder bed density of roughly 55%. Note that in our experiments, 3D measurements of the
powder bed relative density gave values within the range of 55-60% and reveal a rather
homogeneous powder bed over the region of interest. It was found that the solidified melt pools
strongly depend on the local powder particle arrangement [28]. Those numerical predictions
turn out to be consistent with our observations.
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Figure 6. 2D transversal cross-sections (Y, Z) extracted from the reconstructed volume to illustrate the building sequence of a
wall made of single tracks using a power P2 = 100W and a speed of 200 mm/s (Eiz = 0.500J/mm and layer thickness = 100pum).
Four different layers are illustrated (a)-(d) and for each layer, we successively show a cross-section after powder deposition
(raking) and after laser melting. (e) Prediction of the formation of a single wall, extracted from [29] (P = 120W, v =200 mm/s,

Ei=0.6 JJmm, layer thickness = 100um).
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Figure 7. (2)-(h) 3D rendering of the build history of a wall fabricated by laser additive manufacturing using a laser power P2
=100 W (same sample shown in 2D in Figure 6). 3D data have been segmented to virtually remove particles of the powder
bed. The laser scanning speed is kept constant (200 mm/s) and the layer thickness set to 100pum.
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Besides, after melting, we can see that the powder bed height is lower near the melted
track than the height of the melted track, meaning that the powder bed is depleted near the
melted track. This powder particle depletion in the neighborhood of the single tracks results
from powder spattering and is often called the denudation zone, see e.g. [6-8]. The underlying
physical mechanisms have been investigated and elucidated by the use of high-speed thermal
cameras [7-10] or time-resolved X-ray radiography [12,13,15,17-20]. The denudation zone
caused by laser-matter interactions leading to powder spatter is shown when using a larger field
of views as illustrated in examples given in Figure 8a-b. After raking, the powder bed height
exhibits small variations whereas a clear powder particle depletion near the melted wall is
highlighted subsequently to melting events. A schematic illustrating the denudation zone is
proposed in Figure 8c for the sake of clarity. Our experimental set-up allows observation of
this denudation. Matthews et al. [7] have investigated the width of this denudation zone as a
function of the input of the power when melting powders of the same materials, i.e. Ti6AI4V
under different atmospheres. For instance, under Ar-pressures of 760 Torr (1 bar) and 0.2 Torr
(0.2mbar), the width of the denudation zone was measured to be respectively about 300um and
600um for a power of 50W and a scan speed of 500mm/s. Interestingly, in our case for the same
power (50W) and a scan speed relatively close (200mm/s), we have estimated the denudation
width and we found a width of the same order of magnitude though the powder size distribution
(45-105um) was larger than in [7] (average powder size of *30um), typically 400um as shown
in Figure 8a-b, demonstrating once again the reliability of our process replicator.
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Figure 8. 2D transversal cross-sections (Y, Z) extracted from the reconstructed volume of the single wall melted with a power
P1=50W (Eir = 0.250J/mm) illustrating the presence of a denudation zone. (a) layer one and (b) layer two. We show successive
cross-sections after powder deposition and after laser melting. (¢) Schematic showing the denudation zone caused by powder
spattering.

3.2. Building walls made of multiple adjacent melted tracks

AM-parts consists of a large number of adjacent and stacked single tracks. Investigating
single melted tracks certainly brings new insights into our fundamental understanding of AM-
processes but it can be seen as an oversimplification in comparison to real 3D-objects. To bring
new insights, we built two adjacent melted tracks. Tomographic scans were acquired after
powder deposition and after laser melting of every single track. Thus it was possible to monitor
evolution of the powder bed and melt pool geometry when two adjacent single tracks were
melted.

As a proof-of-concept, we observed the building sequence of the first four layers of the
two adjacent single tracks, see Figure 9a-d. Here we have deliberately chosen conditions with
low linear energy (0.250 J/mm) to favour the formation of defects. For the first layer, it can be
seen that the first melted track generates a depleted area, namely the denuded zone as explained
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in Figure 8. Thus fewer powder particles are available to be melted when the laser scans the
adjacent line resulting in a difference of height, see Figure 9a. A similar trend is observed for
layer two, see Figure 9b. This height difference tends to disappear with the addition of new
layers since at layer three and layer four, this height difference is no longer significant. It means
that stacking irregularities can be compensated during the process as soon as the parameters are
adjusted to ensure a melt pool depth larger than the nominal layer thickness. Indeed, the
effective powder layer thickness can be much larger locally than the nominal one. Thus a defect
generated at a given layer may no longer exist following the processing of the next layers.

