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Abstract

"In-situ" X-ray imaging has become a powerful tool in materials and manufacturing
science, enabling real-time observation of critical processes. However, access to X-ray
facilities remains highly competitive due to limited availability, high operational costs,
and technical complexity, restricting its use to a few research groups worldwide. This
review addresses this challenge by providing a comprehensive analysis of X-ray
imaging technologies, their historical development, and recent advancements in "in-
situ" X-ray imaging. It explores applications across various materials and manufacturing
processes, including welding, additive manufacturing (AM), casting, high-temperature
furnaces, and novel materials. Key topics such as heat transfer, melt pool dynamics,
solidification, microstructure evolution, and defect formation in manufacturing
processes are systematically examined. Additionally, the review highlights the potential
of "in-situ" X-ray imaging for discovering novel materials and advancing manufacturing
technologies. It discusses current limitations, particularly the constraints of existing X-
ray facilities, and outlines future directions for enhancing this technology. Expanding
access to high-resolution X-ray imaging is crucial for accelerating advancements in
materials and manufacturing. Integrating artificial intelligence and simulation models
will further enhance its capabilities. Achieving these improvements requires upgrading
existing X-ray facilities and developing new systems capable of capturing high-
resolution, real-time imaging of complex material processes.
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1. Introduction

X-ray imaging is one of the most powerful tools for uncovering fundamental
phenomena and physical mechanisms in material and manufacturing science. It enables
the detection of various phenomena, including internal melt flow and defect,
microstructure evolution, phase transformation, crack propagation, spatter formation.
These phenomena are often impossible to explore using conventional methods such as
high-speed cameras, thermal imaging, or acoustic and electrical signal sensors.
However, the development of "in-situ" X-ray imaging for material and manufacturing
sciences remains in its early stages and is primarily conducted by a limited number of
research groups in developed countries. This is largely due to the high cost of X-ray
facility investment and the complexity and expense of their operation. Consequently,
the vast potential applications of "in-situ" X-ray imaging remain untapped and
underexplored. This review paper aims to comprehensively discuss the development of
X-ray facilities worldwide, from their early stages to their current advancements. It also
discusses in-depth their applications in material and manufacturing sciences, focusing
on welding, additive manufacturing (AM), furnace, and casting processes. This is
because these manufacturing processes share common metallurgical and physical
features, including the heating-melting-solidification cycle. The present review also
addresses the future potential of X-ray imaging, including its role in novel materials and
manufacturing processes, advancements in deep-learning models, and the development
or enhancement of new X-ray facilities for emerging research areas. The paper is
organized into nine sections:

1. Introduction: Discusses the principles of X-ray imaging, its history,
development, applications, and major facilities.

2. "In-situ" X-ray Imaging for Melt Pool Dynamics and Heat Transfer: Explores
the role of X-ray imaging in studying heat transfer and melt pool dynamics
during materials processing and manufacturing.

3. "In-situ" X-ray Imaging for Flow Velocity, Convection Patterns, and Fluid
Eddies: Examines the capability of X-ray imaging to analyze and visualize
convection patterns, flow velocity, and fluid eddies.

4. Solidification and Microstructure Evolution: Investigates phase transformations
and microstructural evolution using "in-situ" X-ray observation.

5. Defect Detection: Highlights the ability of X-ray imaging to identify internal
defects such as porosity, pores, and cracks, as well as surface defects like spatter
and roughness.

6. "In-situ" X-ray Imaging for Novel Materials and Advanced Manufacturing:
Introduces innovative applications of X-ray imaging in novel materials and
emerging manufacturing processes.

7. Future Vision: Discusses potential advancements and future directions for "in-

situ" X-ray imaging in materials science and manufacturing.

Conclusions: Summarizes key findings and discussions.

9. References: Provides a comprehensive list of over 370 cited works.
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1.1 Principles and features of X-ray imaging

X-rays were discovered by Rontgen in the 1890s [1], with their first application being
the observation of a ring on his wife’s hand, as shown in Figure 1 [2]. Since then, X-
rays have been widely used in medical treatments to observe bone fractures [3], capture
tissue details [4], detect cancers [5], and address various other medical applications [6].
The X-ray sources used in medicine are of relatively low power to minimize adverse
effects, such as cell damage or burns [7]. However, the demand for advanced scientific
exploration has led to the development of X-ray imaging in various fields beyond
medicine [8,9,10,11,12,13]. Among these, the use of X-ray imaging in materials and
manufacturing sciences—particularly in welding, AM, casting, and furnace
applications—has been extensively studied.

The theory of X-rays is based on electromagnetic radiation with wavelengths shorter
than ultraviolet rays but longer than gamma rays (see Figure 2 [14]). This enables X-ray
imaging to capture images of matter at the atomic level, as illustrated in Figure 3 [15].
Like other electromagnetic waves, X-rays can penetrate matter. The intensity of
transmitted X-rays diminishes depending on the density and structural attributes of the
material [16]. Denser materials absorb more X-rays, leading to higher image contrast. A
film or detector is placed opposite the X-ray source to capture an X-ray image, with the
object of interest in between them. Based on power supply capability, X-rays can be
categorized into two types: soft and hard. Hard X-rays are primarily used for
applications requiring high penetration power, while soft X-rays are commonly used in
medical diagnostics at low power. In medical X-ray imaging, stationary objects (e.g.,
patients or a cell or bone) are examined, and the film or digital detector provides an X-
ray image that doctors can analyze and diagnose issues for patients. A schematic
diagram of an X-ray radiography setup for medical purposes involving the film is
shown in Figure 4 [6]. Additionally, a real-life X-ray image of the lungs and the
methodology for capturing such radiographic images are presented in Figure 5 [17].



Figure 1. A real X-ray image of the bone and ring [2].
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Figure 2. X-ray wavelengths, among other ones [14].
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In materials and manufacturing science, the object observed by X-ray imaging for the
internal structure of the matter is often the "movement of matter." At the atom level.
Consequently, instead of using traditional films, as in medical X-ray imaging, a high-
speed camera paired with an intensifier records X-ray images in a nearly continuous
sequence at very high resolution [18]. The X-ray imaging system enhances the object's
brightness under observation, amplified by the intensifier. A high-speed camera then
captures these enhanced images. During this process, any variations in X-ray
intensity—caused by issues such as cracking, porosity, or changes in the liquid-solid
state that alter the material's density—result in color changes in the captured images.
These color variations on the camera indicate the differences in density and internal
structures. For X-ray imaging techniques, the frame rate of high-speed cameras is
critical for determining the quality and accuracy of the results. The duration of
observation, or time resolution, is directly influenced by the camera's frame rate.
Depending on the specific application and the object being observed, frame rates can
range from hundreds to thousands and even hundreds of thousands per second [19,20].
With X-ray intensification, the captured images display regions of varying brightness:
dark zones correspond to areas with less X-ray intensity, while bright zones indicate
higher X-ray penetration. The X-ray imaging system converts transmitted X-rays into
visible images, allowing for the evaluation of physical phenomena of the internal
structures of matters. The detector, positioned behind the object, records transmitted X-
rays, while the high-speed camera, located behind the detector, captures the disturbance
X-ray signals. These patterns are then converted into visible two-dimensional (2D) or



three-dimensional (3D) radiographic images. The final contrast-based X-ray images are
generated by analyzing the attenuation differences of the internal structure in response
to X-rays [21].

Anode
(Tungsten
filament)

__________

Energetic

electrons Signals processing

Cathode

,,,,,,,,,,

L

Imaging area

X-ray generator Detector X-ray image
)

Figure 4. Principle of capturing X-ray radiography images in medicine [6].
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Figure 5. An example of capturing lungs by X-ray radiography image [17].

In materials and manufacturing processes, understanding and controlling material
behavior during production is crucial [22,23]. Advanced X-ray imaging techniques
enable precise observation of this behavior. Depending on the application, X-ray
imaging is divided into two primary methods: X-ray diffraction and X-ray radiography,
each designed for specific purposes. “In-situ” X-ray diffraction is primarily used to
measure residual stress, phase transformations, and grain structures [24,25,26,27].
Conversely, “in-situ” X-ray radiography is widely applied to monitor fluid flow, melt
pool dynamics, microstructure evolution, and dynamic phenomena such as porosity,
spatter formation, and powder spreading during manufacturing [28,29,30]. It can be
concluded that X-ray imaging techniques can be broadly categorized into radiography,
tomography, and diffraction methods. Each has distinct advantages and limitations for
materials and manufacturing applications, as seen in Table 1.

Table 1. A summary of X-ray imaging techniques.



Acquisition Sample

Technique Resolution Speed Requirements

Key Applications Limitations

Thin samples  Real-time process

Radiography 1-10 ym  ms-s (<5mm) monitoring projections
only

Small samples 3D Slow

Tomography 0.5-5 um min-hours p microstructure .
(<lcm) . acquisition

analysis

Diffraction  0.1-1 ym  s-min Crystglhne Phase/gtram le}ted field

materials analysis of view

Figure 6 illustrates the hierarchy of material internal structures and the capabilities of X-
ray imaging in observing and analyzing them. Among these techniques, neutron
diffraction (XRD/ND), small-angle X-ray scattering (SAXS), ultra-small-angle X-ray
scattering (USAXS), and X-ray computed tomography (X-ray CT) are primarily used for
surface imaging. Other techniques focus on analyzing internal structures in greater detail.
Figure 7 portrays the transmission capability of X-ray with difference of materials.
Aluminium, a pore material with low density has the highest transmission. This is an
important feature of materials because it can significantly affect the observation of X-ray,
and it is one of reasons that most papers of “in-situ” X-ray images for material and
manufacturing science is focused on aluminium and titanium alloys. Meanwhile, Figure
8 indicates an important attitude of X-ray synchrotron facilities about the flux as a signal
to indicate the capability X-ray to penetrate the light and pore materials such as aluminium
and titanium is better than high density materials such as steels and Inconel.
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Figure 6. Hierarchy of internal structure of materials and the capability of X-ray
imaging to penetrate and analytical techniques [31]. The structures above the length
scale arrow (from left to right) are the crystal structure, precipitates, grain structure, and




meso-structure. The analytical techniques for structural measurements shown below the
arrow are color-coded for surface and bulk methods. From top to bottom, they are X-ray
diffraction and neutron diffraction (XRD/ND), transmission electron microscopy
(TEM), atomic force microscopy (AFM), small-angle X-ray scattering and ultra-small-
angle X-ray scattering (SAXS/USAXS), scanning electron microscopy (SEM), optical
microscopy, and X-ray computed tomography (X-ray CT).
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Figure 7. The capability of X-ray transmission with the difference of materials [31]. X-
ray transmissions for various typical materials with different electron (mass) densities
across an X-ray energy spectrum from 12 to 30 keV. The materials have a uniform
thickness of 200 mm to ensure that the scattering data can reasonably represent bulk
properties.
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1.2 Essentials of X-ray imaging for material and manufacturing science

Traditional metallographic techniques, such as optical microscopy, scanning electron
microscopy (SEM), and electron backscatter diffraction (EBSD), etc. are primarily post-
processing techniques, called “ex-situ” techniques. These "ex-situ" techniques analyze
materials after the manufacturing process is complete. However, a significant challenge
in material and manufacturing science is detecting physical and metallurgy phenomena
during the process itself ("in-process"), such as those occurring during material melting
and solidification in casting, welding, AM, casting, or furnace process they are
impossible to investigate by “ex-situ” techniques. To address this challenge, "in-
process" X-ray (or “in-situ” X-ray) imaging has been developed and utilized to observe
the material processes during manufacturing [33,34,35,36,37]. In these applications,
high-power hard X-ray facilities with brilliant brightness are employed. Initially
developed for fields such as astronautics, particle physics, and environmental science,
these advanced X-ray systems have recently been expanded for material and
manufacturing science. The first investigations into using X-rays in this field focused on
their capabilities for non-destructive testing (NDT) of materials using compact,
laboratory-scale X-ray systems [38,39,40]. These systems can detect defects such as
porosity, pores, and cracks by observing color changes in the X-ray images. Figure 9
illustrates an example of an X-ray observation system for NDT in welding processes,



while Figure 10 presents a sample result from this system. In the X-ray image, defects
such as lack of penetration and root gaps are clearly visible as distinct color variations

compared to other areas.
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Figure 9. The first X-ray radiography schematic at Ohio State University 1988 [38]
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Figure 10. A real figure of X-ray images from an X-ray system at Ohio State University
1989 [39].

