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Abstract

Melt flow plays a critical role in laser metal additive manufacturing, yet the melt flow behavior
within the melt pool has never been explicitly presented. Here, we report in-situ characterization
of melt-flow dynamics in every location of the entire melt pool in laser metal additive
manufacturing by populous and uniformly dispersed micro-tracers through in-situ high-resolution
synchrotron x-ray imaging. The location-specific flow patterns in different regions of the melt pool
are revealed and quantified under both conduction mode and depression mode. The physical
processes at different locations in the melt pool are identified. The full-field melt-flow mapping

approach reported here opens the way to study the detailed melt-flow dynamics under real additive

1



manufacturing conditions. The results obtained provide crucial insights into laser additive
manufacturing processes and are critical for developing reliable high-fidelity computational

models.

Keywords: Metal additive manufacturing, powder bed fusion, laser processing, melt flow, x-ray

imaging

1. Introduction

Melt flow within the melt pool in laser metal additive manufacturing [e.g., laser powder bed
fusion (LPBF), direct energy deposition (DED)] determines the heat transfer and mass transfer,
thus plays a critical role in melt pool development [1], defect formation and evolution [2—8],
solidification [9—11], and spatter generation [12—14]. Consequently, the melt flow behavior
significantly affects the microstructures and properties of the additively manufactured parts
[4,5,15-17]. Therefore, understanding the melt flow behavior in the melt pool is crucial for

microstructure prediction and process control.

Due to the difficulty in experimentally visualizing the fluid flow inside the melt pool, extensive
modelling and simulation work have been carried out to study the flow patterns under various
conditions, i.e., with different laser power and scan speed that favors either depression-mode
melting (a depression is formed in the melt pool under high power density due to the recoil pressure
that caused by the intense material vaporization) or conduction-mode melting (a relatively shallow
and wide melt pool is created under low power density without having a visible depression) [15,18].
Effect of surface active agent on melt flow was also studied by simulation [19]. However, given

the complexity of the physics in laser additive manufacturing, it is extremely challenging to



simulate the involved multi-physics phenomena using a single numerical model [20]. In fact, major
assumptions must be applied in most of simulations [7,15,19-25]: some of assumptions are applied
for the sake of calculation efficiency, some are made due to the unavailability of data, and the
others are made because the underlying physics are still not well understood. All these assumptions
will affect the accuracy of the models to certain extent. As a result, even though most of the models
have been validated by comparing the simulated melt pool/track shape or size with post-mortem
characterization results, the calculated melt flow results are not always consistent, and sometimes
are even opposite. Discrepancies of the flow prediction were observed along the front depression
wall [10,26,27], along the rear depression wall [13,18], along the bottom of melt pool [13,28],
around the depression outlet [10,29], and behind the depression outlet [26,28]. Moreover, some
physical mechanisms during laser processing under depression mode were interpreted with the
more computation-efficient conduction-mode model, regardless of the essential distinction
between the two melting modes. Thus, it is critical to experimentally unveil the melt flow behavior
within the melt pool in laser additive manufacturing under both conduction-mode and depression-
mode melting, for understanding the actual melt flow behavior and for developing and validating

computational models.

Extensive work has been done in the welding community to characterize the liquid flow
behavior in the melt pool by using flow tracers in the last few decades [3,4,12,14,16,26,30-37]. A
very recent paper provides direct evidence of surface active element induced flow pattern reversion
[38]. The tracers used in welding research are usually in relatively large size (50 pum — 500 pm)
and small amount (< 80 counts per test), which can only trace melt flow behavior in certain area
of the melt pool. Visible light imaging, such as glass flanking [4,35], were used to directly observe

the flow pattern inside melt pool. However, the glass plate changes the heat transfer condition and



cuts off the flow at the cross section, so that the observed flow pattern may differ from the real
laser processing condition. Recently, in-situ x-ray imaging was used to study laser additive
manufacturing processes [39—49]. The latest research [8] used tungsten particles to trace melt flow
by synchrotron x-ray imaging, but only presented melt flow behavior in one projected view and in

localized area of the melt pool.

Characterizing the three-dimensional melt flow in real laser additive manufacturing condition,
especially under laser powder bed fusion condition, is much more challenging, because the laser
usually scans in much higher speed and the resulting melt pool is much smaller. Due to the
tremendous challenge, the melt flow behavior in the entire melt pool under real laser additive

manufacturing conditions has not been unveiled.

In this work, we developed an approach to trace the melt flow behavior in the whole melt pool
in laser additive manufacturing by uniformly dispersing populous micro-tracers (diameter of about
5 um) and performing in-situ high-speed high-resolution x-ray imaging. We revealed the melt flow
dynamics in every location of the entire melt pool under both conduction-mode and depression-
mode melting, and analyzed the driving forces of liquid flow and the physical processes in the melt

pool.

2. Materials and methods

2.1 Experimental setup

In-situ high-speed high-resolution x-ray imaging was used for direct observation of the melt
pool dynamics from different views during laser scanning, as schematically shown in Fig. 1(a) and
Supplementary Fig. 1. The synchrotron x-ray beam (Beamline 32-ID-B, Advanced Photon Source,

Argonne National Laboratory) penetrated through the metal samples and the transmitted signal



was captured by a detection system [39,40,42], which recorded the videos in this work with a
frame rate of 140 kHz and a spatial resolution of 1.97 pm/pixel. A continuous-wave laser beam,
with a wavelength of 1070 + 10 nm and a maximum output power of 520 W, was used to melt the
powder bed. Table 1 listed the materials and detailed processing parameters in this work. Each set
of parameters was repeated three times. The parameter selection for generating conduction-mode
melting and depression-mode melting is based on our previous work [1]. Powders with average
diameter of 35 pm were manually spread on the substrate to form a powder bed with a layer
thickness of 100 + 10 pm by using a wiper made by weighing paper. Two setups were made, one
where the laser beam scans perpendicular to the x-ray beam to get the longitudinal projection of
the melt pool [as shown in Fig. 1(a) and Supplementary Fig. 1(a)], and another where the laser
scans parallel to the x-ray to get the transverse projection of the melt pool [as shown in the inset
of Fig. 1(a) and Supplementary Fig. 1(b)]. The three-dimensional coordinate system used in this
study, as indicated on the powder bed in Fig. 1(a), was defined as follows: z is the normal direction
of the powder bed, y is the laser scan direction, and x is the normal direction of y-z plane, following

the right-hand rule.
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Fig. 1. Method for in-situ full-field mapping of melt flow dynamics. (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 (c).

