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In this work, the application of a time resolved multi-contrast beam tracking technique to the
investigation of the melting and solidification process in metals is presented. The use of such a
technique allows retrieval of three contrast channels, transmission, refraction and dark-field, with
millisecond time resolution. We investigated different melting conditions to characterize, at a
proof-of-concept level, the features visible in each of the contrast channels. We found that the phase
contrast channel provides a superior visibility of the density variations, allowing the liquid metal

pool to be clearly distinguished. Refraction and dark-field were found to highlight surface roughness
formed during solidification. This work demonstrates that the availability of the additional contrast
channels provided by multi-contrast X-ray imaging delivers additional information, also when imaging
high atomic number specimens with a significant absorption.

X-ray multi-contrast imaging is based on the retrieval of the refraction and dark-field contrast channels in addi-
tion to conventional transmission. This is typically achieved by using optical elements such as phase or absorp-
tion gratings"?. Usually, these elements need to be repositioned or translated with respect each other in order
to probe the variation in the beam modulation induced by the sample. Therefore, the acquisition of multiple
images is usually needed to retrieve the three contrast channels**. While single image approaches exist, these are
limited in spatial resolution to the period of the used optical element. Here we exploit an alternative based on a
dynamic implementation of beam tracking (BT)>®. BT is a single mask phase imaging technique which works
with both synchrotron and laboratory sources. Compared to other techniques such as grating interferometry
and edge illumination, the use of a single mask greatly simplifies the experimental setup. The requirement of a
single image to perform phase retrieval also allows combining the technique with a dynamic acquisition scheme
based on the continuous translation of the mask. This provides time resolved images at the full spatial resolution,
determined by the mask aperture size’. With the refinement of these phase imaging approaches, the applications
of X-ray multi-contrast imaging are rapidly increasing, extending from the imaging of biological specimens to
that of materials, with advantages especially in the investigation of materials with low X-ray absorption such as
carbon plates or polymeric scaffolds®'°. In particular, dark-field demonstrated the ability to reveal features invis-
ible in the others channels''% In addition, the higher contrast provided by phase over transmission combined
with dynamic capability of BT, provided new insights in the imaging of melting metallic powders®,especially on
the formation of molten tracks in laser additive manufacturing processes which were previously studied only
with conventional transmission'’. In the present work, we exploit the previously developed dynamic BT imaging
technique to investigate, at a proof-of-concept level, the melting dynamics of a thick metallic slab with the main
aim to understand if a multi-contrast approach can provide new qualitative and quantitative data compared to
the conventional X-ray imaging. In particular, we imaged the melting of commercially pure titanium, for which
X-ray attenuation is significant, by means of a high-power laser operated in air and argon atmospheres. We
focused on the features visible under both conditions in each of the available contrast channels, finding in both
cases that additional features are detected in both the phase and dark-field contrast channels. Thanks to its high
sensitivity to density variations, the phase contrast channel allows to clearly distinguish the liquid phase (melting
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Figure 1. Panel (a) shows a schematic view of the experimental setup. Panels (b-e) show example transmission,
refraction, phase and dark-field images of a melting titanium slab. In the phase image, the air region above the
sample [panel (d)] has been set to zero by means of a mask obtained from the transmission image to reduce
artifacts occurring from the integration of the refraction signal. Red arrows point at a highly scattering region.
Scale bar is 200 pum for all images.

pool) from the solidified titanium, invisible in conventional transmission. Similarly, the dark-field combined
with the standard deviation of refraction highlights surface unevenness originated by the melting/solidification
processes. The improved visibility of new features have been exploited to perform quantitative analyses by means
of image segmentation that can not be done using only conventional transmission. In addition, scanning electron
microscopy (SEM) and micro computed tomography (micro-CT) have been used to identify the origin of the
different features for which 2D imaging was not conclusive. The present work demonstrates that the availability
of the phase and dark-field contrast channels provides additional information even when imaging specimens
with significant absorption, offering new perspectives to the investigation of thermal processes in metals.