Using traditional X-ray techniques with films, as commonly employed in the medical
field, is impractical for observing continuous material movement and fluid flow during
the “heating-melting-solidifying” process in manufacturing. These processes often
involve rapid changes occurring within microseconds or even femtoseconds, requiring
the capture of thousands of images in extremely short intervals. To address this
limitation, researchers have adopted high-speed X-ray imaging capable of capturing
variations in X-ray intensity (color). These recorded videos enable detailed analysis of
timing differences, providing insights into physical mechanisms and fundamental
metallurgical processes. This research laid the groundwork for a new generation of X-
ray light sources. Initially developed for particle physics and astronautics, these sources
were later applied to material and manufacturing processes. This foundation led to the
development of the world’s first mini-focused X-ray radiography system at Osaka
University, Japan, in the 1990s [41,42]. Although X-ray radiography facilities had been
established earlier in Japan and Germany [43,44,45], Osaka University pioneered the
first system specifically designed for manufacturing processes—such as welding and
AM—without relying on beam flux or a scintillator. In late 2017 and early 2018,
synchrotron radiation X-ray facilities, including the Diamond Light Source in the UK,
the Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Accelerator
Laboratory, and the Advanced Photon Source (APS) at Argonne National Laboratory in
the US, were applied for the first time to study physical phenomena in welding and AM
[46—50]. This milestone marked a significant advancement in X-ray imaging for
material and manufacturing sciences, ushering in a new era of innovation. Since then,
research and publications on X-ray imaging for manufacturing processes have grown
rapidly, particularly between 2018 and December 2024. The publication peak occurred
in 2019, with over 45 papers published, as illustrated in Figure 21.

In the development of novel materials and manufacturing processes, fundamental
investigations of physical and metallurgical processes are essential for understanding
the relationships between processes, structure, properties, and performance [51,52].
Various approaches are used to investigate these relationships, with post-processing



methods (“ex-situ” techniques) being the most common. As mentioned above, ex-situ
techniques involve analyzing samples after fabrication using methods. However, this
indirect approach provides limited insight and cannot capture "in-process" phenomena.
To address this limitation, high-speed video cameras (HSVC) are increasingly used for
“in-situ” observation, providing a direct method to monitor real-time process behavior
[53,54,55,56]. Combining post-processing analysis with in-situ observations using
HSVC allows for a more comprehensive understanding of the process-structure-
property-performance relationship. This method has been widely applied to study the
melt pool in laser welding [57,58,59] and investigate fluid flow behavior, convection
patterns, and heat transfer in manufacturing processes such as welding, AM, casting,
and furnace operations [60,61,62,63]. However, this approach is limited to observing
surface-level phenomena, such as the external behavior of the melt pool, as shown in
Figure 11 [64]. In this figure, two HSVCs are integrated to simultaneously observe the
melt pool's top and bottom surfaces in Plasma keyhole arc welding process by zirconia
powder as tracking particles. However, information about internal processes, such as
fluid flow, structural changes, or metallurgical transformations inside the melt pool, is
often more significant, as these factors are less influenced by external environmental
conditions. To overcome this limitation, “in-situ” X-ray imaging has been introduced as
a more advanced technique. X-rays can penetrate materials, including hard metals like
steel and titanium, allowing researchers to investigate internal matter movement and
physical behavior during manufacturing processes. This capability enables deeper
insights into the internal dynamics and mechanisms of material and manufacturing
processes.
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Figure 11. A typical example of fluid flow on the surface by using a pair of high-speed
cameras in arc welding processes [64].

1.3. Classification and application of X-ray imaging

As discussed earlier, X-ray imaging has a wide range of applications, spanning
agricultural engineering, water treatment, medical diagnostics, particle physics, material
science, and manufacturing processes. Depending on the specific use, different types of



X-rays are employed. X-rays were first applied in medical treatment, imaging tissues,
and diagnosing patients immediately following the discovery of X-rays by Rontgen in
the 1890s. This breakthrough led to advancements in patient care, earning Rontgen the
Nobel Prize in 1901 [65]. In the 1930s, X-rays were applied in agricultural science for
treatments involving food, water, and fruits [66]. From the 1980s onward, X-rays
became integral to non-destructive testing (NDT) for materials structures [38—40]. In the
1990s, the first mini-focused X-ray radiography system was developed at Osaka
University in Japan, specifically for capturing the dynamics of the melt pool during
laser and arc welding processes [41,42]. This system was a critical tool for observing
manufacturing processes for a decade. Since 2011, a novel X-ray facility capable of
capturing 3D images has been developed to replace the mini-focus system at Osaka
University [67]. Since 2017, "in-situ" X-ray synchrotron images have been applied for
the first time in AM processes [46—50]. From 2018 onwards, X-ray synchrotron images
have been employed to observe and diagnose microstructure evolution, columnar-
equiaxed transition (CET), and crystallization processes in welding and additive
manufacturing [68,69,70,71]. Meanwhile, during the 1990s, X-ray synchrotron images
were first used in casting and furnace processes to examine the physical phenomena and
metallurgy process in developing materials [72,73,74,75,76].

1.4. X-ray Sources

Two primary X-ray sources—X-ray radiography and X-ray synchrotron—are utilized to
investigate physical and metallurgical phenomena in manufacturing processes
[77,78,79].

X-ray Radiography: X-ray radiography employs a mini-focus system with low power
and limited beam flux. It is primarily a laboratory-based facility, though it remains both
expensive and complex. Originally developed for specialized applications, X-ray
radiography was widely used in Japan and Germany from the 1990s to the 2000s to
study fundamental phenomena in welding processes. These early systems operated with
low voltage (< 250 keV) and low current (< 1000 mA), producing 2D images of melt
pools. However, they lacked the beam flux necessary for intensifiers or modulators. In
2011, Osaka University in Japan introduced a new X-ray radiography facility to replace
older systems. This advanced setup featured higher power and a more complex
experimental configuration, incorporating two synchronized X-ray sources. For the first
time, this facility enabled the capture of 3D images of melt pools and physical
phenomena in welding and AM processes. The resulting "in-situ" 3D images facilitated
the investigation of numerous fundamental phenomena that had previously been
impossible to observe.

X-ray Synchrotron: X-ray synchrotrons are large-scale experimental facilities known for
their immense complexity and high operational costs. Typically found in only a few
countries, these facilities serve multidisciplinary purposes, primarily for fundamental
research. X-ray synchrotron radiation is significantly brighter—at least 6 to 8 times
brighter—than mini-focus X-ray systems [80,81,82]. The development of X-ray



synchrotron technology began in 1947 with the invention of the first synchrotron [83].
Since then, the technology has undergone three generations of advancements,
improving image quality, resolution, and applicability [84,85]. The fourth generation,
characterized by exceptional brightness, high resolution, and temporal capabilities,
represents a significant leap forward. Earlier generations of synchrotron radiation were
primarily applied in quantum mechanics, particle physics, and medical treatments
[86,87]. However, the fourth generation has broadened applications to include
manufacturing processes such as casting, welding, AM, and furnace [88,89]. Figure 12
illustrates the first publication on X-ray imaging synchrotron radiation as one of the
earliest synchrotron facilities—the 240 MeV storage ring Tantalus at the University of
Wisconsin, constructed in the 1940s with a ring diameter of only 3 meters [90].
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Figure 12. The world’s first X-ray synchrotron radiation facility, developed in the 1940s
[90].

Compared to other scientific fields such as medicine, water treatment, and particle
physics, the application of X-ray synchrotron imaging in material and manufacturing
sciences emerged relatively late. The first facility dedicated to materials and
manufacturing processes was established at the APS of Argonne National Laboratory in
1984 [91]. Since then, synchrotron facilities have evolved through three generations,
with the latest fourth-generation systems driving advancements in welding, AM, and
other metallurgical processes such as casting and furnace operations. A report from
Spring-8 in Japan highlights the existence of 26 X-ray synchrotron facilities worldwide
that utilize "hard" X-rays with high power and brilliance [91] (see Figure 13). Among
these, eight facilities are equipped with the necessary power and brightness to support
materials and manufacturing science research. These advanced facilities are invaluable
for investigating phenomena in welding, AM, casting, and furnace processes,
particularly for samples at millimeter and larger scales. High-powered X-rays enable
"in-situ" observations, providing real-time insights into complex physical phenomena.
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Below, we summarize the seven X-ray synchrotron facilities used in manufacturing
sciences, including welding, AM, casting, and furnaces.

1.

Petra I1I at DESY (Deutsches Elektronen-Synchrotron), Germany

Established in 1959, PETRA III is the world’s second-largest X-ray synchrotron
facility, operating at 6 GeV with a 2,304 m storage ring. Its research spans four
key sectors: accelerators, photon science, particle physics, and astronautical
physics [92,93]. Since 2020, PETRA III has expanded its focus to include
materials and manufacturing processes, particularly for welding and additive
manufacturing (AM) [94].

2. European Synchrotron Radiation Facility (ESRF), France

Established in 1988, with its first beamline becoming operational in 1994
[95,96,97], ESREF is located on the border of France and Switzerland. Operating
at 6.0 GeV, it specializes in microscale sample studies. ESRF is a global leader
in metallurgy research, particularly in casting, furnaces, welding, and additive
manufacturing (AM), producing the highest volume of publications in these
fields [98].

Spring-8, Japan

Located in Hyogo Prefecture, SPring-8 has been in operation since 1997 and
remains the world’s most powerful X-ray synchrotron facility, operating at 8
GeV (10 GeV for hard X-rays) [99]. While its primary focus is on materials
science, biochemistry, and nuclear research [100], it has recently contributed to
laser welding studies.

4. Advanced Photon Source (APS) at Argonne National Laboratory, USA

Originally established in 1947 as part of General Electric’s research efforts
[101,102], APS now operates at 7.0 GeV and has become a leading facility for
metal 3D printing research. It plays a crucial role in additive manufacturing
(AM), hosting a significant number of global experiments. Since 2017, Dr. Tao
Sun's group at the University of Wisconsin has published over 80 papers based
on research conducted at APS [103].



5. Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory, USA
Established in 1973, SSRL has operated at 3.0 GeV since 2004 [104]. Recent
studies by Dr. Manyalibo Matthews’ group at Lawrence Livermore National
Laboratory have focused on melt pool dynamics and porosity defects in laser
processes [105].

6. The UK's most powerful X-ray synchrotron, Diamond operates at 3.5 GeV and
has played a key role in metallurgy research, particularly in melt pool dynamics
for welding and additive manufacturing (AM). Notable researchers in this field
include Prof. Pete Lee (University College London), Prof. Hongbiao Dong
(University of Leicester), and Dr. Wajira Mirihanage (The University of
Manchester) [106,107,108].

7. Swiss Light Source (SLS), Switzerland
Operating at 2.4 GeV with a 288 m ring length, SLS is a medium-power
synchrotron facility. The Paul Scherrer Institute, under the leadership of Prof.
Steven Van Petegem, is advancing research on operando Laser Powder Bed
(LPB) systems [109].

8. Shanghai Synchrotron Radiation Facility (SSRF), China
Established in 2012, SSRF operates at 3.5 GeV with 34 beamlines. Initially
dedicated to biomedicine and physical sciences [110,111], it has since expanded
into welding research, including studies on melt pool dynamics in submerged
arc welding (SAW) [112].

The development of X-ray facilities for materials and manufacturing science began
early at Osaka University, led by Professor Katayama's group, and at the University of
Stuttgart, under Professor Thomas Garf's group [41,42,43,44,45]. These pioneering X-
ray facilities played a crucial role in advancing "in-situ" observations of physical
phenomena in welding processes, contributing to most of the research in this field from
the 1990s to 2017, before the advent of X-ray synchrotron technologies. However, these
early facilities used mini-focus X-rays with limited power and a single X-ray source,
lacking the beam flux necessary for clear observations of melt pool dynamics and
boundaries. To overcome this limitation, researchers at Osaka University introduced a
technique involving the addition of a metal with a lower melting temperature and
significantly lower density than the base metal to the melt pool. This method created a
distinct color contrast between the melt pool and the solid raw material, enhancing the
visibility of melt pool boundaries and dynamics [113]. Despite its advantages, this
method altered the solidification and crystallization processes due to changes in the
chemical composition of the materials within the melt pool.

In 2011, Hitachi Corporation developed a new mini-focused X-ray facility to address
these challenges [114,115]. This advanced system featured higher power, brightness,
frame rate, and two synchronized X-ray sources. For the first time, it enabled the
generation of 3D images of melt pools. With these enhancements, a series of detailed
investigations emerged into physical and metallurgical phenomena, focusing on flow
velocity, melt pool dynamics, keyhole phenomena, eddies, and other aspects of welding
processes such as laser welding, friction welding, plasma keyhole welding, and
submerged arc welding (SAW) [67,116,117]. The facility's ability to accurately



calculate and analyze physical phenomena and metallurgical processes in manufacturing
remains unique, providing three-dimensional insights into melt pool dynamics. Unlike
other mini-focused X-ray and synchrotron facilities worldwide, which capture only 2D
images from a side view, this system can measure melt pool boundaries, velocity,
eddies, and velocity distribution across three projected views.

Despite its innovative capabilities, the mini-focused X-ray system at Osaka University
has limitations, including lower power and brightness compared to X-ray synchrotron
facilities. Figure 14(a) shows an image of the dual mini-focus X-ray facility at Osaka
University. This complex system integrates two robots holding high-speed cameras and
detectors, along with two additional robots holding the X-ray generators. The two X-ray
systems are synchronized and positioned at the center of the base metal (Figure 14(b)),
all housed within an isolation room. Trigger systems and control desktops are located in
separate rooms [117]. Figure 15 illustrates two images captured simultaneously by this
X-ray facility. From these images, the (X, Y, Z) coordinates of each position within the
melt pool can be precisely determined.

(a) Setup of mini-focused X-ray facility with two X-ray sources.
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(b) Integration and synchronization of X-ray systems.
Figure 14. Osaka University mini-focused X-ray facility with two X-ray sources [117].
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Figure 15. Two images were obtained from the Osaka University X-ray mini-focused
facility with two X-ray sources [117].

Meanwhile, the mini-focused X-ray system in Germany has primarily been used for
laser and arc welding experiments since the 2010s [118,119]. Between the 2000s and
2017, most research utilizing this facility was conducted by Professor Thomas Garf's
group at the University of Stuttgart, resulting in numerous publications [120,121,122].
This X-ray system, similar to the earlier mini-focused X-ray facility at Osaka University
(active from the 1990s to 2011), features a single X-ray source. The first study on melt
pool dynamics in laser welding for aluminum using this facility was published in 2011
[123]. Figure 16 shows an image of the mini-focused X-ray facility in Germany. While
it shares similarities with the X-ray system at Osaka University, it is equipped with only
one X-ray source, a single detector, and one high-speed camera, allowing only one
video to be captured per session. Due to its lower power, the images produced are less



clear than those obtained from X-ray synchrotron facilities (see and compare Figure 16
with Figure 26). Table 2 summarizes seven X-ray synchrotron facilities most utilized
for material and manufacturing science.
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Figure 16. Germany mini-focused X-ray facility [123].

Table 2. X-ray synchrotron radiation facilities and their features [78,91,124,125] (all
eight X-ray facilities introduced here are the highest power among others and have
recently been applied for material and manufacturing science.).

Features
Desy Country: Germany
(Petra Power: 6 GeV
I11) Brightness: 2X10721

ph./s/0.1%/mm?*/ mrad?
Current (mA): 100

Ring length: 2304 m
Number of beamlines: 25
Commissioning: 1978

Spring-8 | Country: Japan
Power: 8 GeV
Brightness: 2X10721
ph./s/0.1%/mm?*/mrad?
Current (mA): 100
Ring length: 1435 m




Number of beamlines: 48
Commissioning: 1997

[127]

Europea | Country: France

n X-ray | Power: 6 GeV

Synchrot | Brightness: 3.56x1021

ron ph./s/0.1%/mm?*/mrad*

Radiatio | Current (mA): 100

n Ring length: 844 m

Facility | Number of beamlines: 44

(ESRF) | Commissioning: 1994

Advance | Country: US

d Photon | Power: 7 GeV

Source Brightness: 8X10"19

(APS) ph./s/0.1%/mm?*/mrad?
Current (mA): 100
Ring length: 1144 m
Number of beamlines: 76
Commissioning: 1947

Diamon | Country: UK

Centre Power: 3 GeV
Brightness: 3X10720
ph./s/0.1%/mm?*/mrad?
Current (mA): 300
Storage ring: 561 m
Number of beamlines: 32
Commissioning: 2001

Stanford | Country: US

Synchrot | Power: 3 GeV

ron Brightness: N/A

Radiatio | Current (mA): 500

n Storage ring: 234 m

Lightsou | Number of beamlines: 17

rce Commissioning: 1973

(SSRL)




Shanghai | Country: China

Synchrot | Power: 3.5 GeV

ron Brightness: N/A

Radiatio | Current (mA): N/A

n Storage ring: 432 m

Facility | Number of beamlines: 34

(SSRF) | Commissioning: 2012

The Country: Switzerland

Swiss Power: 2.4 GEV

Light Brightness: 4X10"19

Source | ph./s/0.1%/mm?/mrad?

(SLS) Current (mA): 400
Storage ring: 288 m
Number of beamlines: 16
Commissioning: 2000

[133]

Figure 17 illustrates various X-ray facilities' energy capacity and storage ring

dimensions. The PETRA Il and PETRA 1V synchrotron radiation facilities at DESY
have the largest storage rings, with PETRA IV also achieving the highest diffraction
energy. Among these facilities, the Diamond Light Source in the UK has the smallest



storage ring diameter [134].
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Figure 17. Summary of X-ray facilities with storage ring size and energy capability

[134].

Table 3 presents several typical materials investigated using “in-situ” X-ray synchrotron
facilities to analyze fundamental physical and metallurgical phenomena in
manufacturing processes. The data indicates that most studies focus on Ti6Al4V and
steel, with fewer examining aluminum. Notably, only one study has explored for high-
entropy alloys, and no publications have investigated functionally graded materials,
refractory materials, or other material types.

Table 3. Materials studied in manufacturing processes using “in-situ” X-ray imaging.

Titanium  Steel Aluminium  High entropy alloy  References

X

[135], [136], [137],
[138]

[139], [140], [141],
[142], [143]

[144], [145]

[146]




1.5. X-ray detector

The detector is a crucial component of X-ray facilities, playing a key role in image
acquisition and imaging quality [147]. It absorbs radiation energy (photons) from X-ray
sources as they pass through samples, converts the energy into visible light, and
captures the resulting image using either a digital or film-based X-ray detector. To
facilitate X-ray imaging, a thin scintillator layer is applied to the surface of the X-ray
plate [148]. The chemical composition of this coating layer is a critical factor in
determining imaging quality and acquisition performance in X-ray facilities. It directly
affects the scintillator’s intensification properties, which influence how CCD cameras
capture images. Consequently, selecting scintillator materials and developing advanced
detectors remain key research areas attracting attention from numerous research groups
worldwide [149,150]. Figure 18(a) illustrates the differences between various
scintillator materials [151], while Figure 18(b) presents an example of an imaging
acquisition system. This system includes a detector (scintillating screen), a lens/mirror
for diffracted photons/light, and a high-speed (visible-light) camera, as implemented at
ESRF in France [152].

105 L T v T ¥ L] I L I
. M;o-—;wm_' LaBri:Ce;Sr
X 100 = _ -
3
c 95 .
o
Q
7]
® 90 :
=
2
T 85 )
S 8ot | y
75 i I | i 1 " 1 2 1 i 1

0 20 40 60 80 100
Energy (keV)

(a) Materials to manufacture scintillator and scintillator response (%) corresponding to
various materials [151].
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(b) The detector and the structure of acquired imaging system in X-ray synchrotron
facility [152].
Figure 18. Detector in X-ray facilities.

1.6. Structure of an X-ray synchrotron facility and key parameters

Previous review papers [124,125] have thoroughly analyzed the experimental
environments of various X-ray synchrotron facilities worldwide. In this review, instead
of examining each experimental environment in detail, we provide a concise overview
of the main components and parameters that have been underemphasized in prior
studies. A typical X-ray synchrotron radiation facility comprises the following key
components:

1. X-ray Sources/Undulators
These components generate X-rays for the observation system. The source
consists of a large-diameter ring and a head designed to manipulate electron
synchrotron particles. Electrons are accelerated to nearly the speed of light
within the ring before exiting to interact with the sample.

2. Detector and High-Speed Video Camera
The detector acts as the system’s “film,” absorbing radiation energy (photons)
from X-ray sources and converting them into visible light. Mini-focus X-ray
systems, such as those at Osaka University and the University of Stuttgart,
integrate high-speed video cameras directly aligned with the X-ray incident
direction. In contrast, synchrotron X-ray facilities use diffraction at specific
inclination angles, with mirrors reflecting the X-ray beam toward the camera.