Table 1 Materials and processing parameters

Material Processing parameter Melting mode
AlSilOMg 260 W, 0.6 m/s Conduction mode
AlSilOMg 364 W, 0.6 m/s Depression mode
Al-6061 520 W, 0.4 m/s Depression mode
2.2 Materials

Two aluminum alloys, AIS110Mg and Al-6061, were used for this study. Aluminum alloys are
selected because of their high x-ray transparency. This study mainly focuses on AISil0Mg, a
widely used material for additive manufacturing. Al-6061, as a common aluminum alloy on market,
was chosen to check whether the melt flow pattern observed in AISi10Mg can also be observed in
another alloy with different composition. The powder bed is composed of either A1Si10Mg or Al-
6061 aluminum alloy, with the substrate material identical to the powders. To ensure better x-ray
transparency, the powder bed width (along x-ray incidence) was fixed at 0.5 mm when the laser
scans perpendicular to the x-ray beam (with a scan length of 2.5 mm), while 1.0 mm-thick
substrates were used when the laser scan direction was parallel to the x-ray beam (with a scan

length of 0.8 mm). Argon gas was used for process protection.
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2.3 Flow tracing approach

Flow tracers were used to trace the melt flow during laser melting. The speed of a tracer was
calculated by dividing its displacement by its travelling time. To be specific, the tracer’s
displacement was calculated through its 2-D coordinate change from one frame to the next in x-
ray videos. The travelling time is the time interval between two frames, which was determined by

the recording frame rate (140 kHz).

For the tracers to effectively indicate the movement of surrounding liquid flow, several
requirements must be fulfilled: (1) The tracer must remain solid in the molten metal, meaning that
tracer’s melting temperature should be much higher than that of the matrix material (aluminum, in
this case). (2) For the tracer to be detectable in x-ray images, the tracer must exhibit sharp contrast
compared with matrix material, which means the tracer’s density should be either much higher or
lower than the matrix material. (3) The gravity/buoyancy of the tracer should have negligible effect
on its movement. (4) The tracer must be accelerated fast enough by the surrounding liquid to avoid
noticeable delay to the flow. (5) The tracer should not significantly change the viscosity of the
molten liquid in the melt pool. 1 vol.% tungsten micro-particles (with an average diameter of 5
um) in metal powders were identified as the main tracers to fulfill all the above requirements. The

detailed analysis will be presented in the Discussion section.

The tungsten micro-particles were uniformly mixed with the feedstock aluminum powders by
ball milling. Both size and amount of the tracer particles were optimized to be able to trace the
melt flow in every location of the whole melt pool, yet impose minimum effect on the viscosity of
the molten aluminum. Also, the small tracers used here allowed us to embed a large number of
tracers under a fixed volume fraction, so that the fluid flow in every location of the melt pool could

be traced accurately.



Uniformly dispersed micro-sized pores in AISi10Mg were used as a complementary tracer, as
marked in Fig. 1(b). The pores in the AISi10Mg sample were introduced in LPBF building process.
The mass density of pore is much lower than that of aluminum melt, which is used to cross-check
the effect of the tracer density on melt flow tracing results. The pore movement in the main body
of the melt pool was consistent with the tungsten particle movement, except for the region around

depression zone (the reason for the discrepancy is explained in the Discussion session).

2.4 Image processing

To clearly identify the melt pool boundary and tracer movement, the raw x-ray images were
processed by ImageJ to reduce noise and enhance contrast. The image intensity at each pixel of
Frame(i) was divided by the intensity of corresponding pixel in Frame(i+3), so that the motionless
part in the image was converted to blank background. The representative post-processed image is
shown in Fig. 1(c), where the tracer movement is much clearer and the melt pool boundary is
obvious. Note that the projection position of a particular tracer in Frame(i) and Frame(i+3) will
both appear in a processed image, but the resulting contrasts are different for each type of tracer.
For tungsten particle, the resulting contrast from Frame(i) appears to be dark in the processed
image, while the resulting contrast from Frame(i+3) is bright, as illustrated in Fig. 1(d). As for the
pore, the contrast from Frame(i) is bright but the contrast from Frame(i+3) is dark, as shown in

Fig. 1(e).

3. Results

Different flow patterns were observed between the conduction-mode melting and depression-
mode melting, due to their distinct forming mechanisms. In conduction-mode melting (also

referred to as melt-in mode in welding community [50]), the material is heated up from its surface



and the energy being deposited exceeds the rate at which heat is being conducted away, so that the
temperature eventually reaches the melting point to form a melt pool. Under depression-mode
melting, the energy from the heat source is so intense that the temperature in the material not just
exceeds the melting point but reaches the boiling point. In this case, the intensive vaporization of
the material applies a recoil pressure to the melt pool, thus creates a depression zone. In the welding
community, the depression mode is also called “keyhole mode” when the depression zone
dimension ratio (depth over half width) is larger than 1, and “transition mode” when the ratio is
less than 1. Under depression mode, the heat source not just heats up the top surface of the material,
but also heats up the inside of material through the depression zone. Owing to the different physics
underpinning these two melting modes, the melt flow behaviors appear very differently, as detailed

in the following two sections.