(a) — Molten Track #1 Molten Track #2
300 pm

After raking

Layer #1
Z
(b) Molten Track #1 Molten Track #2
Lack-of-fusion defect
Layer #2
(c) Molten Track #2
Lack-of-fusion defect
Layer #3
(d)

Layer #4

Figure 9. Images are acquired once the first track is melted and also subsequently to melting of the adjacent track. Here P1 =
50W (Ei1 = 0.250J/mm) and the spacing between the two melting track was set to 100um. (a)-(d) 2D transversal cross-sections
(Y, Z) extracted from the reconstructed volume to illustrate the building sequence of a wall made of two adjacent melting
tracks. Four different layers are illustrated and for each layer we successively show a cross-section after powder deposition and
after laser melting.
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Figure 9 also reveals another typical defect that has been largely reported in the
literature, i.e. the so-called “lack-of-fusion” defect. Here a lack-of-fusion type of defect due to
insufficient overlap between the two adjacent melting tracks is detected at the end of layer two
once the two adjacent single tracks have solidified, see the defect indicated by a white arrow in
Figure 9b). This defect is not healed by liquid feeding during the addition of subsequent layers,
hence it is still there after completing layer four (Figure 9d). Interestingly, this defect is caused
by a small irregularity which is highlighted by the yellow arrow in Figure 9b. A similar
situation seems to occur at the end of layer three where another small irregularity observed on
the last solidified layer (see yellow arrow in Figure 9c) is at the origin of the new lack-of-fusion
defect revealed in Figure 9d and indicated by the additional white arrow. Again the modelling
approach of Bauereil3 et al. [32] helps to rationalise the formation of such defects. They
demonstrated the minor impact of gravity in comparison with the key role played by the surface
tension. Thus liquid feeding of small irregularities when melting the next layer is not necessarily
oriented downwards to the underlying layer as one could expect when gravity is predominant.
In other words, fluid motion can occur predominantly horizontally preventing the underlying
irregularities from being filled by liquid feeding. This results in the formation of a pore, such
as the ones shown in Figure 9. Nevertheless, we also found cases where pores were partially
healed when melting the next layer. This situation is exemplified in Figure 10a-b where pores
A and B are partially healed during melting the subsequent layer. The initial large pore A is
now split into two small residual pores while the size of pore B has decreased, unlike pore C
which was not affected by the addition of a new layer. One could argue that the healing
mechanism could also result from a deep keyhole moving over the lack-of-fusion defect and
leaving keyhole pores. However, with the range of melting parameters used in this work, we do
not believe that we are in a keyhole regime. Indeed, the inspection of the 3D view of the various
molten tracks does not reveal the presence of pores aligned along the molten track at a given
depth as highlighted in references [33-35] for melting conditions leading to numerous keyhole
pores. This was assessed even for the highest energy input (P = 150 W, v = 200 mm/s) expected
to be the most sensitive to keyhole porosity.

Those observations rather suggest that we are in a regime governed by heat conduction. Our
conclusion is consistent with the results recently published in references [36-38] showing that,
with our melting parameters, we should be in a heat conduction mode.

Based on the framework proposed by Patel et al. [37], we have first located our data
point on the normalized processing diagrams for L-PBF published in Figure 4 in reference [37].
To do so, the dimensionless energy input, E*, and the dimensionless laser velocity, v*, were
estimated using equations (1) and (2) respectively for all the conditions employed in the present
work.

*

E*=% (1)

with g* = AP/rg/(Tm-To), the dimensionless beam power; and I* = 2li/rg, the dimensionless layer
thickness. A, P, rg, 4, Tm and To being respectively, the absorptivity, beam power, beam radius,
thermal conductivity, liquidus of the investifgated alloy, and powder bed temperature (taken
equal to 298 K here).

VI
- @
a

with v the laser velocity and a = Ap/Cp, the thermal diffusivity; p and Cp being respectively the
density and heat capacity. The physical properties used to run those analytical calculations, and

\"
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extracted from [36], are summarised in Table 1. The results are given in Table 2. Our data
points sit within the heat conduction mode region, see Figure 4 in reference [37]. In other words,
deep keyholes are not expected.

Density Heat Thermal Thermal Liquidus Absorptivity
p (kg/md) Capacity conductivity A Diffusivity Tm (K) A
Cp (J.kgtK (W.m-1.K1%) a (m2st)
),
4430 830 31,6 8.6 10° 1923 0,6

Table 1. Physcial properties of the Ti-6Al-4V alloy extracted from [36] and used for our analytical calculations of the
dimensionless energy input E*, dimensionless laser velocity v*, and the normalized enthalpy AH/As.