Results

In the present work, an implementation of the beam tracking multi-modal X-ray imaging technique allowing for
time resolved measurements is used to investigate the laser melting of a pure titanium slab in different atmos-
pheres. A schematic view of the dynamic multi-modal acquisition setup is shown in Fig. 1, with an example of the
different contrast channels obtained from the phase retrieval. The main beam is split into a series of beamlets by
means of an absorption mask featuring a period of 20 um and with 5 pm apertures. The latter defines the ultimate
spatial resolution of the imaging system if an oversampling acquisition scheme, usually referred to as dithering,
is used”'. This consists of the acquisition of multiple images, which are subsequently digitally recombined, while
translating the sample in sub-period steps to image all the parts of the sample that are otherwise covered by the
mask septa. To make the dithering multi-image acquisition compatible with the requirement of time resolved
imaging, we translated the mask continuously in front of the sample while the detector acquired a sequence of
images. In the present experiment the maximum translation speed allowed by the used motor was 0.9 mm/s,
which translates into a minimum exposure time of 5.6 ms per image. However, to achieve the final resolution
equal to the aperture size of 5 um, four sequential images were digitally recombined resulting in a final time
resolution of 22.2 ms. A laser with variable power was used to melt a 300 um thick titanium slab. While the laser
moved back and forth [see panel (a)] over the slab’s upped edge, the beamlets’ shape was dynamically changed
by the melting of the sample. The quantitative variation of the beamlets’ amplitude, centre and shape compared
to the image without the sample provides the basis for the phase retrieval>>. An example of the images obtained
for each contrast channel while the laser-induced melting occurred in air are shown in Fig. 1b—e; note that the
process outputs three images (b, c and e), and the phase image in (d) is obtained by integration of the refraction
image in (c) (see “Methods”). A strong signal is detected in both transmission and phase with no significant dif-
ferences between them, mainly due to the high thickness and density of the investigated material. In addition,
many interfaces within the molten layer are formed as consequence of the interaction with oxygen, leading to
strong signals in the refraction image. Conversely, a relatively low signal is detected only in some parts of the
dark-field image [see red arrow in panel (e)]. This is due partly to the uniformity of the Ti slab, and partly to the
fact that the relatively high achieved resolution (5 pm) allows to directly resolve most of the interfaces that form
during the melting process, as illustrated by features pointed by red arrows in panels (c) and (e). In other words,
all resolved interfaces are captured by the refraction image in (c), with only the neighbouring sub-resolution
inhomogeneities ending up in the dark-field image in (e).

In order to investigate more in detail the different features visible during the melting process in each con-
trast channel, two different melting conditions have been imaged, initially with a constant laser power of 75W,
namely melting under a fluxed argon atmosphere and in air. An example of the results obtained in the former
case is shown in Fig. 2.
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Figure 2. Panel (a-d) show the transmission, refraction, phase and dark-field contrast channels, respectively,
of the Ti slab melting under fluxed Ar. The air region in the phase image [panel (c)] has been set to zero by
means of a mask obtained from the transmission image to reduce artifacts occurring from the integration of
differential phase signal. Blue arrows in panel (b) point at phase fringes originating from the edges of the liquid
metal pool, which is indicated by the red arrow in panels (c) and (e). Yellow arrows in panels (a), (c) and (e)
point at the edge of the re-solidified metal. Panel (e) shows line profiles extracted from the red lines shown in
the transmission and phase images of panels (a) and (c). Scale bar is 200 pm for all images.