3.1 Melt flow pattern under conduction-mode melting

The general shape of the melt pool under conduction mode in both longitudinal view (projected
in y-z plane) and transverse view (projected in x-z plane) are displayed in Figs. 2(a) and 2(c),
respectively, with the melt pool boundary marked by yellow dashed line. The test was on
AlSil0Mg powder bed with a laser power of 260 W and a scan speed of 0.6 m s!. The
representative tracers are circled in the image, with their projectional moving directions in y-z
plane indicated by arrows. The moving trend of the tracers is summarized in the corresponding
schematics shown in Figs. 2(b) and 2(d). In transverse view, as displayed in Fig. 2(c), the tracers
in the center plane of the melt pool move upward, while those close to the melt pool sidewalls
move downward. Two vortices are thus formed with opposite circulating directions, as illustrated
in Fig. 2(d). In longitudinal view [Fig. 2(a)], arrows in yellow and blue were used to distinguish

the movement of tracers in the center plane and along the sidewalls. As depicted in Fig. 2(b), the



flow forms a clockwise vortex (1) ahead of the laser beam and a counterclockwise vortex (2)
behind the laser beam. The projectional flow speed (the projection of the flow velocity in the y-z
plane) of three representative streams, A, B, and C will be quantified in section 3.2. The flow along
the sidewalls in longitudinal view, as indicated by blue arrows in Fig. 2(b), travels from the top
surface to the bottom of the melt pool, which is consistent with the observation in the transverse
view [Fig. 2(c)]. A demonstration shows how the flow trend (slightly behind laser beam) shifts
between the longitudinal view and the transverse view is displayed in Supplementary Movie 1. A
three-dimensional reconstruction for conduction-mode melt flow is exhibited in Fig. 2(e), based
on the observations above. For the clarity of illustration, the melt pool is displayed in halves, with
one half (colored by cyan, transparent) showing the three-dimensional flow inside the melt pool,
and the other half (colored by gray, opaque) showing the two-dimensional flow pattern only in the
middle cross-section (y-z plane). The arrows in black display the flow on the top surface of melt
pool, while the yellow arrows show the flow in the center plane, and the blue arrows represent the
flow along the melt pool sidewalls. Different views of the three-dimensional melt flow in the whole

melt pool can be found in Supplementary Movie 2.
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Fig. 2. Melt flow behavior under conduction mode. (a) X-ray image showing the instantaneous liquid flow
direction in y-z projection plane (longitudinal view). (b) Schematic summarizing the melt flow pattern in
y-z projection plane. (c) X-ray image showing the instantaneous liquid flow pattern in x-z plane (transverse
view). (d) Schematic summarizing the melt flow pattern in x-z projection plane. (¢) Reconstruction of three-
dimensional melt flow pattern. All the tests were carried out on AlSil0Mg powder bed with a laser power
0of 260 W and a laser scan speed of 0.6 m s!. The laser D4c diameter is around 80 pum.

3.2 Melt flow pattern under depression-mode melting

With the formation of depression, the laser beam directly interacts with the interior of melt pool,
which promotes the energy absorption that leads to much larger melt pool with more complex flow
pattern as compared with that under conduction mode. To facilitate the description, the melt pool
is divided into three regions [i.e., tail, body, and head, as shown in Figs. 3(a)-3(c), respectively]

along the laser scan direction. The arrows in yellow and blue, similar to conduction mode, were
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used to distinguish the tracer motions in the center plane and along the sidewalls. In the transverse
view of melt pool, to differentiate the flow patterns around the depression from those in the body
of melt pool (behind depression), the flow behavior was recorded during laser scanning [Fig. 3(e)]
and 50 ps after the laser was off [before the contraction of the melt pool boundary, as displayed in

Fig. 3(g)], respectively. Note that 7, is the moment when the laser was turned off.
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Fig. 3. Melt flow behavior under depression mode. (a)-(c) X-ray images showing the instantaneous liquid
flow direction in y-z projection plane. (d) Schematic summarizing the flow pattern in y-z projection plane.
(e), (g) X-ray images displaying the flow pattern around depression zone (¢) and behind depression zone
(g) in x-z projection plane. (f), (h) Schematics summarizing the flow pattern around depression zone (f) and
behind depression zone (h) in x-z projection plane. (i) Reconstruction of three-dimensional melt flow
pattern under depression mode. The tests were carried out on AlSil10Mg powder bed with 364 W laser
power and 0.6 m s! scan speed. ¢, is the moment when the laser was turned off.

The trend of tracer motions in Figs. 3(a)-3(c) is summarized and combined together in the
schematic Fig. 3(d), while the tracer movement in Fig. 3(e), 3(g) are depicted in schematic Figs.

3(f), 3(h). Six types of flow that marked by A-F in Fig. 3(d) will be quantified in section 3.3.

In the center plane, as shown in Fig. 3(d), the flow around the depression moves upward near
the depression outlet, while moves downward near the bottom of depression, which is consistent
with the flow pattern around the depression in transverse view [Fig. 3(f)]. The flow bypasses the
depression travels in the opposite direction to the laser scan direction, as illustrated by flow C in
Fig. 3(d). The flow near the melt pool surface moves backward, from depression outlet to the tail
of melt pool. The flow at the bottom of melt pool (flow I) also has a main trend of moving backward,
except a short forward flow (flow II) was observed at the rear bottom of melt pool. Flow I and II
collide to form a merged flow (flow III) which moves upwards and splits into flows of opposite
directions. In the area between the top and bottom backward flow, as pointed out by flow D in Fig.
3(d), the general flow movement in the center plane have a tendency of going forward and upward,
which is consistent with the observation of flow pattern in transverse view [Fig. 3(h)]. The flow
along the sidewalls of the melt pool moves downward, as displayed by the blue arrows in Fig. 3(d),
which is in accordance with the transverse-view observations in Figs. 3(f), 3(h). Two movies
(Supplementary Movies 3, 4) were made to demonstrate the flow pattern transition (around

depression and behind depression) between the longitudinal view and transverse view. A three-
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dimensional reconstruction of depression-mode melt flow is shown in Fig. 3(i). The arrows in
magenta show the flow bypasses the depression, while the black arrows display the flow on the
top surface of melt pool, the yellow arrows show the flow in the center plane, and the blue arrows
represent the flow along the melt pool sidewalls. The different views of the three-dimensional melt

flow in the whole melt pool is shown in Supplementary Movie 5.

To confirm that the above melt flow pattern is not limited to an alloy with a specific composition,
tests on Al-6061 were carried out. Very similar melt flow pattern in depression-mode melting was

observed, as displayed in Fig. 4.

Fig. 4. Melt flow pattern in Al-6061. (a-c) X-ray images showing the instantaneous liquid flow direction
in y-z projection plane. (d, ) X-ray images displaying the flow pattern around depression zone (d) and
behind depression zone (e) in X-z projection plane. The tests were carried out on Al-6061 powder bed
with 520 W laser power and 0.4 m/s scan speed.