Power, P (W) 50 100 125 150
Laser beam velocity, v (mm/s) 200 200 200 200
Linear Energy, E; (J/mm) 0.25 0.5 0.625 0.75
Beam radius (pum) 30 30 30 30

Powder thickness, I;(um) 100 100 100 100
Dimensionless beam power, g* 19.5 38.9 48.7 58.4
Dimensionless beam velocity, v* 0.7 0.7 0.7 0.7
Dimensionless layer thickness, I* 6.7 6.7 6.7 6.7
Dimensionless heat input, E* 2.9 5.8 7.3 8.8

Normalized enthalpy, AH/hs 6.2 125 15.7 18.8

Table 2. Summary of the melting conditions used in the present work and results of our calculations to evaluate relevant
normalized parameters to determine the dominant melting mode in our experiments.

We have also evaluated the normalized enthalpy using equation (3), as suggested in
reference [35] and further applied to Ti-6Al-4V in reference [36] for all the melting conditions
used in this work. The results are reported in Table 2.

AH AP
hy  7pC, T, \Javry

The calculated normalized enthalpy reported in Table 2 has been compared to the threshold
value for the Ti-6Al-4V alloy. This critical value was found to be about 17 in reference [36].
All values stand below the threshold, except for the highest power which exhibits a value close
to the threshold, indicating that our experiments were conducted under a heat conduction mode.

Finally, our experimental observations, as well as analytical calculations based
respectively on reference [37] and reference [36] demonstrate that, in this study, we should be
in a regime governed by heat conduction. Thus, it is likely that deep keyhole does not form with
the melting conditions applied here. As a result, we concluded that the predominant healing
mechanism was liquid feeding but not due to deep keyholes. Investigating melting conditions
leading to numerous keyhole pores using the characterisation approach described in this work
would be worth to be studied in the future.

3)
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Figure 10. 3D view of a defect observed at layer two (a) and which is partially healed at layer three (b) when building a wall
made of two adjacent melting tracks. 3D data have been segmented to virtually remove particles of the powder bed.

In summary, a full 3D non-destructive characterisation was obtained at key steps of the
layer-by-layer laser-based powder bed fusion build process. Our approach has provided insights
that could not be obtained when performing more classical post-mortem analysis or 2D-
characterisation. Thus the history of various defects could be investigated in detail.
Interestingly, even if numerous defects can be seen when characterising the samples post-
mortem, in particular when the processing parameters are not optimised as illustrated in Figure
9, a substantial number of defects form during additive manufacturing but disappear when
melting adjacent tracks or melting the next layer. This suggests that AM-processes can be seen
as inherently self-healing processes. Some of the defects, for example, small lack-of-fusion
defects or local surface irregularities along the molten track as typically shown in Figure 3b or
Figure 3d, can be healed due to the inherent layer-by-layer building sequence and this can only
be revealed and observed using the approach described here.

The results shown in the present work have to be considered as proofs-of-concept rather
than a detailed and fundamental investigation of the mechanisms operating when melting a
powder bed. However, we demonstrate for the first time that the layer-by-layer sequence
inherent to AM-processes can be characterised in 3D through the use of synchrotron X-ray
microtomography. Thus our approach turns out to be complementary to the existing tools
aiming at characterising in situ AM-powder bed processes such as high-speed optical camera
or ultra-fast X-ray radiography. The aim of ongoing work consists in improving our process
replicator on two aspects: powder deposition and atmosphere control.

4. Conclusion
The main conclusions of the present work can be drawn as follows.

e A custom-design build chamber permitting X-ray microtomography has been designed
and implemented at a synchrotron beamline.

e The ability of such an instrument to provide a 3D non-destructive description of the
powder bed after steps such as powder deposition or laser melting has been
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demonstrated through a feasibility study. This can be achieved for every layer of a given
build or any event of interest.

e Our custom-designed chamber is versatile since we can easily switch from one powder
to another.

e The effect of the building strategy on the morphology of melted tracks or the formation
of typical defects inherent to AM-processes such as laser-based powder bed fusion can
be investigated. Illustrative examples have been provided.

e As a feasibility study, we demonstrate that our approach allows typical situations to be
captured such as defect formation and complete or partial healing of the aforementioned
defects.

e Such an approach is thought to make the elucidation of fundamental mechanisms
possible and to validate existing modelling predictions, but further work is needed to
reproduce conditions typical of industrial L-PBF-machines.

e The suggested approach can be used to further investigate and optimise build strategies
based on sensitivity to defect formation and spatters. This is the aim of subsequent work.
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