The transmission in panel (a) shows a homogeneous region of low transmission, formed while the laser
moves over the surface (see Supplementary Video 1). The observed decreased transmission can be attributed to
an increased amount of titanium along the beam path as a consequence of the melting process. However, refrac-
tion reveals the presence of a faint interface as shown by the blue arrows in panel (b), which highlights a density
difference in the sample. This becomes more clearly visible in the integrated phase image [red arrow in panels
(c)] and in the profile extracted from the phase image [solid line in panel (e)]. Note that because the sample
is a slab and it is not fully contained into the field of view, the quantitative value of the integrated phase is not
reliable and cannot be compared to the one expected for solid Ti. Such an interface is recognized as the actual
interface between solid and liquid titanium (see also Supplementary Videos 2, 3 for the dynamic evolution of both
refraction and phase contrast channels showing how this region follows the movement of the laser supporting its
interpretation as the solid-liquid interface). In addition, a second faint layer is visible with a transmission slightly
different from intact titanium which it is also well visible in the phase [see yellow arrows in panels (a) and (c)]
and may be due to a different geometry of the solidified metal. In particular, it may be caused by solidification
of liquid titanium that has bulged out since the laser may not be exactly centred on the thin upper surface of the
titanium slab, while the power was sufficient to fully melt the entire thickness of the sample. It is worth noting
that this interface, as well as the liquid pool interface, becomes progressively less visible in refraction as it becomes
more horizontal (i.e. when approaching the bottom part), since the vertical orientation of the mask apertures
yield phase sensitivity along one direction only. Remarkably, the line plots of Fig. 2e show that the solid-liquid
interface is completely invisible in the conventional transmission image. Finally, no significant signal is present
in the dark-field channel for the whole duration of the melting process (see Supplementary Video 4), revealing
a homogeneous melting of the metal on a length scale below 5 pm.

In the second investigated case, the melting occurred in air leading to a more destructive process. In the
presence of oxygen, the titanium alloy oxidised stabilising the hcp alpha-phase at first'®>. With further oxygen
uptake various titanium oxides are expected to be formed; these create inhomogeneous structures compatible
with the surface unevenness well visible in all the contrast channels, as shown in Fig. 3'°.Also in this case, the
formation of large pool is observed in the transmission and refraction channels of panels (a) and (b), respectively.
The molten pool is, similarly to the case in argon, visible also as a region with lower density in the phase image
shown in the panel (c). In addition, the solidified metal exhibits a clearly visible roughness which is visible in
both channels and is compatible with the formation of titanium oxides, as previously mentioned'®. However, the
stronger signal at interfaces typical of refraction makes it more evident. This is further enhanced in the standard
deviation of the refraction shown in panel (e), which also allows for an easier identification and segmentation
of the interface of the molten pool indicated by white arrows. Similarly, such features appear in the scattering
channel as a high frequency “salt and pepper” structure [red arrow in panel (d)]; we attribute this to the high
spatial resolution achieved during the experiment, which means that only a minority of features with length
scales below 5 micron end up in the dark field channel. Also in this case the use of the standard deviation better
highlights the areas from which this signal originates, making the edge of the melted pool more clearly detectable
as evident in the image in panel (f). The dynamic evolution of each contrast channel, i.e. transmission, refraction,
phase and dark-field is reported in Supplementary Videos 5-8.

In order to support the interpretation, and in some cases investigate the origin of the different features
observed in the different contrast channels, a multi-technique investigation has been carried out using a con-
ventional micro-CT system as well as a scanning electron microscope (SEM). The results are reported in Fig. 4.
SEM has been used to image two samples melted in Ar flux [panel (a)] and in air [panel (b)]. In the first case, as
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Figure 3. Panels (a-d) show the transmission, refraction, phase and dark-field contrast channels, respectively,
for melting in air. For all the images the edge between oxidised layer and the molten pool is highlighted by red
arrows. For both the refraction and dark-field images the image obtained by calculating the standard deviation
of the signal on a sliding window of 3 x 3, for the first and 5 x 5 for the latter, is also reported in panels (e) and
(), respectively. Molten pool is indicated by white arrows in panels (e) and (f). Scale bar is 200 pum for all images.