3.3 Quantification of flow speed

14



The projectional speed of melt flow A, B, C [as marked in Fig. 2(b)] under conduction mode
and flow A, B, C, D, E, F [as marked in Fig. 3(d)] under depression mode were measured and
shown in Figs. 5(a), 5(b), respectively. The flow direction and location were detailed in Table 2.
Note that the flow E, D, F in depression mode were only quantified within a 300 um region after
the depression (as we will show later in Fig. 6 that the flow speed attenuates fast at the tail of melt
pool). Since the tracers at different locations (e.g., in the center vs. near the edge) of a particular
flow stream may have different speeds, the average speeds of each type of flow and the standard
deviations are calculated and displayed by blue bars. In addition, the maximum speeds of each
type of flow are shown in the histograms by red bars as a useful measure, given that the three-
dimensional motion of the tracers may have components perpendicular to view plane. Under both
conduction mode and depression mode, flow A (downward flow along the front melt pool
boundary) has the highest speed, with maximum speed values of 2.83 m s™! for conduction mode

and 3.68 m s™! for depression mode.
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Fig. 5. Quantification of flow speed under conduction mode (a) and depression mode (b) as a function of
flow type. The flow types A, B, and C under conduction mode were marked in Fig. 2(b). The flow types
A-F under depression mode were indicated in Fig. 3(d).

15



Table 2. Types of flow and their locations

Melting mode Flow type Flow direction Flow location
A Backward Along the front melt pool bottom
Conduction B Backward Along the melt pool surface
C Forward Along the rear melt pool bottom
A Downward Along the front depression wall
B Downward & backward Along the depression bottom
Depression C Backward Around the depress.ion zone
D Upward & forward Toward the depression outlet
E Backward Along the surface of melt pool
F Downward & backward Along the sidewall of melt pool

The above measurements provide speed information of each type of flow in localized regions.
Further quantification was carried out to analyze the general trend of the flow speed as a function
of location across the melt pool. Quantification was first carried out on AISi10Mg [Figs. 6(a), 6(b)]
and then on AI-6061 [Figs. 6(c), 6(d)]. From the middle of rear depression wall [as marked by red
dot in Fig. 6(a)], the melt pool behind the reference position was divided into 12 sections with 100
um segment width. The projectional speed of the tracers in each section (Y;) were measured and
plotted in Fig. 6(b). Both the average speed and maximum speed exhibit a general decreasing trend
as a function of the distance from depression. In the first section Y, the average speed is 0.52 m/s
and the maximum speed is 1.25 m/s. In the last section Y,, the average speed is 0.08 m/s and the
maximum speed is 0.15 m/s, which are both an order of magnitude lower than those in section Y.
The quantification stopped at Y, because the flow speed is so low that approaches the
measurement precision (0.025 m/s). The same quantification strategy was applied to AI-6061 melt
pool, as shown in Fig. 6(c). Similar decreasing trend of the speeds were observed, as shown in Fig.

6(d).
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Fig. 6. Quantification of flow speed along melt pool. (a) X-ray image illustrating the quantification method
of flow speed as a function of location behind depression zone. Note that two images were jointed together
here to display the full quantification length. The test was carried out on AlSi10Mg. The middle of rear
depression wall was set as the reference point. The projectional flow speeds in the rest part of melt pool
were averaged in consecutive sections with an increment of 100 um. (b) The measured average and
maximum projectional flow speed as a function of location. (c, d) Quantification of flow speed in Al-6061
melt pool.

Due to the highly dynamic nature of the depression zone, the general flow speed ahead of rear
depression wall was not quantified in the above analysis. Instead, a particular tracer that moved all
the way down in the thin liquid film ahead of depression zone was tracked to reveal the flow
behavior at the depression area, as displayed in Fig. 7(a). This tracer is special, because its
trajectory is rarely seen during the experiments. As illustrated in Fig. 3(d), if a tracer wants to
move all the way down along the liquid film ahead of the depression, it needs to experience flow

A and then flow B. However, due to the coaction of the vortex (1) and the strong side flow C, most

tracers entering the depression front will be dragged to other directions, and only the ones happen
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to be at the exact center of the depression front film could continue to flow downward, as illustrated
by the inset in Fig. 7(b). Therefore, the tracer that was tracked in Fig. 7(a) must have moved in the
y-z plane with minimum speed component in x-direction. This tracer’s speed can then reflect the
real speed of downward flow ahead of the depression zone. Fig. 7(b) indicates that its speed
dropped dramatically in the liquid film ahead of depression zone, decreasing by around 90% from
4.5 m s! (0 us) to 0.45 m s (64 ps), and then became relatively stable when it entered the main

body of the melt pool.
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Fig. 7. Quantification of flow speed along front depression wall. (a) X-ray image displaying the trajectory
of a tracing particle travelling along front depression wall. The test was done on AlSil0Mg powder bed.
Note that the yellow dot size in the image does not represent the real size of the tracing particle. (b) The
speed of tracing particle as a function of time.

4. Discussion
4.1 Validity of flow tracing by tracer particles

To examine the effect of gravity/buoyancy on tracer movements, the settling velocity (v,) of
tungsten particle in liquid AlISi10Mg was calculated to be v, = 1.3x10* m s'! by the Stokes’s law
[51,52] (the detailed calculation is in Supplementary Note 1). The settling velocity is the terminal
velocity for a free-fall particle in the liquid that only has gravity, buoyancy, and friction force on

it. The calculated settling velocity is at least two orders of magnitude lower than the flow speeds
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measured in this work, meaning that the detected tracer speed must under strong influence from
surrounding flow, otherwise their velocity will be closer to the settling velocity. To further confirm
that the high-density tungsten micro-tracer does not influence the tracing results in our work, gas
pores (almost zero density) are used as complementary tracers. Our results show that the pore
movement in the main body of the melt pool is consistent with the tungsten particle movement.
However, pores cannot be used as melt flow tracers in the depression region. The mechanism for

this discrepancy was recently reported in [8].