3. Fixation/Jig for Sample or Powder Holding
This component securely holds samples during experiments, ensuring precise
alignment for accurate observations. It is positioned between the X-ray source
and the detector.



4. Control Program
This software system synchronizes the facility’s components, ensuring precise
timing and data collection during experiments. It also enables seamless video
capture, enhancing the accuracy and reliability of observations.

Figure 19 illustrates two types of X-ray imaging systems: radiography and diffraction.
X-ray radiography is primarily used to observe fluid dynamics, melt pool boundaries,
internal defects, and other physical phenomena. Conversely, X-ray diffraction focuses
on studying solidification processes, such as grain structure evolution and phase
transformations. Figure 20 presents a schematic of a high-speed X-ray imaging setup for
diffraction experiments during laser powder bed (LPB) processes at the 32-ID-B
beamline of the APS. In this configuration, a laser heat source impinges on a miniature
powder bed sample from above, while X-rays penetrate the sample from the side.
Imaging and diffraction detectors are positioned downstream, with an inset (highlighted
by a dashed circle) showing a close-up of the laser-sample and X-ray-sample
interactions. Figure 21 provides an example of an X-ray synchronization experiment
setup at the DESY PETRA III facility in Germany.

(a)

Detector

Lens system

Scintillator

Mirror

Detector

X-ray source

Figure 19. A typical X-ray radiography and diffraction [153]. (a) Schematic of the
experimental set-up for synchrotron X-ray radiography of solidification, where the
sample is solidified vertically [154]. (b) An example of a Bridgman furnace for

radiography experiments. (¢) An example of a furnace for tomography experiments



[155]. (d) Schematic of a typical experimental configuration for laboratory-based X-ray
radiography of horizontal solidification (i.e., with gravity perpendicular to the sample
surface). (e) Schematic of a typical experimental set-up for synchrotron X-ray
diffraction.
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Figure 20. A schematic of X-ray facility at the APS Beamline 32-ID-B [156].
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Figure 21. An example of an X-ray synchrotron system to observe the LPB process
[163].

To obtain high-quality images from X-ray synchrotron facilities, it is crucial to
configure the following key parameters properly:

1. X-ray Power
This parameter determines the ability to penetrate and observe materials of



varying thicknesses. Higher power facilitates imaging of thicker materials, while
lower power is ideal for thinner materials.

2. Frame Rate and Resolution of the High-Speed Video Camera
Frame rate specifies the number of images captured per second, while resolution
dictates the level of detail and the observation area. High resolution provides
greater detail for smaller areas but often reduces frame rates. In contrast, lower
resolution allows for imaging larger areas with higher frame rates.

3. Temporal and Spatial Resolution
These settings influence the brightness and contrast of captured videos,
enhancing the visibility of fine details in the observed phenomena.

4. Observation Range
This defines the area of the object visible within a single frame. The observation
range depends on the design of the X-ray source and the camera system.

1.7. Publications on “in-situ” X-ray imaging for materials and manufacturing science

Based on data collected from Scopus and Google Scholar, over 300 publications using
“in-situ” X-ray imaging for investigating the fundamental physical phenomena and
metallurgy processes of additive manufacturing, welding, furnaces, and casting can be
found from the 1980s to the present (December 2024). Figures 22 and Table 4
summarize the yearly publication trends and the targeted journals. Most publications
were released between 2018 and now, primarily from the US, UK, Japan, Switzerland,
France, and German research groups. Among these, Prof. Tao Sun and his team stand
out for their prolific output, contributing the highest number of papers. Prof. Peter Lee
and his group also pioneered X-ray imaging for metal additive manufacturing (AM),
focusing on powder bed processes. Meanwhile, the group led by Prof. Tanaka and Dr.
Van Anh made groundbreaking contributions by publishing the first 3D images of the
melt pool. Their research detailed essential physical phenomena in arc welding,
including velocity, eddies, convection patterns, and internal and surface defects. Many
of these papers were published in prestigious journals such as Science, Nature
Communications, Additive Manufacturing, Material Design, International Journal of
Machine Tools and Manufacture, Advanced Materials, Advanced Science, and Acta
Materialia, Journal of Manufacturing Processes (see Figures 22 (b) and Table 4). The
significant attention garnered by “in-situ” X-ray imaging for advanced investigations
highlights its critical role in materials and manufacturing science. However, Figure 22
indicates a slight decrease in publication numbers in recent years. This trend may be
attributed to the saturation of research on melt pool dynamics and fluid flow in
manufacturing processes, making it challenging to identify novel topics in traditional
materials and manufacturing processes. To address this, future research must explore
innovative directions, such as investigating internal defects (e.g., phase transitions and
microstructure evolution) or integrating X-ray imaging with deep-learning and
simulation techniques. These approaches represent cutting-edge advancements and have
the potential to redefine research methodologies in materials and manufacturing science.
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(b) A list of popular journals targeted by authors for publication from 1998 to December
2024. Using the data from Figure 22(a), the authors have analyzed and quantified the
number of publications in each journal at Figure 22 (b).

Figure 22. A number of publications and a list of several popular journals use “in-situ”
X-ray imaging for “welding,” “additive manufacturing,” “casting,” and “furnace” fields
[source: from “Scopus” + “Google Scholar™].

Table 4. Published publications and lists of typical journals (1998 to December 2024)
[sources: from “Scopus” + “Google Scholar”].

Country of X-ray No. List journals (only some
corresponding | facility | publication | examples among all)
authors) (estimated
until 2024
December)
Tao Sun UsS APS >80 Science [158]
group MRS Bulletin [159]




Acta Materialia [160]
Physical Review Applied

[161]
PeterLee | UK Diamon | >44 Nature communication
group and [162]
ESRF Scientific report [163]
Materials Today Advances
[164]
Additive manufacturing
letter [165]
Alexander | France ESRF >15 Welding in the world
and [140]
Yunhui International journal of
group machine tools and
manufacture [166]
Katayama | Japan Sping-8 | >25 Japanese welding society
group and [167]
Mini- Journal of laser
focus applications [168]
X-ray Journal of Materials
Osaka Processing Tech. [169]
Van Anh | Japan Mini- >15 Journal of Cleaner
and focus Production [170]
Tanaka X-ray Journal of Manufacturing
group Osaka Process [171]
Physic of fluid [172]
Thomas Germany DESY | >20 Procedia CIRP [173]
Graf and Metals [174]
group Mini-
focus
X-ray
Ning Guo | China SSRF >2 Material & Design [112]
group
Hen-Ri France ESRF >35 Journal of Crystal Growth
Nguyen [175]
group J. Phys. D: Appl. Phys
[176]

Materials Science and
Engineering A [177]




Philosophical Magazine
[178]
Warija UK Diamon | >8 Nature communication
and [107]
Hongbiao Journal of Materials
Dong Engineering and
group Performance [179]
Manyalibo | US APS >10 Review of Scientific
Matthews and Instruments [48]
group SSRL Advanced engineering
materials [180]
S. Van Switzerland SLS >10 Scripta Materialia [76]
Petege and Additive manufacturing
group ESRF [181]
Other Chinese APS, >20 Communication material
groups Germany ESREF, [182]
Japan and Journal of Alloys and
Spring- Metallurgical Systems
8 [183]
Journal of Applied
Crystallography [184]

Even though “in-situ” X-ray imaging is one of the most powerful tools for uncovering
the fundamental physical and metallurgical principles of materials and manufacturing
science, its development and broader application remain relatively slow. Furthermore,
only a limited number of review papers address specific aspects of this promising field.

The first notable review on this topic, published by Sarah K. Everton et al. in 2016,
discussed the development of monitoring methods for metal additive manufacturing
(AM) processes [185]. They emphasized the potential of X-ray radiography to detect
internal defects during material processing. In 2021, M. Grasso et al. summarized
advancements in “in-situ” measurement and monitoring methods for laser powder bed
(LPB) processes [186]. Their work categorized the technological advancements into
five levels, with X-ray imaging for studying internal structures (e.g., porosity, phase
transitions, microstructure evolution, and melt pool dynamics) representing the most
advanced stage in understanding material and manufacturing processes. Xiaolin Zhang
et al. (2022) explored the applications of “in-situ” X-ray imaging in welding processes
and its potential for metal AM processes [187]. Shyamprasad Karagadde et al. (2021)
reviewed the role of “in-situ” X-ray imaging in studying solidification phenomena in



laser powder bed fusion and casting processes [188]. Several other review papers
published between 2018 and 2024 contributed significantly to the field. For instance,
works by Amir Mostafaei et al. (2022), Cang Zhao et al. (2022), and Tao Sun et al.
(2022, 2024) focused on monitoring melt pools and defects in LPB processes
[189,190,191,192,193]. Chrysoula loannidou et al. (2022) examined “in-situ” X-ray
imaging in powder bed AM processes, specifically addressing its untapped potential for
electron beam powder AM processes. Despite its promising applications, they
highlighted that almost no publications exist on X-ray imaging for this topic [124].
While existing research provides valuable insights into fundamental phenomena such as
melt pool dynamics and internal defect formation, the industrial implementation of X-
ray imaging remains limited. Real-world manufacturing often involves process
variations to improve quality and reduce defects, which remain critical areas for further
investigation. Significant efforts are needed to bridge the gap between fundamental
research and industrial applications to leverage X-ray facilities' potential fully. This
review provides the first comprehensive and systematic summary of the progress of “in-
situ” X-ray imaging in advancing materials and manufacturing science. Additionally,
we propose a forward-looking perspective on this technology, highlighting its potential
to drive innovations in materials and manufacturing processes. By fostering
opportunities for junior researchers, promoting collaboration with leading experts, and
encouraging broader experimental and research initiatives among international
researchers and groups.



2. X-ray imaging for heat transfer and melt pool dynamics

This section explores the application of X-ray imaging in studying melt pool dynamics,
focusing on changes in melt pool morphology, convection patterns, and keyhole
formation in manufacturing processes such as welding, AM, casting, and furnace
operations. In processes characterized by a "heating-melting-solidifying" cycle, heat
transfer and melt pool dynamics are fundamental phenomena essential for
understanding and controlling manufacturing operations [194,195,196]. These
complexities underscore both the challenges and opportunities of employing X-ray
imaging to uncover the underlying mechanisms governing melt pool behavior and heat
transfer in advanced manufacturing. Figure 23 illustrates a schematic of heat transfer
and melt pool dynamics in metal AM processes [S1]. This process involves the intricate
interplay of phenomena such as evaporation, melt pool dynamics, heat transfer,
Marangoni convection, heat radiation, and heat conduction. Studies utilizing in-situ X-
ray imaging in welding, AM, casting, and furnace processes primarily focus on melt
pool dynamics. They aim to elucidate critical aspects such as keyhole formation, defect
generation, and melt pool morphology (e.g., size and shape). Insights from these
investigations are crucial for developing simulation models that not only validate
experimental observations but also probe previously unexplored facets of these
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Figure 23. Schematic of heat transfer and melt pool dynamic in AM processes [51].