Figure 4. Panel (a) shows a SEM image of a Ti slab melted in argon flux, displaying a smooth appearance of the
surface. Panel (b) shows a SEM image (left) and an image in the red rectangle acquired at higher magnification
(right) of Ti slab partially melted in air. The EDS maps for the region in the light blue rectangle corresponding to
the Ti-ka and O-ka are shown as insets below panel (b).The Red arrows point at surface roughness compatible
with the creation of an oxide layer. Panel (c) shows an X-ray phase image of Ti molten in air. Panel (d) shows
conventional micro-CT images of the same specimen seen from the front and from the top. Scale bar is 200 pm
for all the images.

observed in the refraction and dark-field, no significant signal highlighting inhomogeneities is observed. This
is supported by the smooth appearance of the surface in the SEM image. Conversely, as observed, melting in air
leads to a rough surface producing a strong signal in the refraction image and in the dark-field. This roughness
is clearly visible also in SEM images, see red arrows in panel (b) and relative magnified region, and is compatible
with the oxidation of the surface in agreement also with previous qualitative findings'®. In addition, EDS maps,
shown as inset below panel (b), shows an homogeneous mix of both oxygen and Ti supporting the presence of
an oxide layer. It is worth noting that the SEM images have been collected from samples where the laser melting

Scientific Reports|  (2022) 12:12136 | https://doi.org/10.1038/s41598-022-15501-2 nature portfolio



www.nature.com/scientificreports/

(a)

(C) —m—75 W in Argon atmosphere

molten pool
8
molten pool e °
- : 3 Ma)fm.um molten

solid Ti  bulging Maximum molten
region’ —— |pool size

pool size
\
" ;"f\_/" 5\;,"'22'!'%':’ =

' ° Minin\mm molten pool size

Minimum molten 0 0.5 1 1:5 2 25 3
pool size

0.125
(;ww) 8oepns jood usyop

Time (s)

molten

05~
i
|
a
=

0.125 0.25 0.375
=
=0 \

Y
~
\

»
~p
[

\»\

(;ww) @oepNSs jood usjo

0

Figure 5. Panels (b) and (c) display the quantitative results extracted from the Ti slab melting under fluxed

Ar, a representative phase image of which is shown in (a). Panel (b) shows exemplary results of the manual
segmentation of the different regions i.e. melting pool, bulged region and solid Ti. Panel (c) shows the evolution
of the cross section of the melting pool as a function of time, with a linear fit (dashed red line) superimposed to
the experimental data. Similarly, panels (d) to (f) show the results of a similar analysis applied to the case where
Ti is melted in air. Panel (d) shows an example of the standard deviation of the refraction signal, calculated on a
3 x 3 kernel and used to segment the different regions reported in panel (e). Panel (c) shows the time evolution
of the cross section of the melting pool for different laser powers. Scale bar for (a) and (d) is 200 pm. For all
plots, the value At = 0 corresponds to the first image where the molten pool can be visually detected.

had been interrupted after the initial steps, thus preventing the complete melting which occurred during the
X-ray experiments. To investigate the origin of the higher density regions observed in the multi-contrast dynamic
X-ray images, a micro-CT scan has been performed on an additional specimen that was also scanned during
the synchrotron experiment. A region with brighter grey level is clearly visible in the phase image [red arrow
in panel (c)] as well as in the corresponding micro-CT image shown in Fig. 4d. This is due to an increase in the
thickness of Ti traversed by the beam, caused by the molten Ti dripping down along the slab and bulging out of
it, as made evident by the top view of the micro-CT volume shown on the right of panel (d).