To examine whether the tracer can be accelerated fast enough by the surrounding liquid, the
tracer in Fig. 7(a) was investigated as an example because it entered into the front depression wall,
where the flow moves the fastest (> 4.5 m/s) among the melt pool. Assuming the particle was
accelerated to the maximum speed within one frame (~ 7 ps), the maximum acceleration of the
tracer can be calculated to be 6.4x10° m s2, which is equivalent to a force of 0.81 uN by Newton’s
second law. However, the maximum drag force provided by the molten aluminum flow, by the
Schiller-Naumann drag law [34], is calculated to be 4.2 uN (see Supplementary Note 2 for details),
which can provide the particle with an acceleration of 5 times as much as it really needs. It was
calculated that the tungsten particle can be accelerated to over 50% of the surrounding flow speed
within 1.4 ps (see Supplementary Note 2 for details). Furthermore, within one frame (~7 ps), the
tracer speed can be accelerated to over 85% of the flow speed. Since the motion delay between the
micro-tracer particle (5 pm in size) and the surrounding flow is negligible, the tracers’ movement

can indeed reflect the liquid flow in the present experimental conditions.

To examine the effect of tracers on the viscosity of the liquid, it is calculated that the liquid with
1 vol.% tracer particles has a viscosity of 2.6% higher than the one without particles (see

Supplementary Note 3 for details). In practice, the viscosity will increase less than 2.6% because
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the tracer concentration in the liquid will be lower than 1 vol%, considering that the substrate does
not contain tracer particles before melting. Besides, none of the experiments exhibited significant
local particle density variation, e.g. clusters or aggregations, in the melt pool. Thus, mixing 1 vol.%
tungsten particles into feedstock powder will not significantly alter the viscosity of the melt and

the flow pattern in the melt pool.

4.2 Analysis of driving forces for liquid flow in melt pool

The complex flow patterns revealed in this work have not been completely replicated by the
models and simulations published so far. To understand the physics underlying melt flow pattern,
the driving forces in the melt pool that account for the various flow patterns observed in different

regions are analyzed below.

There are five major driving forces in the melt pool. Marangoni force drives the flow from high
temperature region to low temperature region for a material with a negative temperature coefficient
of surface tension (from low surface tension region to high surface tension region, most metals
and alloys exhibit negative temperature coefficient of surface tension) [4,21,38,53,54].
Vaporization induced recoil pressure exerts an inward pressure normal to the vaporization surface
[6,30]. High-speed vapor plume (can reach 10>-10° m s! [55]) can induce shear force through
friction at the liquid-gas interface [33,53]. Hydraulic pressure can exchange energy by either
pressure (hydrostatic pressure) or by momentum (hydrodynamic pressure) [5]. Buoyance force
drives liquid along density gradient [5,18,26]. The details about each type of driving forces can be

found in Supplementary Notes 4-7.

In conduction-mode melt pool, the dominating driving force is Marangoni force, which drives

the melt flow from hotter region to cooler region (the materials we studied have negative
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temperature coefficient of surface tension), i.e., from laser heating spot to melt pool rim. Therefore,
in longitudinal view [Fig. 2(b)] the surface flow ahead of laser beam moves forward, while the one
behind laser beam moves backward. When the flows reach each rim of melt pool, they will flow
downward and return to the laser heating spot under the effect of hydraulic pressure. Thus, two
close loops are formed: a clockwise loop ahead of laser beam and a counterclockwise loop behind
the laser beam. Driven also by Marangoni force, the flows in transverse view [Fig. 2(d)] form
another two close loops (consistent with recent research [38]), following a similar mechanism as

in longitudinal view.

The flow pattern in depression-mode melt pool is rather complex, due to the intense vaporization
induced depression zone. The vaporization-related forces, i.e., the recoil pressure and the vapor
plume friction, dominate the flow pattern around the depression [the “Head” region in Fig. 3(d)].
The flow around the upper part of depression moves upward under Marangoni force [28] and the
vapor plume friction [14,30], while the flow close to the bottom of depression moves downward
due to the recoil pressure, as can be seen in both longitudinal view [Fig. 3(d), flow B] and
transverse view [Fig. 3(f)]. The flow bypasses the depression zone is mainly driven by hydraulic
pressure gradient, as a high-hydraulic pressure region is formed in the liquid film ahead of
depression zone while the front depression wall keeps “pressing” the front liquid during its
travelling. Note that the upward flow VI in vortex (1) may temporarily disappear or enhance,
which is hypothesized to be depending on the competition between the downward recoil pressure
and the upward vapor plume friction on the front depression wall [30,33,53]. With the proceeding
of depression zone, a low hydraulic-pressure region forms behind the bottom of depression [25],
which drains the surrounding liquid into this region and thus induces the vortex (2). For the “Body”

part of melt pool, as shown in Fig. 3(d), the surface flow moves backward from high temperature
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region to low temperature region (Marangoni force), similar to the condition of conduction-mode
melting. The flow at the bottom (flow I) inherits the momentum from flow B and thus moves
backward. Being freshly heated up at the depression, the flow I carries higher temperature liquid
(with lower density) than those in the upper level within the melt pool. Therefore, the molten metal
in flow I floats up (flow IV) under the buoyancy force during the backward transportation. The
flow in the middle level of melt pool (flow D and V), aside from the upward movement, has a
main tendency of moving forward, attracted by the low hydraulic pressure region around
depression zone induced by the high-speed flows under Bernoulli’s effect. At the “Tail” region of
melt pool, the backward flow on the surface is driven by Marangoni force, while the flow II is
generated when the surface flow bounces back at the melt pool rim. During the colliding of flow I

and II, the momentum transfers from flow I and II to their merged flow—flow III.

4.3 Analysis of physical processes in the melt pool

Based on the quantitative analysis provided above, physical processes associated with kinetic

energy damping and heat transfer are analyzed at different locations in the melt pool.

4.3.1 Liquid momentum versus surface tension

The extent of damping the flow, especially on the surface (mainly dominated by Marangoni

convection), can be expressed by Weber number (We) as

We = (1)

where p is the liquid density, v is the flow speed, L is the characteristic length, and o is the surface
tension [23]. The Weber number is calculated to be We = 1.78 near the depression zone and We =

0.007 near the melt pool tail. It means that the inertia of the liquid overcomes the surface tension
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near depression region (where Marangoni convection/recoil pressure is strong), then becomes
much less important when approaching the tail of the melt pool, as schematically shown in Fig.
3(d). Consequently, the melt pool surface at the head of melt pool is more rippled, caused by the
momentum of upward liquid along the rear depression wall, while the surface at the tail of melt

pool is rather flat and smooth because the surface tension will damp out the surface wave.