One of the earliest applications of “in-situ” X-ray imaging for manufacturing processes
was demonstrated by Guu Adam Chenshow and his team at Ohio State University,
USA. In 1991, Guu published pioneering works under his PhD thesis and conference



papers [38-40], where he utilized a mini-focused X-ray facility to observe the melt pool
boundary during the arc welding process. This marked the first time “in-process” X-ray
imaging was applied for manufacturing applications. This section presents and discusses
investigations into melt pools, keyhole behavior, and heat transfer during manufacturing
processes. These studies were conducted independently by groups utilizing various X-
ray facilities worldwide.

2.1. Van Anh and Tanaka group

Van Anh and Tanaka Group significantly advanced this field by publishing papers
exploring plasma welding processes. Their studies delved deeply into the formation of
keyholes, heat transfer, eddies, and melt pool behavior and their connections to defect
formation. These investigations determined that the shear force is the primary driving
force in plasma keyhole arc welding, supported by high-speed and thermal camera data.
They also highlighted the critical role of eddies in fluid flow, demonstrating that
imbalances in eddies can lead to altered heat transfer and serious defects
[64,197,198,199,200]. Building on the methodology established by Van Anh's group,
Bin Xu and his team conducted studies using the same mini-focus X-ray facility to
investigate aluminum alloys. Their research addressed the heat transfer and melt pool
dynamics in welding aluminum, examining keyhole and melt pool mechanisms and
defect formation. They explored fluid flow behavior under conduction, keyhole, and
transition modes. By comparing their findings on aluminum alloys to results for
stainless steel [170,201,202], they detailed differences in driving forces for the melt
pool and keyhole. Another notable contribution came from Komen et al., who used X-
ray imaging to investigate porosity formation in submerged arc welding (SAW)
processes. Their results revealed changes in the melt pool profile and droplet transfer
behavior from the wire, offering insights into porosity formation mechanisms [203].

Figure 24 (from [200]) illustrates the changes in keyhole channel morphology with
variations in welding current. It reveals how changes in heat input and plasma column
density affect keyhole dimensions, particularly the top and bottom surfaces in the
welding keyhole mode. These alterations influence the inclination angle of the front
side, thereby modifying plasma flow components. The study concluded that plasma
flow dynamics, leading to changes in shear force, are the dominant driving force in
plasma keyhole arc welding. Figure 25 (from [170]) presents a 3D visualization of the
melt pool and fluid flow dynamics in arc welding of aluminum. The research captured
comprehensive melt pool dynamics, fluid velocity, and convection patterns using two
synchronized X-ray facilities at Osaka University. This enabled multi-aspect analysis of
phenomena, offering a superior advantage not achieved by any other X-ray facility
worldwide.
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Figure 24. A schematic of keyhole channel and fluid eddies in Plasma keyhole arc

welding for stainless steel [200].
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Figure 25. 3D flow velocity and melt pool dynamic in welding for VPPA welding of
aluminium alloy [170].

2.2. Tao Sun group

Tao Sun and his group used the X-ray synchrotron facility at APS in the US to explore
significant phenomena and mechanisms in laser powder bed AM processes. In a series
of papers, they examined fundamental physical phenomena such as melt pool dynamics,
fluid flow, powder movement, internal defects, and solidification for the first time. They
proposed that among the driving forces in laser processes, Marangoni force, and recoil
pressure are the dominant factors controlling these phenomena [26]. Escano et al.
investigated the powder-spreading process of 316L material in another study. Using an
X-ray source, they measured powder speed, but only 2D images were obtained, leading
to significant velocity estimation errors [47]. Another series of papers from this group
discussed differences in melt pool dynamics under both melting mode and keyhole
mode in the LPB process. They proposed a keyhole formation threshold to distinguish
between these modes. In a paper published in Scientific Reports, Cang Zhao and Tao
Sun observed melt pool dynamics, estimated projected velocities, and predicted
solidification rates and phase transformations in the LPB process for Ti-6Al-4V
materials [46]. Niranjan D. Parab (2018) further explored evaporation, melt pool
dynamics, and powder spatter ejection during an LPB process, contrasting Zhao's 2017
work on spot welding [32]. Quilin's 2018 paper presented detailed discussions on
powder spatter in the LPB process [204]. Andrew's 2019 paper examined the
relationship between melt pool dynamics and steel chrome-molybdenum melt pools'
size (depth and width) [205]. In 2019, Brodan used a laser source to re-melt the surfaces
of samples produced via LPB processes [206]. Zhao (2019) investigated the mechanism
behind spatter phenomena in LPB processes [207]. In a paper published in Science,



Cuningham summarized the Tao Sun group's findings on keyhole formation
mechanisms in LPB, focusing on vapor depression, laser power effects, and keyhole
evolution over time [208]. S. Mohammad H. Hojjatzadeh et al. (2019) considered
keyhole and melt pool formation and developed a simulation model to study pore
evolution in LPB [209]. Nadia Kouraytem et al. developed a simulation model
describing changes in the keyhole channel with varying printing parameters. They also
observed melt pool dynamics and morphology to validate their numerical simulation
model [210]. In a technical report, Niranjan D. Parab et al. (2019) used X-ray imaging
to analyze keyhole morphology. They highlighted the importance of combining it with
an IR camera to understand complex LPB mechanisms [211]. Another study by Parab et
al. summarized the use of X-ray synchrotron imaging for observing melt pool dynamics
in LPB processes [212]. Qilin et al. discussed how variations in heat input, such as laser
scanning speed and power, influence welding modes (melting, transition, or keyhole)
and compression volume changes [213]. A conference paper by Samantha Webster et al.
(2019) introduced porosity, keyhole, and melt pool dynamics during the Laser DED
process [214]. Building on this, Sarah J. Wolff et al. (2019) comprehensively discussed
porosity evolution in Laser DED for Ti-6Al-4V using X-ray synchrotron images,
examining spatter, powder blow, and other factors [215]. Brian J. Simonds et al. (2019)
investigated keyhole formation, particularly keyhole depth, as influenced by laser heat
absorption during transitions from conduction to keyhole modes. They also studied how
keyhole width and depth changed with absorption rates [216]. Cang Zhao et al. (2020)
explored pore formation and keyhole instability in LPB for Ti-6Al-4V powder, linking
keyhole shape changes driven by forces to pore formation. X-ray images provided
detailed tracking of pore movement and size [217]. S. Mohammad H. Hojjatzadeh et al.
(2020) elucidated pore formation mechanisms in the LPB process for powders like
AlSi10Mg and Ti-6Al-4V. They identified three mechanisms: (1) pore trapping by
surface fluctuations, (2) pore formation due to shallow depression zone fluctuations, and
(3) pore formation from cracks [218]. In another publication, Quilin Guo et al. (2020)
discussed melt flow in the LPB process using APS beamline 32 for two materials,
AlSi10Mg and Al-6061, with tungsten particles (5 um diameter) as tracers. The results
revealed a comprehensive melt pool flow, and the melt flow velocity was calculated.
They also analyzed the melt flow changes driven by the Marangoni force, hydraulic
pressure, and buoyancy force [219]. In another publication, Sarah J. Wolff et al. (2020)
investigated the influence of external electromagnetic fields on the keyhole and melt
pool formation in the laser welding process for 4140 sheets of steel with a thickness of
300 um. The results showed significant changes in melt pool depth when external
electromagnetic fields were applied [220]. Xuxiao Li et al. (2020) developed a
simulation model for powder movement and its interaction with melt pool formation in
the LPB process. X-ray experimental data were used to validate the simulation model
[221]. Zachary A. Young et al. (2020) identified five types of spatters in the LPB
process for AISi10Mg materials, using ultra-high frame rates of 45,259 fps and 135,776



fps. The spatters included solid spatter, metallic jet spatter, agglomeration spatter,
entrainment melting spatter, and defect-induced spatter. The mechanisms behind these
spatters and prevention methods were discussed in detail. The findings provide critical
insights for engineers developing simulation models and optimizing process parameters
to improve LPB process quality [222]. Benjamin Gould et al. (2021) conducted
experiments using an IR camera and X-ray synchrotron images to capture melt pool
dynamics and powder movement in the LPB process for tungsten and Ti6Al4V
materials at APS Beamline 32. The IR camera operated at 90,000 fps, while the X-ray
high-speed camera ran at 50,000 fps. Initial results revealed multiple physical
phenomena in the LPBF process, quantified with high thermal, spatial, and temporal
resolution. Observations of temperature variations, vapor plume dynamics,
solidification, and possible supercooling and recalescence provided valuable insights
[223]. Brian J. Simonds et al. (2021) examined the correlation between laser power
absorption rates and melt pool dynamics, noting abnormal absorption rate changes
during keyhole regime transitions [224]. Hojjatzadeh SMH et al. (2021) studied pore
formation and dynamics during the LPB process using pulsed waves for A16061 powder
and a Ti6Al4V substrate without powder. Results showed that vapor depression
collapse upon laser irradiation cessation led to discontinuous pore formation.
Additionally, melt ejection and rapid solidification contributed to pore formation in the
melted track [225]. Sarah J. Wolff et al. (2021) investigated the influence of powder
feed rates on the Laser DED AM process. Two feed rates, high and low, were applied,
showing that higher rates reduced laser absorption and shifted from the keyhole to melt
mode. However, this reduced powder melting efficiency and increased porosity [226].
Zhengtao Gan et al. (2021) comprehensively analyzed keyhole and melt pool dynamics,
defining keyhole regimes and porosity through mathematical functions. A database of
experimental results supported the development of mathematical models predicting
keyhole and pore stability [227]. L. Bitharas et al. (2022) observed vapor-liquid-solid
phase interactions in the LPB process for Ti6Al4V powder. They detailed keyhole
formation timelines, plume progression, and depression behavior. The relationship
between keyhole wall angles and input energy density was also examined [228]. Cang
Zhao et al. (2022) explored the physical mechanisms behind laser melting modes
(conduction, keyhole, and transition). The keyhole morphology (depth and width),
energy density, and scanning velocity were analyzed over time. Using a power-velocity
map, they identified regimes for defect-free operation and optimal quality [229]. Luis L.
Escano et al. (2022) published the first study using X-ray synchrotron images for
Electron Beam AM processes of Ti6Al4V. They integrated an operational Electron
Beam facility with the APS X-ray facility, capturing melt pool temperature distribution
with a thermal camera. Initial results demonstrated melt pool morphology and dynamic
phase evolution observation capabilities [230]. Luis I. Escano et al. (2022) examined
powder spreading dynamics in the LPB process at 500,000 fps in another study. Using a
mixture of 90% AlSi10Mg and 10% Ti powders, with a spreading speed of 137 mm/s



and a layer thickness of 90 um, the powder moved at an average speed of 88 mm/s in
the spreading direction [231]. Marc Nielsen et al. (2022) developed an innovative
algorithm for detecting melt pool boundaries in the LPB process using high-speed X-ray
synchrotron images. This AI/ML approach replaces manual detection and significantly
reduces time, labor, and computational costs [232]. Samantha Webster et al. (2022)
created a novel high-throughput drum that allows the simultaneous printing of 32
samples during the Laser DED process setup. This innovation dramatically reduces
resource demands, making beamline experiments more efficient [233]. Brian J. Simonds
et al. (2024) from NIST summarized eight challenges in the metal AM process, focusing
on LPB processes. These challenges include predicting laser power absorption and
phenomena like keyhole and melt pool behavior, defect formation, solidification, and
phase evolution [234]. Figure 26 presents typical results of the melt pool and keyhole
during the LPB process of Tao Sun's group. Clear keyhole and melt pool boundaries are
observed due to APS X-ray beamline brilliance and thin layer thicknesses (<1 mm).
This beamline outperforms traditional X-ray facilities (Figure 29) and the SSRL
beamline at Stanford (Figure 30).