In both the investigated cases, i.e. Ti melting in argon and air, the different features observed during the
experiment have been used to extract quantitative data by means of manual segmentation, as shown in Fig. 5.
Specifically, when the Ti slab is melted in air, the improved contrast sensitivity demonstrated by X-ray phase
contrast (see Figs. 2 and 5a) allowed segmenting the molten pool as well as the bulging region, as shown in Fig. 5b.
Images segmented in this way can be used to extract quantitative parameters during the melting process, such
as the evolution of the cross section of the molten pool as a function of time as reported in the graph in Fig. 5c.
In particular, we found that the cross section of the molten pool is almost constant with very low increasing rate
(3.7 x 107 mm?/s). It is worth noting that the molten pool becomes visible when it already has a large cross
section, similar to its final value. This can be due to the fact that at the initial stage the molten pool is not large
enough to produce a detectable contrast, to the time resolution achieved in this experiment being insufficient
to capture this initial process, or to a combination of this factors. In addition, a periodic oscillation in the cross
section can be observed from the graph, which can be explained by considering the back-and-forth movement
of the laser beam during the experiment. In particular, a lower cross section of the molten pool is observed at
the end of the track which may be due to the laser track not being exactly parallel to the edge of the Ti slab; this
could bring the laser closer to the edge at the end of the track with more material bulging out of the pool and
re-solidifying. When the Ti slab is melted in air, as already mentioned, the process is highly destructive. In this
case, as shown in Fig. 3, the oxidation of the re-solidified surface introduces a surface roughness which provides
a significant contrast against the liquid Ti pool when the standard deviation of the refraction signal is considered
instead of phase, as shown in Figs. 3b and 5d. This contrast can be used to extract the molten pool as shown in
Fig. 5e. Similarly, the oxidised region can be segmented, however, this is likely to have a lower accuracy since no
sharp boundary with the solid Ti is observed. Also in this case, the segmented images can be used to calculate the
growing rate of the cross section of the molten pool as shown in the graph in Fig. 5f for increasing laser powers.
Remarkably, a decreasing linear growing rate is observed with decreasing powers, especially at the initial stage
of the formation of the molten pool. Specifically, a linear fit of the values extracted from the initial part of the
segmented frames reveals growing rates of 2.5 x 1072 mm?/s,9.2 x 107> mm?/s and 4.9 x 1073 mm?/s for laser
powers of 75 W, 60 W and 50 W, respectively.
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Discussion

In this work the application of a recently developed dynamic beam tracking approach for time resolved multi-
modal X-ray imaging is used to monitor the in-situ melting of a titanium slab®. Beam tracking has the advantaged
to require a single absorption mask while two or three are commonly required. with other X-ray multi-contrast
imaging techniques, such as grating interferometry or edge illumination"* The use of a single mask has a posi-
tive impact in terms of system stability, optimization and alignment. In addition, it can offer a cost-effective
solution for the development of a commercial X-ray multi-contrast device. Beam tracking is also more versatile
in terms of X-ray energies. Moreover, the possibility of using free standing absorption masks allows the use of
low X-ray energies (<10 keV) which are required for imaging thin sections, which can be more complicated with
optical elements requiring a substrate'’. In conventional beam-tracking, the spatial resolution is determined
by the size of the mask apertures if an over-sampled “dithered” acquisition is used™’. To preserve this level of
resolution in a dynamic imaging acquisition, the mask was translated continuously in front of the sample, with
a speed corresponding to translating the mask by one aperture for each frame®. For the present experiment, this
corresponded to a final time resolution of 22.2 ms due to a maximum motor speed of 0.9 mm/s. Despite the
limitations of this proof-of-concept test, a number of features invisible to the conventional transmission channel
have been observed, demonstrating the advantage of a multi-modal approach even when imaging samples with
significant absorption such as metals, as previously proven on a different application®. Specifically, the phase
channel provides a higher sensitivity to density changes, which enables a clear visualisation of the interface
between solid and liquid metal invisible in the other channels. This is particularly evident in argon atmosphere
where no destructive melting occurs. When Ti is molten in air the process is more destructive, and the molten
pool becomes less evident (albeit still visible) also in the phase channel. However, the presence of oxygen leads
to the formation of an oxide layer, producing a rough appearance of the surface which generates a strong signal
in refraction and a less evident one in dark-field. In this case, the standard deviation of the refraction provides
an additional tool to follow the evolution of the molten pool with time. By exploiting the phase and the standard
deviation of refraction, it has been possible to follow the evolution of the molten pool with time. In particular,
we observed that, when melting occurs in air, the size of the molten pool is almost constant over time, while it
increases linearly with the time (at a rate depending on the laser power) when the melting occurs in air, especially
at the beginning of the process. However, it is worth noting that the time resolution we achieved was two orders
of magnitude below that commonly used for investigating additive manufacturing processes". As a consequence,
the initial stages of the formation of the molten pool may not have been resolved, leading to the constant pool
size observed in the argon atmosphere. In addition, when fast changes occur, dithering recombination intro-
duces a typical artifact characterized by a sawtooth shape of the edges, as visible in the videos. The achieved
time resolution is not an intrinsic limit of the technique, as the bottleneck was caused by the limited speed of
the mask translator: the use of faster translators may allow achieving a flux limited exposure time comparable
to other dynamic melting and additive manufacturing experiments'>'®*'. For example, with the same mask
aspect ratio used for this experiment, a translation speed of 10 cm/s would allow to reach a final time resolution
of 200 ps which is the same as reported in?. Interestingly, in both the investigated cases (melting in argon and
air atmospheres), the dark-field presented a relatively weak signal, attributed to the homogeneous melting of
the metal combined with the high spatial resolution of the system (5 pm), which enabled resolving most of the
interfaces and material roughness directly in the refraction image. However, dark-field may still be useful in a
flux-limited experiment where larger apertures may be required to improve the statistics per beamlet, reducing
spatial resolution at the benefit of temporal resolution.