4.3.2 Heat conduction versus heat convection

To improve the computing efficiency and speed, some simplified modelling work (based on
heat transfer theories) on laser processing choose to only consider the effect of heat conduction
while neglect the effect of heat convection [13,56]. Here we show that the heat convection should
not be neglected, as it is significant near the head of melt pool. With the measured flow speed, the
relative effect of heat convection over heat conduction can be evaluated by the Péclet number (Pe),

which is the product of Reynolds number (Re;) and Prandtl number (Pr) as

Pe=Re,-Pr=—"—F=— (2)

where L is the characteristic length, v is the local flow speed, and a is the thermal diffusivity.
Taking the test in Fig. 6(a) as an example, v=1.25m s”!, = 6.6x10> m? s'! in section Y near the
depression zone; and v =0.08 m s°!, & = 3.54x10> m? s’! in section Y, near the tail of melt pool.
The characteristic length (L) is chosen as the hydraulic diameter (D;) of the melt pool. In section
Yy, L =D,=539 um; in section Y,, L = D, =427 um. (Method to calculate the hydraulic diameter
is detailed in Supplementary Note 8.) The Péclet number is calculated to be Pege.q = 10.2 at the
head of melt pool and Pe,; = 0.9 at the tail. When Pe > 10, qualitatively, heat convection is
considered to make a greater contribution to the thermal energy transportation [12]. The results

indicate a strong heat convection could occur at the head of melt pool while heat conduction is
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dominating at the tail of melt pool. The prevailing physical processes along the melt pool were

indicated in Fig. 3(d).

4. Conclusions

In the present work, for the first time, we revealed and quantified the melt flow dynamics in
every location of the entire melt pool in laser metal additive manufacturing process under both

conduction-mode and depression-mode melting. The major conclusions are detailed below:

(1) We developed a full-field melt flow mapping method to reveal the detailed melt flow
dynamics under laser metal additive manufacturing conditions by tracing uniformly dispersed

populous micro-tracers through in-situ high-speed high-resolution x-ray imaging.

(2) The melt flow behaviors were revealed in every location of the whole melt pool under both
conduction-mode and depression-mode melting in laser additive manufacturing process. The
conduction-mode melt pool possesses a simple flow pattern that is mainly driven by the
Marangoni effect, while the flow pattern in depression-mode melt pool is rather complex, under
the coaction of multiple driving forces. The flow pattern and flow speed are location dependent.
The detailed (projectional) flow speeds in different regions of the melt pool under both
conduction-mode and depression-mode melting were quantified in terms of average speed and
maximum speed. Decreasing of the flow speed from the depression zone to the melt pool tail was

observed and statistically analyzed.

(3) The driving forces for different types of melt flow were analyzed. Marangoni effect
accounts for the flow movement from high-temperature region to low-temperature region (for a
material with a negative temperature coefficient of surface tension) on the surface of the melt

pool. Vaporization dominates the fluid flow along depression-zone walls. Hydraulic pressure
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drives fluid flow from high-pressure region to low-pressure region. Buoyance force accounts for

liquid convection from low-density region to high-density region.

(4) The prevailing physical processes concerning kinetic energy damping and heat transfer at
the head of melt pool were experimentally identified to be liquid inertia and heat convection,
respectively; while at the tail of melt pool, correspondingly, the physical processes were

determined to be surface tension and heat conduction.

The full-field melt flow mapping approach reported here opens the way to study the melt flow
dynamics under real additive manufacturing conditions. Our findings reported here are critical for
not only understanding the laser additive manufacturing process and other laser processes, but also

for developing reliable high-fidelity computational models.
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Highlights

e Developed the full-field melt flow mapping approach to study the detailed melt flow
dynamics under additive manufacturing conditions

e Revealed the location-specific flow patterns in different regions of the melt pool and
quantified the speeds of various types of flow

e Reconstructed three-dimensional flow pattern under both conduction-mode melting and
depression-mode melting

e Experimentally analyzed the prevailing physical processes at different locations in the melt

pool
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Abstract

Melt flow plays a critical role in laser metal additive manufacturing, yet the melt flow behavior
within the melt pool has never been explicitly presented. Here, we report in-situ characterization
of melt-flow dynamics in every location of the entire melt pool in laser metal additive
manufacturing by populous and uniformly dispersed micro-tracers through in-situ high-resolution
synchrotron x-ray imaging. The location-specific flow patterns in different regions of the melt pool
are revealed and quantified under both conduction mode and depression mode. The physical
processes at different locations in the melt pool are identified. The full-field melt-flow mapping

approach reported here opens the way to study the detailed melt-flow dynamics under real additive
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manufacturing conditions. The results obtained provide crucial insights into laser additive
manufacturing processes and are critical for developing reliable high-fidelity computational

models.

Keywords: Metal additive manufacturing, powder bed fusion, laser processing, melt flow, x-ray

imaging

1. Introduction

Melt flow within the melt pool in laser metal additive manufacturing [e.g., laser powder bed
fusion (LPBF), direct energy deposition (DED)] determines the heat transfer and mass transfer,
thus plays a critical role in melt pool development [1], defect formation and evolution [2—8],
solidification [9—11], and spatter generation [12—14]. Consequently, the melt flow behavior
significantly affects the microstructures and properties of the additively manufactured parts
[4,5,15-17]. Therefore, understanding the melt flow behavior in the melt pool is crucial for

microstructure prediction and process control.