Figure 26 illustrates the evolution of the melt pool and keyhole during laser melting in a
stationary scenario. Initially, the melt pool forms as a tiny structure, then expands and
evolves until reaching a stable vapor depression state. Concurrently, the shape of the
keyhole and melt pool transitions from a quasi-semicircular form to a bimodal
configuration, featuring a bowl at the top and a spike at the bottom.

Figure 26. The melt pool and keyhole dynamic in the LPB process with X-ray imaging
at the APS X-ray facility [208].

2.3. Peter Lee group

Using an independent investigation similar to the Tao Sun group, Peter Lee and his
team investigated melt pool dynamics, keyhole formation, heat transfer, and defects in
the LPB process. Similar results were observed for both single-layer and multi-layer
LPB processes. The first paper from this group was published in 2018 by Chulun Alex



Leong (Chulun), a PhD student from this group. Before that, Chulun's PhD thesis was
completed in 2017 [49]. The results of this thesis were presented at conferences in
materials science and manufacturing processes in 2017 [235,236]. From this PhD thesis
contents, this group and other groups worldwide explored a series of papers and
investigations using X-ray synchrotrons. Chulun et al., 2018, published the first paper
examining laser-matter interaction in the LPB process of mixture powders SS316L and
13-93 bioactive glass. This experiment was conducted at the UK's Diamond Centre X-
ray synchrotron facility with an operand LPB system. Due to low viscosity, the authors
explained that SS316L powder forms pores and spatter. Still, including 13-93 bioactive
glass powder with high viscosity mitigates pore movement in SS316L, combining them
into larger pore groups—up to 600 times larger than those in SS316L powder [237]. In
another publication, Chulun et al., 2018, observed melt pool dynamics, pore, and
powder spatter formation and evolution in another paper. They tracked their trajectories
to study tendencies and estimate velocities. The results showed that laser-induced
gas/vapor jets promote powder spatter formation, and the Marangoni force is key in
controlling fluid flow and pore formation. Although their experiments were independent
of the Tao Sun group in the US, the results were comparable [238]. In another
publication, Yunhui Chen et al. discussed keyhole formation with four main stages and
its linkage to pore and spatter formation using X-ray beamline 12 at the Diamond
Centre in the UK. The spatter velocity was calculated, with a maximum velocity of
about 2.2 m/s [239]. In Yunhui Chen et al., 2020, the formation of the keyhole, melt
pool, pore, and spatter in the laser DED process was estimated and discussed for
SS316L and Ti6242 powders. A comparison was made, highlighting differences due to
the oxidation layer on the Ti alloy surface [240]. Other papers presented at the [OP
Conference of Material Science and Engineering by Yunhui Chen and S.J. Clark
discussed keyhole and melt pool morphology in the Laser DED process. They used
tungsten particles to track fluid flow in the melt pool, identifying the activation of the
Marangoni force [241]. Lorna Sinclair et al., 2020, explored porosity and pore
formation in multilayer LPB processes of Ti6Al4V powder using “in-situ” X-ray
synchrotron radiography at beamline ID19 of ESRF and “ex-situ” computed
tomography at the Diamond Centre, UK. Results revealed three pore phenomena: (i)
healing of previous layers' pores via remelting, (ii) insufficient laser penetration to
remelt and heal pores, and (iii) keyhole-induced pores merging with existing pores,
enlarging them [242]. In 2021, Yunhui Chen conducted experiments on the laser-blown
DED process with IN718 powder. Using both "in-situ" X-ray radiography and
diffraction images, phenomena related to solidification, phase formation, and melt pool
fluid flow were explored. The Marangoni force was confirmed as the primary driving
force, with tungsten particles used to track flow. Phases like Laves, MC carbides, and
gamma were analyzed via X-ray diffraction, and stress distribution in the melt track was
examined. However, no detailed discussion on melt pool formation mechanisms under
driving forces was included [243]. In another 2021 publication, Yunhui Chen et al.



investigated surface roughness, melt flow dynamics, and build stage direction in laser-
blown DED processes for multilayer printing. They varied printing parameters like
scanning speed, laser power, and powder feed rate. Results showed that higher laser
power increases surface roughness, higher scanning speed reduces it, and increased
powder feed rates heighten surface roughness [244]. Lorenzo Massimi et al., 2021,
proposed a beam-tracking X-ray imaging method, providing absorption, phase, and
angle scattering signals at high frame rates. This technique enabled early segmentation
of droplets, tracking powder dynamics, and elucidating unmelted powder amounts
[245]. Chu Lun Alex Leung et al. experimented at Beamline 112 of the Diamond Centre
in the UK using X-ray radiography and computed tomography in the LPB process for
IN625 powder. A range of specific energy levels was used to analyze melt pool and
keyhole dynamics, porosity, and pore evolution. A simulation model was developed to
complement experimental data, showing the melt pool dynamics, keyhole, and defects.
Mathematical equations were presented linking factors like pore growth, melt pool
volume, and surface roughness [246]. Yuze Hoang et al., 2022, examined pore
formation mechanisms during LPB processes for A17A77 powder using the X-ray
synchrotron beamline 32-ID-B of APS in the US. They divided keyhole formation into
stages, discussing stability, instability, and pore formation. The study proposed that
porosity forms during keyhole instability and collapse, driven by pressure equilibration
and vapor condensation [247]. Gowtham Soundarapandiyan et al., 2023, studied the
impact of powder contamination in recycling processes for Ti6Al4V in LPB. Higher
oxygen content in powder reduced spatter, increased surface accuracy, and decreased
defects while increasing microhardness due to solid solution strengthening [248].
Tristan G. Fleming et al., 2023, presented a novel observation method for melt pool and
keyhole in laser welding of aluminum alloys using X-ray radiography and Inline
Coherent Imaging (ICI). While ICI and X-ray radiography showed differing results
under multiple imaging light reflections, matching results were observed for bubble
formation measurements [249]. Finally, Daguo et al., 2024, analyzed the linkage
between vapor depression shape and spatter dynamics in LPB for aluminum alloys
using X-ray synchrotron imaging. They revealed how Kelvin-Helmholtz's instability
and Marangoni's force drive spatter formation. Kai Zhang et al., 2024, discussed pore
evolution mechanisms in Laser DED processes for Ni-based superalloy RR1000,
proposing a simulation model tracking pore dynamics and detailing five stages of pore
evolution [251]. Figure 27 is a typical example of melt pool dynamic and morphology
in a laser powder-blown DED process observed by X-ray synchrotron at ESRF in
France. In this paper, the authors observed the movement of bubbles (pore/porosity)
with the melt pool dynamic and explained the mechanism to form them in detail. A
typical result of the keyhole and melt pool dynamic along the time in the LPB process
with X-ra imaging is presented in Figure 27. In the evolution and dynamic of the
keyhole and melt pool process, the authors have devised them in terms of three statuses:
(I) quasi-stable, (II) transition, and (III) unstable regimes.
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2.4.S. Van Petege group

Unlike the publications from Peter Lee's and Tao Sun's groups, S. Van Petege's team
investigated melt pool dynamics and keyhole evolution in LPB processes using external
sensors and acoustic signals synchronized with X-ray imaging frames. An example of
their findings is illustrated in Figure 28 [255]. Prof. S. Van Petege and his group
focused on diagnosing fluid flow, cracking defects, and phase transfer in LPB processes
using an operando LPB system integrated into an X-ray radiation facility at the Swiss
Light Source. In a 2016 publication, C. Kenel et al. observed the behavior of Ti-48Al
alloy during heating and solidification using two laser heat sources and a micro-X-ray
diffraction facility. They observed solidification and phase transfer, noting that upon
solidification, the formation of the B-phase was fully suppressed [252]. Samy Hocine et
al. (2020) reported a novel operando LBP system integrated into an X-ray diffraction
facility to observe the evolution of phase transfer and microstructure in the Ti6Al4V
powder process. This experiment was conducted at the Swiss Light Source [253].
Hossein Ghasemi-Tabasi et al. (2022) used this operando LBP system integrated with
the X-ray radiation facility at the Swiss Light Source to directly observe the formation
of cracks in the case of CM247LC nickel-based superalloy powder, with the printing
parameter fixed at a typical value [254]. Milad Hamidi Nasab et al. (2023) observed the
stability and instability of the melt pool and the formation of pores in the LBP process
of Ti6Al4V powder using the operando system developed in previous studies. They also
estimated laser absorption during the process to create the melted and keyhole modes by
analyzing acoustic signatures from a high-sensitivity optical microphone to assess the
changes in stability and instability of each mode [255]. An example of their results is
shown in Figure 28. In another investigation, Charlotte de Formanoir et al. used high-
sensitivity optical microphone signatures to detect porosity during the LBP process in a
remelted mode. This study aimed to understand and control the keyhole defect in the
LPB process to ensure high-quality printing [256]. In a separate publication, Jian Yang
et al. (2024) predicted the Marangoni flow in the LPB process of 316L powder during
the transition from conduction mode to keyhole mode with changes in laser power and
scanning speed. They detected the fluid flow in a projected plane using tracking
particles and then estimated its velocity [257].
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Figure 28. Investigate the keyhole and melt pool dynamic by using external sensors and
acoustic signals synchronized with X-ray imaging frames [255]. a) Melt pool
morphology variation under constant laser process parameters in a single scanning
vector of 316L stainless steel. The normalized and filtered acoustic signal for each time
frame is illustrated for each image set with event annotations represented by vertical
lines. The boundaries of solid-liquid (melt pool) and gas-liquid (depression zone) are
illustrated by yellow and white dashed lines, respectively. The time bar depicts the
regime changes from conduction to stable keyhole ( =20 ms), stable keyhole back to
conduction (¢ =21.1 ms), conduction to unstable keyhole (¢ = 23.4 ms), and unstable
keyhole back to conduction (¢ =41.2 ms). The resultant pores in the unstable keyhole
regime in the vicinity of each timeline are encircled by dashed green lines. The scale bar
for all the images is shown in the bottom right corner. b) Melt pool length, depth,
keyhole depth, and widths at the top of the depression throughout the scanning

vector. ¢) The normalized magnitude of melt pool length and depth over the scanning
vector. d) The first derivative of the melt pool length and depth magnitude over

time. e) Relations between mean keyhole wall angle and the number of laser reflections



and total energy absorption. f) Superimposition of total energy absorption evolution and
the normalized and filtered acoustic signal (band-pass: 35—-105 kHz). g) Melt pool rear
wall velocity is measured via summation of laser velocity and melt pool length
variations over time.