Methods

Melting system and sample. The melting system used for this work was a miniaturised scale custom
additive manufacturing (AM) and laser materials processing process replicator, ISOPR?' . In this work, the 1070
nm TEM laser was focused to a 50 um spot and rastered back and forth along the top surface of commercially
pure titanium substrates, 300 um in thickness in the X-ray direction, with a power of 75 W and a scan speed of
1 mm/s. Laser melting was performed under a continuously fluxed argon atmosphere refreshed at a rate of 4 L/
min or in air.

SEM and micro-CT. The Ti weld samples were examined by scanning electron microscopy (SEM) in sec-
ondary electron imaging mode at 10 kV (Zeiss, Gemini), performing also energy-dispersive X-ray spectroscopy
(EDS). The samples were also examined using a laboratory X-ray micro-computed tomography (LCT, Phoenix
Nanotom, General Electric, USA). The voltage was set at 100 kV and beam current at 140 mA. 1000 projections
were collected over 360°, with an exposure time of 1 s. The data were reconstructed using filtered back projec-
tion, resulting in a voxel resolution of 5.56 pm.

X-ray data acquisition and processing. The experiment was performed at beamline 113 of the Diamond
Light Source (UK), using a pink beam spectrum?2. A 5 um aperture size and 20 pm period absorption mask was
placed 7 cm from the sample and used to implement beam tracking. The mask was manufactured by Microw-
orks GmbH (Germany) by electroplating gold on a 200 um thick silicon substrate. The detector was a PCO
Dimax S4 coupled with a x 10 optical lens, providing an effective pixel size of about 1.1 um and a field of view
0f 2.2 x 2.2 mm? The detector was placed 30 cm downstream of the sample, which was the minimum distance
allowed by the safety cabinet containing the melting rig. To achieve time resolved multi-modal images the mask
was translated continuously in front of the sample with a speed of 0.9 mm/s, which was the maximum allowed
by the used motor. This speed allowed a minimum exposure time of 5.6 ms per frame. After the experiment,
the sample was manually removed, and a second acquisition was performed with the same parameters to obtain
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the flat fields. Laser triggered both the start of the mask movement and the camera acquisition. Each sequence
of four subsequent frames, each acquired in a time corresponding to a lateral movement of the mask equal to
an aperture and therefore covering an entire mask period, were recombined, resulting in a time resolution of
about 22 ms and a spatial resolution of 5 um. Due to the inaccurate return of the mask motor to its initial posi-
tion after each sequence acquisition, a mismatch between flats and sample images was observed. Therefore, flat
fields were acquired by collecting frames with the same exposure time of 5.6 ms but half the motor speed (0.45
mm/s), thus achieving a spatial oversampling of a factor of 2 compared to the acquisitions with the sample pre-
sent. During the processing, the best matching flat field was automatically selected as the one with the maximum
correlation with each of the sample images. Phase retrieval was performed by fitting a 5-Gaussian profile to line
profiles obtained from each detector row over 5 adjacent beamlets, for images with and without the sample. In
both cases, the key parameters (amplitude, centre and variance) were extracted from the fits for the 3 central
Gaussians only, while the first and the fifth Gaussian were discarded to minimise the effect of cross-talk between
neighbouring beamlets. The process was repeated on a rolling basis, ultimately extracting the above parameters
for all beamlets both with and without the sample. The extracted amplitude, centre and variance values were then
used to generate the transmission, differential phase and dark-field signals, respectively, by comparing values
with and without the sample for each beamlet>?. The process is performed over each individual detector row,
then repeated over all image rows. Before phase retrieval, raw images were binned by a factor of 5 in the vertical
direction, so as to approximately match the 5 um resolution expected in the horizontal direction. Recombination
of the dithering steps was performed for each contrast channel after phase retrieval. The obtained differential
phase images were integrated to obtain the phase maps**. Phase images and standard deviation of refraction have
been segmented manually to extract the size of the molten pool reported in the graphs. One image every five
have been used for the segmentation to speed up the process.