Due to the difficulty in experimentally visualizing the fluid flow inside the melt pool, extensive
modelling and simulation work have been carried out to study the flow patterns under various
conditions, i.e., with different laser power and scan speed that favors either depression-mode
melting (a depression is formed in the melt pool under high power density due to the recoil pressure
that caused by the intense material vaporization) or conduction-mode melting (a relatively shallow
and wide melt pool is created under low power density without having a visible depression) [15,18].
Effect of surface active agent on melt flow was also studied by simulation [19]. However, given

the complexity of the physics in laser additive manufacturing, it is extremely challenging to



simulate the involved multi-physics phenomena using a single numerical model [20]. In fact, major
assumptions must be applied in most of simulations [7,15,19-25]: some of assumptions are applied
for the sake of calculation efficiency, some are made due to the unavailability of data, and the
others are made because the underlying physics are still not well understood. All these assumptions
will affect the accuracy of the models to certain extent. As a result, even though most of the models
have been validated by comparing the simulated melt pool/track shape or size with post-mortem
characterization results, the calculated melt flow results are not always consistent, and sometimes
are even opposite. Discrepancies of the flow prediction were observed along the front depression
wall [10,26,27], along the rear depression wall [13,18], along the bottom of melt pool [13,28],
around the depression outlet [10,29], and behind the depression outlet [26,28]. Moreover, some
physical mechanisms during laser processing under depression mode were interpreted with the
more computation-efficient conduction-mode model, regardless of the essential distinction
between the two melting modes. Thus, it is critical to experimentally unveil the melt flow behavior
within the melt pool in laser additive manufacturing under both conduction-mode and depression-
mode melting, for understanding the actual melt flow behavior and for developing and validating

computational models.

Extensive work has been done in the welding community to characterize the liquid flow
behavior in the melt pool by using flow tracers in the last few decades [3,4,12,14,16,26,30-37]. A
very recent paper provides direct evidence of surface active element induced flow pattern reversion
[38]. The tracers used in welding research are usually in relatively large size (50 pum — 500 pm)
and small amount (< 80 counts per test), which can only trace melt flow behavior in certain area
of the melt pool. Visible light imaging, such as glass flanking [4,35], were used to directly observe

the flow pattern inside melt pool. However, the glass plate changes the heat transfer condition and



cuts off the flow at the cross section, so that the observed flow pattern may differ from the real
laser processing condition. Recently, in-situ x-ray imaging was used to study laser additive
manufacturing processes [39—49]. The latest research [8] used tungsten particles to trace melt flow
by synchrotron x-ray imaging, but only presented melt flow behavior in one projected view and in

localized area of the melt pool.

Characterizing the three-dimensional melt flow in real laser additive manufacturing condition,
especially under laser powder bed fusion condition, is much more challenging, because the laser
usually scans in much higher speed and the resulting melt pool is much smaller. Due to the
tremendous challenge, the melt flow behavior in the entire melt pool under real laser additive

manufacturing conditions has not been unveiled.

In this work, we developed an approach to trace the melt flow behavior in the whole melt pool
in laser additive manufacturing by uniformly dispersing populous micro-tracers (diameter of about
5 um) and performing in-situ high-speed high-resolution x-ray imaging. We revealed the melt flow
dynamics in every location of the entire melt pool under both conduction-mode and depression-
mode melting, and analyzed the driving forces of liquid flow and the physical processes in the melt

pool.

2. Materials and methods

2.1 Experimental setup

In-situ high-speed high-resolution x-ray imaging was used for direct observation of the melt
pool dynamics from different views during laser scanning, as schematically shown in Fig. 1(a) and
Supplementary Fig. 1. The synchrotron x-ray beam (Beamline 32-ID-B, Advanced Photon Source,

Argonne National Laboratory) penetrated through the metal samples and the transmitted signal



was captured by a detection system [39,40,42], which recorded the videos in this work with a
frame rate of 140 kHz and a spatial resolution of 1.97 pm/pixel. A continuous-wave laser beam,
with a wavelength of 1070 + 10 nm and a maximum output power of 520 W, was used to melt the
powder bed. Table 1 listed the materials and detailed processing parameters in this work. Each set
of parameters was repeated three times. The parameter selection for generating conduction-mode
melting and depression-mode melting is based on our previous work [1]. Powders with average
diameter of 35 pm were manually spread on the substrate to form a powder bed with a layer
thickness of 100 + 10 pm by using a wiper made by weighing paper. Two setups were made, one
where the laser beam scans perpendicular to the x-ray beam to get the longitudinal projection of
the melt pool [as shown in Fig. 1(a) and Supplementary Fig. 1(a)], and another where the laser
scans parallel to the x-ray to get the transverse projection of the melt pool [as shown in the inset
of Fig. 1(a) and Supplementary Fig. 1(b)]. The three-dimensional coordinate system used in this
study, as indicated on the powder bed in Fig. 1(a), was defined as follows: z is the normal direction
of the powder bed, y is the laser scan direction, and x is the normal direction of y-z plane, following

the right-hand rule.
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Fig. 1. Method for in-situ full-field mapping of melt flow dynamics. (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 (c).

Table 1 Materials and processing parameters

Material Processing parameter Melting mode
AlSilOMg 260 W, 0.6 m/s Conduction mode
AlSilOMg 364 W, 0.6 m/s Depression mode
Al-6061 520 W, 0.4 m/s Depression mode
2.2 Materials

Two aluminum alloys, AlSi10Mg and Al-6061, were used for this study. Aluminum alloys are
selected because of their high x-ray transparency. This study mainly focuses on AISil0Mg, a
widely used material for additive manufacturing. Al-6061, as a common aluminum alloy on market,
was chosen to check whether the melt flow pattern observed in AlISi10Mg can also be observed in
another alloy with different composition. The powder bed is composed of either A1Si10Mg or Al-
6061 aluminum alloy, with the substrate material identical to the powders. To ensure better x-ray
transparency, the powder bed width (along x-ray incidence) was fixed at 0.5 mm when the laser
scans perpendicular to the x-ray beam (with a scan length of 2.5 mm), while 1.0 mm-thick
substrates were used when the laser scan direction was parallel to the x-ray beam (with a scan

length of 0.8 mm). Argon gas was used for process protection.
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2.3 Flow tracing approach

Flow tracers were used to trace the melt flow during laser melting. The speed of a tracer was
calculated by dividing its displacement by its travelling time. To be specific, the tracer’s
displacement was calculated through its 2-D coordinate change from one frame to the next in x-
ray videos. The travelling time is the time interval between two frames, which was determined by

the recording frame rate (140 kHz).

For the tracers to effectively indicate the movement of surrounding liquid flow, several
requirements must be fulfilled: (1) The tracer must remain solid in the molten metal, meaning that
tracer’s melting temperature should be much higher than that of the matrix material (aluminum, in
this case). (2) For the tracer to be detectable in x-ray images, the tracer must exhibit sharp contrast
compared with matrix material, which means the tracer’s density should be either much higher or
lower than the matrix material. (3) The gravity/buoyancy of the tracer should have negligible effect
on its movement. (4) The tracer must be accelerated fast enough by the surrounding liquid to avoid
noticeable delay to the flow. (5) The tracer should not significantly change the viscosity of the
molten liquid in the melt pool. 1 vol.% tungsten micro-particles (with an average diameter of 5
um) in metal powders were identified as the main tracers to fulfill all the above requirements. The

detailed analysis will be presented in the Discussion section.