2.5. Katayama group

Katayama and his colleagues were the first group in the world to use “in-situ” X-ray
images to observe melt pool dynamics and defects in the welding process. Their first
publication on this topic was presented at ICALEO in the US in 1998 [43]. From the
1990s to the 2000s, his team published a series of papers on laser welding processes
related to this topic. One of the earliest papers on melt pool dynamics in laser welding
was by Akira Matsunawa et al. in 1998 and 2000 [43,44]. They observed the melt pool
flow and calculated its velocity using tungsten particles. Based on “in-situ” X-ray
images, they discussed the phenomenon of porosity and ways to prevent it [258,259].
Subsequently, this group significantly focused on the use of “in-situ” X-ray images for
arc welding and laser welding processes, publishing numerous papers on three key
topics: melt pool dynamics and heat transfer, fluid flow and velocity, and defects in
welding processes (such as porosity, cracking, spatter, and solidification) [260,261]. In
2011, Hitachi Corporation developed a novel X-ray facility with two X-ray sources to
capture 3D images of the melt pool. This is the only X-ray system in the world capable
of visualizing 3D melt pool dynamics in welding and additive manufacturing processes.
In 2015, this group was the first to use the new X-ray facility with two integrated and
synchronized X-ray sources to observe the melt pool and spatter in laser welding for
titanium materials [262]. From that period, this X-ray facility has produced a series of
publications on this topic [28,263,264,265,266,267,268,269].

By using tiny tungsten particles as trackers, the Katayama group observed the melt pool,
keyhole, and heat transfer during the laser welding process. The movement of tungsten
particles was detected and analyzed to understand the physical phenomena and estimate
regime changes at each frame of X-ray imaging. A typical example is presented in
Figure 29. However, a significant challenge with this approach is that the particle size
can influence movement. If the particles are sufficiently heavy, they may sink to the
bottom surface and move downward rather than upward, following the fluid flow.
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2.6. Manyalibo Matthews group

Manyalibo Matthews and his group used a similar approach to the Tao Sun and Petter
Lee groups. They utilized the X-ray facilities at the Stanford Synchrotron Radiation
Lightsource (SSRL) and APS to observe melt pool dynamics, keyhole phenomena, and
internal defects in LPB processes with a mini-operando LBP system. Nicholas P. Calta
et al. published a paper in 2018, introducing a novel LBP system integrated with the X-
ray facility at SSRL [48]. Meanwhile, Andrew M. Kiss et al. (2019) observed the depth
and dynamic behavior of the vapor depression at different scanning speeds. Due to the
low power of the X-ray facility, only the keyhole evolution was explored over time at
varying scanning speeds [180]. In another study, Aiden A. Martin et al. (2019)
considered the vapor depression and melt pool dynamics, along with the movement of
pores in the LBP process for Aluminum alloy Al6061 (635 pum thick) and Titanium
alloy Ti-6Al-4V (508 pum thick), using a laser power of 400 W and a scan speed of 800
mm/s under high vacuum. The results showed that pores with a size of around 20 um
were found in the case of aluminum [270]. In another publication, Nicholas P. Calta et
al. (2020) conducted an LBP experiment for 316L steel, nickel alloy, aluminum alloy,
and titanium alloy, with a change in scanning speed. They reported on the evolution of
the keyhole and melt pool dynamics, discussing the changes in keyhole depth and width



with the change in melt pool size based on the variation in heat input and the control of
the Marangoni force [271]. In another study, Aiden A. Martin et al. observed the
movement of pores and melt pool dynamics during the LBP of Ti6Al4V materials
[272]. Figure 30 shows the melt pool and keyhole dynamic in the LPB process.
Experiments have been performed at the SSRL x-ray facility with a frame rate of 4000

fps.
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Figure 30. Melt pool dynamic in LPB process with SSRL X-ray facility [48]. X-ray
imaging of a typical melt pool region. (a) Simulated X-ray spectra produced at SSRL
beamline 2-2, used for imaging. Both the full emission from the bend magnet and the
attenuated spectrum experienced at the sample are shown. (b) A series of frames
collected at 4 kHz during a scan. Each frame shows the absorption difference A(t) -
A(t0) such that darker regions represent decreases in absorption (or material) and lighter
regions represent increases in absorption (or material). The t0O frame was collected
before +0.00 ms and is not shown. The laser moves from right to left, and the
approximate location (within ~50 um) is marked with a red line. A void, circled in
orange, forms beginning in the +1.00 ms frame.

2.7. Thomas Graf group

A group led by Prof. Thomas Graf from the University of Stuttgart in Germany has
conducted numerous experiments using X-ray images for welding processes, and more
recently, for metal additive manufacturing processes [273,274,275,276,277]. Starting in
2011, they used a mini-focus X-ray facility, and from 2020 onward, they utilized the X-
ray synchrotron facility at DESY for several recent papers. In a paper published in 2013,
A. Heider et al. observed spatter in laser welding of copper material using a mini-focus
X-ray radiography system, combined with high-speed camera images. They discussed
the instability of this welding process due to keyhole formation [278]. In another
publication, Florian Fetzer et al. (2018) examined pore formation in laser welding of
AlIMgSi alloy by varying beam oscillation [279]. In a separate study, Jonas Wagner et
al. applied a high-power X-ray radiation facility at DESY to observe the keyhole and



melt pool during welding of several types of aluminum (see Figure 31) [280]. In another
publication, Jonas Wagner et al. (2024) investigated the transition of the welding mode
from partially melted to fully melted, from the start of welding to full penetration, using
X-ray radiography images. This study is related to the absorption of X-rays when the
keyhole forms. The absorption decreases suddenly when an open hole appears at the
bottom of the metal pool [281].
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Figure 31. Single frames at different times from a high-speed X-ray video of laser beam
welding of AA5754 with P =2.1 kW, df = 102 pm, ss =2 m [280].

2.8. Other groups

In addition, several other researchers have focused on the melt pool in TIG welding and
other welding processes using “in-situ” X-ray images. Hongbiao Dong et al. (2020)
studied the changes in melt pool morphology (size and dimensions) and fluid flow when
oxygen is mixed with shielding gas in TIG welding (see Figure 32). The results in this
paper were captured at the beginning of the process when the arc is started and the melt
pool is progressing toward expansion. However, these results do not represent actual
welding, as the dynamics correspond to a stationary case. Therefore, the phenomena
observed in this case can be referenced as a research scenario rather than a real-world
application [107]. In a similar TIG welding stationary case publication, Fan Wu et al.
(2022) examined the melt pool width, depth, and volume. The movement of tungsten
particles in the melt pool was also detected to estimate the velocity and acceleration of
fluid flow. However, the results may not be entirely realistic because only one X-ray
source was used, capturing a 2D projected melt pool [179]. In another study, Fan Wu et
al. (2023) reported forming an interface in dissimilar aluminum and steel welding. They



also developed a simulation model to estimate fluid flow velocity in the melt pool [282].
In a different context, Chinese researchers used the Shanghai X-ray synchrotron
radiation facility (SSRF) to observe fluid flow in underwater welding processes.
Recently, several publications on welding processes from this facility have been
published. One paper by Hang Xu et al. (2019) focused on the melt pool dynamics in
underwater welding and compared the melt pool boundary between welding onshore
and offshore, with and without the support of external ultrasonic waves [112]. The
paper showed significant differences in melt pool morphology across these cases.
Changsheng Xu et al. (2019) reported an investigation using X-ray images of the
underwater welding process. They observed the melt pool dynamics and boundary flow
over time, then applied an external ultrasonic source and compared it to the case without
it. The stability of the melt pool was significantly improved [283]. In another
publication, Shuya Zhang et al. (2024) reported on pore evolution in the DED process
for high-entropy alloys. They discussed the Marangoni force as the main driving force
controlling fluid flow, estimated the width and depth of the melt pool, and calculated
the fluid flow velocity in the melt pool. The movement of the pores was also estimated
[284]. Another publication on welding ultra-thin sheets for semiconductors by a group
of researchers from Penn State University focused on dissimilar joints of aluminum and
copper in manufacturing lithium batteries. They observed the melt pool dynamics using
X-ray from the APS X-ray facility. Instead of relying on tracking technologies, they
developed a simulation model to validate the experiment and estimate the flow velocity
[285].
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Figure 30. Melt pool dynamic in the case of stationary TIG welding additive
manufacturing [107].

2.9. Other phenomena of melt pool, keyhole dynamic and heat transfer

In addition to investigating fundamental phenomena in traditional manufacturing
processes, researchers have sought to eliminate the disadvantages and improve the final
quality of conventional manufacturing processes by applying external support, such as
ultrasonic vibration or electromagnetic fields. The use of external support is, therefore,
an important and emerging topic. Several publications discuss the influence of external
conditions on melt pool dynamics and boundaries. For instance, Changsheng Xu et al.
(2019) investigated the influence of ultrasonic variation on the formation of melt pool
boundaries [283]. Meanwhile, Sarah J. Wolff et al. (2020) discussed the impact of
external electromagnetic force on the formation of melt pool sizes (depth and width) in
laser welding of 4140 steel [286]. The results indicated that external electromagnetic
force could alter the behavior of Marangoni flow and eliminate pore formation. Jared
Gillespie et al. (2021) investigated the effect of ultrasonic vibration on the melt pool
morphology in laser welding of Al6061 alloy [287]. Their results clearly demonstrated
that external ultrasonic variation significantly affected the formation of the melt pool
shape. This finding was further confirmed by another paper by Lovejoy Mutswatiwa et
al. (2024) [29].

While there are numerous publications on melt pool dynamics and heat transfer in
materials and manufacturing processes, most focus primarily on LPB processes.
Moreover, no comprehensive studies have thoroughly examined the driving forces that
control melt pool dynamics in detail. Understanding the mechanisms governing melt
pool behavior and heat transfer—particularly the role of Marangoni forces and other
dominant forces—is crucial, as these factors dictate cooling rates, solidification, and
microstructure evolution through fluid flow dynamics. This knowledge is also essential
for preventing defects by enabling the design of optimal convection patterns.
Consequently, more attention should be directed toward investigating other physical
phenomena and metallurgical processes in manufacturing methods such as DED-AM,
casting, and furnace processes.



3. X-ray Imaging for flow velocity, convection patterns, and fluid eddies

The flow velocity of the melt pool is a critical factor in understanding the mechanisms
behind the relationships among microstructure, properties, and processes [51].
Numerous studies have demonstrated that direct measurements of velocity provide more
detailed insights into fluid flow and melt pool dynamics than simulations alone [288].
The flow velocity in the melt pool and droplet transfer during welding and additive
manufacturing processes consists of two components. For surface flow velocity, a high-
speed camera combined with laser illumination systems and tracking particles, such as
zirconia particles, offers a practical approach [289,290,291]. However, surface velocity
measurements are often influenced by external factors, including plasma gas, shielding
gas, powder gas, and environmental conditions, which may lead to inaccuracies. In such
cases, internal melt pool velocity becomes crucial for understanding the processes
[117,64]. X-ray imaging provides a unique method for investigating internal flow and
heat transfer due to its ability to penetrate metal. While simulation models are
commonly developed to address challenges in using X-ray facilities, these models still
require validation through experimental data. Thus, clarifying physical phenomena in
metallurgy remains a significant research objective. Obtaining accurate fluid velocity
and convection patterns from X-ray imaging poses challenges. A single X-ray source
typically provides only 2D images or videos (projected images), which are insufficient
for calculating velocity or estimating convection patterns and heat transfer [285].
Consequently, very few studies have successfully utilized X-ray imaging to calculate
flow velocity and convection patterns in manufacturing processes, such as welding,
casting, furnaces, and metal additive manufacturing (AM). The following sections
analyze studies that calculated flow velocity using X-ray imaging, focusing on welding
and metal additive manufacturing processes.