Data availability
The authors declare that the data supporting the findings of this study are available from the corresponding
author on reasonable request.

Received: 19 November 2021; Accepted: 24 June 2022
Published online: 15 July 2022

References
1. Weitkamp, T. et al. X-ray phase imaging with a grating interferometer. Opt. Express 13, 6296-6304 (2005).
2. Olivo, A. & Speller, R. A coded-aperture technique allowing X-ray phase contrast imaging with conventional sources. Appl. Phys.
Lett. 91, 074106 (2007).
3. Endrizzi, M. & Olivo, A. Absorption, refraction and scattering retrieval with an edge-illumination-based imaging setup. J. Phys..D
47,505102 (2014).
4. Wu, Z. et al. High sensitivity phase retrieval method in grating-based X-ray phase contrast imaging. Med. Phys. 42, 741-749 (2015).
5. Vittoria, F. A. et al. Beam tracking approach for single-shot retrieval of absorption, refraction, and dark-field signals with labora-
tory X-ray sources. Appl. Phys. Lett. 106, 224102 (2015).
6. Massimi, L. et al. Dynamic multicontrast X-ray imaging method applied to additive manufacturing. Phys. Rev. Lett. 127, 215503
(2021).
7. Diemoz, P. C,, Vittoria, FE A. & Olivo, A. Spatial resolution of edge illumination X-ray phase-contrast imaging. Opt. Express 22,
15514-15529 (2014).
8. Mayo, S. C,, Stevenson, A. W. & Wilkins, S. W. In-line phase-contrast X-ray imaging and tomography for materials science. Materi-
als 5, 937-965 (2012).
9. Martin-Herrero, J. & Germain, C. Microstructure reconstruction of fibrous ¢/c composites from X-ray microtomography. Carbon
45, 1242-1253 (2007).
10. Truong, Y. B. et al. A comparison of the effects of fibre alignment of smooth and textured fibres in electrospun membranes on
fibroblast cell adhesion. Biomed. Mater. 5, 025005 (2010).
11. Shoukroun, D. et al. Enhanced composite plate impact damage detection and characterisation using X-ray refraction and scattering
contrast combined with ultrasonic imaging. Composites B 181, 107579 (2020).
12. Yaroshenko, A. et al. Pulmonary emphysema diagnosis with a preclinical small-animal X-ray dark-field scatter-contrast scanner.
Radiology 269, 427-433 (2013).
13. Leung, C. L. A. et al. In situ X-ray imaging of defect and molten pool dynamics in laser additive manufacturing. Nat. Commun. 9,
1-9 (2018).
14. Hagen, C. K,, Vittoria, F. A., Endrizzi, M. & Olivo, A. Theoretical framework for spatial resolution in edge-illumination X-ray
tomography. Phys. Rev. Appl. 10, 054050 (2018).
15. Li, X, Xie, . & Zhou, Y. Effects of oxygen contamination in the argon shielding gas in laser welding of commercially pure titanium
thin sheet. J. Mater. Sci. 40, 3437-3443 (2005).
16. Zimmermann, S. et al. Improved adhesion at titanium surfaces via laser-induced surface oxidation and roughening. Mater. Sci.
Eng. A 558, 755-760 (2012).
17. Esposito, M. et al. Test and optimization of a multi-modal phase-based X-ray microscope for soft tissue imaging. Med. Imaging
12031, 1203102 (2022).
18. Aucott, L. et al. Revealing internal flow behaviour in arc welding and additive manufacturing of metals. Nat. Commun. 9, 1-7
(2018).
19. Hojjatzadeh, S. M. H. et al. Pore elimination mechanisms during 3d printing of metals. Nat. Commun. 10, 1-8 (2019).
20. Leung, C. L. A. et al. Laser-matter interactions in additive manufacturing of stainless steel ss3161 and 13-93 bioactive glass revealed
by in situ X-ray imaging. Addit. Manuf. 24, 647-657 (2018).
21. Sinclair, L. et al. In situ radiographic and ex situ tomographic analysis of pore interactions during multilayer builds in laser powder
bed fusion. Addit. Manuf. 36, 101512 (2020).
22. Pesi¢, Z., De Fanis, A., Wagner, U. & Rau, C. Experimental stations at i13 beamline at diamond light source. J. Phys. Conf. Ser. 425,
182003 (2013).
23. Jones, C.J. M., Vittoria, F. A., Olivo, A., Endrizzi, M. & Munro, P. R. Retrieval of weak X-ray scattering using edge illumination.
Opt. Lett. 43, 3874-3877 (2018).

Scientific Reports |

(2022) 12:12136 | https://doi.org/10.1038/s41598-022-15501-2 nature portfolio



www.nature.com/scientificreports/

24. Massimi, L., Buchanan, I., Astolfo, A., Endrizzi, M. & Olivo, A. Fast, non-iterative algorithm for quantitative integration of X-ray
differential phase-contrast images. Opt. Express 28, 39677-39687 (2020).

Acknowledgements

This project has received funding from the ATTRACT project funded by the EC under Grant Agreement 777222.
Additional funding was received from EPSRC (Grant EP/T005408/1 and EP/P006566/1). PDL (CiET1819/10)
and AO (CiET1819/2/78) are supported by the Royal Academy of Engineering under their “Chairs in Emerging
Technologies” scheme. ME is supported by the Royal Academy of Engineering under their “Research Fellow-
ships” scheme. Laboratory space and facilities were provided by the Research Complex at Harwell. The authors
gratefully acknowledge the provision of beamtime MG23760-1 on ID13-2 at the Diamond Light Source, and the
assistance of the beamline scientists there.

Author contributions

L.M, JS., CR,, M.E, PD.L. and A.O. designed the research. L.M., S.J.C., Se.M., A.D., Sh.M., M.E. and A.O.
collected X-ray data. S.M.S. performed SEm and microCT measurements. L.M. wrote the algorithms for data
analysis. L.M., S.J.C., Se.M., M.E., PD.L. and A.O. analysed data. LM prepared the figures and videos. L.M. and
A.O. wrote the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-15501-2.

Correspondence and requests for materials should be addressed to L.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:12136 | https://doi.org/10.1038/s41598-022-15501-2 nature portfolio


https://doi.org/10.1038/s41598-022-15501-2
https://doi.org/10.1038/s41598-022-15501-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Time resolved in-situ multi-contrast X-ray imaging of melting in metals
	Results
	Discussion
	Methods
	Melting system and sample. 
	SEM and micro-CT. 
	X-ray data acquisition and processing. 

	References
	Acknowledgements