3.1 Welding Processes

As mentioned above, the flow velocity and melt pool dynamics are critical information
as they reveal the solidification process and cooling rate, which are directly related to
microstructure evolution, mechanical properties, and final quality. Researchers
worldwide are intensively studying these aspects using X-ray imaging to calculate and
predict flow velocity in welding processes.

Prof. Katayama and his team focus on clarifying the formation mechanism of the melt
pool in laser welding processes. Several papers have studied flow velocity in detail.
Mizutani et al. (2004) conducted experiments on pure liquid zinc baths using a mini-
focus X-ray facility. They observed that the velocity of bubbles moving downward in
the pool was approximately 0.4—0.8 m/s, whereas their upward velocity was much
smaller, at 0.001-0.04 m/s [113]. In another publication, Katayama et al. (2007)



reported the flow velocity of the melt pool during laser welding of SUS 304 for TIG
welding processes using 0.11% Sn, which was 0.025-0.5 m/s [167].

Gatzen et al. (2011) calculated fluid flow during laser welding of aluminum alloy with
external magnetic stirring (see experimental setup in Figure 35) [116]. They observed
varying velocities of W and Pt particles depending on the magnetic field, with a
maximum velocity of about 0.45 m/s in the case of BO = 120 mT (Figure 36). Jin Peng
et al. calculated the melt pool velocity during laser welding of aluminum and found it to
be about 0.032—-0.12 m/s at different welding speeds [28]. Similarly, Kawabhito et al.
(2017) measured the melt flow velocity along the keyhole wall in laser welding of SUS
304 at welding speeds of 25 to 250 mm/s, observing values between 0.24 m/s and 0.54
m/s. Notably, a novel X-ray facility with two synchronized X-ray sources was
employed to capture 3D images of the melt pool and keyhole, as described in Figure 33
[263]. In a recent study, Miyagi et al. (2017) demonstrated that the melt flow velocity at
the bottom surface of the keyhole wall in laser welding of aluminum alloy was higher
(0.178 m/s) compared to the top surface (0.093 m/s) [264]. Kawahito et al. (2018)
reported that the flow velocity, equated to bubble velocity, was 0.35 m/s at the real
keyhole, 0.24 m/s at the front keyhole, and 0.11 m/s at the butted interface in aluminum
butt-joints [265]. Additionally, Morisada et al. (2011) estimated the flow velocity by
tracking tungsten particles during the friction stir welding process of aluminum alloy.
They observed a maximal particle velocity of 0.35 m/s at a 5 mm distance from the
probe's center [67].

Van Anh and Tanaka and his team from Osaka University in Japan investigated melt
pool formation and its relationship to defects using in-situ X-ray imaging. Their
comprehensive experiments, supported by X-ray facilities, high-speed cameras, and
thermal cameras, used zirconia and W particles to track melt pool dynamics (size,
width, length, depth), flow velocity (maximum velocity, velocity contours, etc.), eddy
formation, and their linkage to defects and final quality in plasma keyhole arc welding.
They found that the fluid flow velocity on the melt pool's surface, measured by high-
speed cameras, was higher than the internal fluid flow. This discrepancy was attributed
to shear forces and shielding gas effects on the surface, as zirconia particles are
minimally in contact with the liquid surface while primarily interacting with the air.
They also observed that the highest velocities occurred at the top or bottom surface
along the keyhole wall due to strong shear forces. Additionally, they linked higher melt
pool velocity and backward melt flow movement as primary causes of undercut
phenomena in PKAW [64,198,199]. Figure 34 summarizes comprehensive and detailed
results from the Van Anh and Tanaka group for the PKAW process.

In another paper, Christian Hagenlocher et al. (2020) measured the movement speed of
bubbles during the laser welding process of aluminum alloy AA6016 with surface-



contaminated lubricant. The results showed that the bubble speed could reach a
maximum value of 0.048 m/s [325].
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Figure 33. A result from papers of the Katayama group at Osaka University presented a
typical example of the melt pool, fluid flow, flow velocity, and eddies in laser welding
[263].
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Figure 35. A schematic of external electromagnetic force in laser welding [116]. (a)
Welding head prototype. (b) Principle of flux density measurement. (¢) Radial and axial
flux density distributions.

3 T T T T Em —n—l‘_raCEI"I
mm- —a—tracer?
4 mm's —0— [FEICEfa
5 —o— tracer1
= —a—tracer2
5 = —o— tracer3
5 1" 38
H = Laser power 7 kw
© 3 Welding velocity 4 m/min
250 o Flux density 80 mT
Frequency 10 Hz
-3 T T T T _Em
0.00 0. 0.02 0.03 S 0.05

time

(a) alternating magnetic field with B0 = 80 mT at a fixed frequency of 10 Hz.

3 T T ¥ T T T T T T 500
] —o— tracer1
—a—tracer2
4 mm's —o— tracer3
= —o—tracert
5 ® —a—tracer2
= g
2 10 3 tracer3
Z _%* Laser power 7KW
= 9 Welding velocity 4 m/min
losg £ Flux density 120 mT
Frequency 18 Hz
. . . . : ; -500
0.00 0.01 0.02 0.03 S 0.05

time
(b) alternating magnetic field with BO = 120 mT at a fixed frequency of 18 Hz.

Figure 36. Flow velocity in laser welding melt pool with support of external
electromagnetic force [116].

3.2 Powder Bed AM Processes

As discussed in Section 2, many publications have utilized X-ray imaging to study the
melt pool dynamic behavior and heat transfer in LPB processes. However, only a few
have considered melt flow velocity and convection patterns. Furthermore, all published
papers on this topic have only measured projected velocity because they lack the



integration of two X-ray sources required to create three-dimensional images. Projected
velocity refers to measurements in only two coordinates (X and Y), without information
on the Z-axis. Researchers have estimated that the melt pool in LPB processes is
extremely narrow—Iess than one millimeter in width—and hypothesized that melt flow
oscillates only within the vertical plane (X-Y plane), with no horizontal oscillation in
the Z-axis. Based on this hypothesis, they calculate velocity and convection patterns to
predict heat transfer and other physical phenomena in LPB processes. However, in real-
world applications, the melt pool may be wider, making this hypothesis unreliable.
Additionally, no publications have yet addressed the flow velocity in EB powder bed
AM processes. This may be attributed to the limited accessibility of EB powder bed
systems. EB-PBF equipment is more complex and bulkier compared to LPB systems.
Manufacturing an in-house EB powder bed AM system is also highly challenging, and
its application is not as widespread as laser powder bed systems. Consequently, this
process has received less research attention. Below, we summarize all publications
addressing flow velocity and convection patterns in LPB processes.

Jian Yang et al. (2024) discussed the flow velocity in the melt pool of the LPB process
for stainless steel powder and investigated the influence of flow velocity on keyhole
formation and stability. As they pointed out, the velocity at a radius of 3 mm from the
laser point can reach a maximum of 0.275 m/s [257]. In another paper, Jihui Ye et al.
(2024) presented the velocity of particles during the spread process in LPB for Ti6Al4V
powder. Three particles were tracked, revealing that the velocity of melted particles is
much greater than that of unmelted particles. The velocity ranges from 0.15 to 0.2 m/s
for unmelted particles and reaches 0.53 m/s for melted particles [292]. In his PhD thesis,
Alex Chulun Leong discussed the velocity of spatter and pores. The velocity of the
pores is about 0.42 m/s at maximum, whereas the spatter reaches a maximal velocity of
about 1.0 m/s [49]. In another paper, Chulun Alex Leong et al. (2018) showed that the
spatter's maximal velocity is approximately 0.27 m/s, which is significantly lower than
the value reported in his PhD thesis [237]. In a paper by Qilin Guo et al. (2020), the
flow velocity of Aluminum alloy AlSi10Mg and Al-6061 during the LPB process was
estimated. The results showed that in conduction mode, the flow velocity can reach 2.9
m/s, while in depression mode, the velocity increases to 3.45 m/s. Meanwhile, in
radiation from the depression center, the flow velocity decreases from 1.6 m/s to 0.15
m/s over a distance of 1.2 mm. Additionally, they estimated the movement of the
tungsten tracer along the front depression wall of the melt pool, where the maximal
velocity was observed to reach 4.5 m/s [219]. Cang Zhao et al. (2017) discussed the
powder ejection velocity in LPB for Ti6Al4V powder at two laser power levels. The
results indicate that the powder ejection velocity increases significantly with higher
power. The maximal velocity in the high-power case reaches 13.5 m/s, whereas it is
about 11.5 m/s in the low-power case [46]. In another paper, Luis I. Escano et al. (2018)
presented three types of velocities: the slope surface velocity of two powder sizes, the



velocity of powder clusters, and the velocity of individual particles. For individual
particles, the maximal velocity was approximately 0.12 m/s for smaller powder and 0.08
m/s for larger powder. The maximal velocity for powder clusters was about 0.073 m/s,
while the slope surface velocity reached a maximum of 0.1 m/s [47].

Figure 37 presents a schematic for observing flow velocity in the LPB process using
tungsten particles as trackers with a single X-ray synchrotron source. In this setup, only
a 2D image of the melt pool can be captured, making it highly challenging to calculate
the fluid flow velocity due to missing information about the horizontal direction. Figure
38 illustrates the fluid flow by tracking particle movement in the melt pool based on the
projected image. However, this approach provides limited information, and the
reliability of the velocity measurements remains a significant concern.
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Figure 37. Method for “in-situ” observation of melt flow dynamics [219]. (a) Schematic
illustration showing the in-situ x-ray imaging setup for laser powder bed fusion process.
The high-speed high-resolution x-ray imaging system was used to capture the
movement of tracing particles within the melt pool in the longitudinal view, as well as
the transverse view (as illustrated by the simplified drawing in the inset). The x—y-z
coordinate system used in this paper is indicated on the powder bed, where z is the
normal direction of powder bed, y is the laser scan direction, and x is the normal
direction of y—z plane, following the right-hand rule. (b) Representative x-ray image
obtained at Frame(i). Uniformly dispersed populous micro-tracers (tungsten particles
and pores) for melt flow tracing can be clearly identified from the x-ray image. (c)
Representative x-ray image after image processing to show tracer movement and melt
pool boundary. To obtain enhanced contrast, the image intensity at each pixel of
Frame(i) is divided by the intensity of corresponding pixel in Frame(i+3). (d, €)
Schematics showing different contrast of two types of tracers after image processing.
For tungsten particle, the dark contrast comes from Frame(i) while the bright contrast
comes from Frame(i+3). On the contrary, for pore, the bright contrast comes from
Frame(i) and the dark contrast is from Frame(i+3). The insets in (d) and (e) are zoom-in
views of the circled areas in (¢).