The tungsten micro-particles were uniformly mixed with the feedstock aluminum powders by
ball milling. Both size and amount of the tracer particles were optimized to be able to trace the
melt flow in every location of the whole melt pool, yet impose minimum effect on the viscosity of
the molten aluminum. Also, the small tracers used here allowed us to embed a large number of
tracers under a fixed volume fraction, so that the fluid flow in every location of the melt pool could

be traced accurately.



Uniformly dispersed micro-sized pores in AISi10Mg were used as a complementary tracer, as
marked in Fig. 1(b). The pores in the AISi10Mg sample were introduced in LPBF building process.
The mass density of pore is much lower than that of aluminum melt, which is used to cross-check
the effect of the tracer density on melt flow tracing results. The pore movement in the main body
of the melt pool was consistent with the tungsten particle movement, except for the region around

depression zone (the reason for the discrepancy is explained in the Discussion session).

2.4 Image processing

To clearly identify the melt pool boundary and tracer movement, the raw x-ray images were
processed by ImageJ to reduce noise and enhance contrast. The image intensity at each pixel of
Frame(i) was divided by the intensity of corresponding pixel in Frame(i+3), so that the motionless
part in the image was converted to blank background. The representative post-processed image is
shown in Fig. 1(c), where the tracer movement is much clearer and the melt pool boundary is
obvious. Note that the projection position of a particular tracer in Frame(i) and Frame(i+3) will
both appear in a processed image, but the resulting contrasts are different for each type of tracer.
For tungsten particle, the resulting contrast from Frame(i) appears to be dark in the processed
image, while the resulting contrast from Frame(i+3) is bright, as illustrated in Fig. 1(d). As for the
pore, the contrast from Frame(i) is bright but the contrast from Frame(i+3) is dark, as shown in

Fig. 1(e).

3. Results

Different flow patterns were observed between the conduction-mode melting and depression-
mode melting, due to their distinct forming mechanisms. In conduction-mode melting (also

referred to as melt-in mode in welding community [50]), the material is heated up from its surface



and the energy being deposited exceeds the rate at which heat is being conducted away, so that the
temperature eventually reaches the melting point to form a melt pool. Under depression-mode
melting, the energy from the heat source is so intense that the temperature in the material not just
exceeds the melting point but reaches the boiling point. In this case, the intensive vaporization of
the material applies a recoil pressure to the melt pool, thus creates a depression zone. In the welding
community, the depression mode is also called “keyhole mode” when the depression zone
dimension ratio (depth over half width) is larger than 1, and “transition mode” when the ratio is
less than 1. Under depression mode, the heat source not just heats up the top surface of the material,
but also heats up the inside of material through the depression zone. Owing to the different physics
underpinning these two melting modes, the melt flow behaviors appear very differently, as detailed

in the following two sections.

3.1 Melt flow pattern under conduction-mode melting

The general shape of the melt pool under conduction mode in both longitudinal view (projected
in y-z plane) and transverse view (projected in x-z plane) are displayed in Figs. 2(a) and 2(c),
respectively, with the melt pool boundary marked by yellow dashed line. The test was on
AlSi10Mg powder bed with a laser power of 260 W and a scan speed of 0.6 m s!. The
representative tracers are circled in the image, with their projectional moving directions in y-z
plane indicated by arrows. The moving trend of the tracers is summarized in the corresponding
schematics shown in Figs. 2(b) and 2(d). In transverse view, as displayed in Fig. 2(c), the tracers
in the center plane of the melt pool move upward, while those close to the melt pool sidewalls
move downward. Two vortices are thus formed with opposite circulating directions, as illustrated
in Fig. 2(d). In longitudinal view [Fig. 2(a)], arrows in yellow and blue were used to distinguish

the movement of tracers in the center plane and along the sidewalls. As depicted in Fig. 2(b), the



flow forms a clockwise vortex (1) ahead of the laser beam and a counterclockwise vortex (2)
behind the laser beam. The projectional flow speed (the projection of the flow velocity in the y-z
plane) of three representative streams, A, B, and C will be quantified in section 3.2. The flow along
the sidewalls in longitudinal view, as indicated by blue arrows in Fig. 2(b), travels from the top
surface to the bottom of the melt pool, which is consistent with the observation in the transverse
view [Fig. 2(c)]. A demonstration shows how the flow trend (slightly behind laser beam) shifts
between the longitudinal view and the transverse view is displayed in Supplementary Movie 1. A
three-dimensional reconstruction for conduction-mode melt flow is exhibited in Fig. 2(e), based
on the observations above. For the clarity of illustration, the melt pool is displayed in halves, with
one half (colored by cyan, transparent) showing the three-dimensional flow inside the melt pool,
and the other half (colored by gray, opaque) showing the two-dimensional flow pattern only in the
middle cross-section (y-z plane). The arrows in black display the flow on the top surface of melt
pool, while the yellow arrows show the flow in the center plane, and the blue arrows represent the
flow along the melt pool sidewalls. Different views of the three-dimensional melt flow in the whole

melt pool can be found in Supplementary Movie 2.
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Fig. 2. Melt flow behavior under conduction mode. (a) X-ray image showing the instantaneous liquid flow
direction in y-z projection plane (longitudinal view). (b) Schematic summarizing the melt flow pattern in
y-z projection plane. (c) X-ray image showing the instantaneous liquid flow pattern in x-z plane (transverse
view). (d) Schematic summarizing the melt flow pattern in x-z projection plane. (e) Reconstruction of three-
dimensional melt flow pattern. All the tests were carried out on AlSi10Mg powder bed with a laser power
0of 260 W and a laser scan speed of 0.6 m s!. The laser D4c diameter is around 80 pum.

3.2 Melt flow pattern under depression-mode melting

With the formation of depression, the laser beam directly interacts with the interior of melt pool,
which promotes the energy absorption that leads to much larger melt pool with more complex flow
pattern as compared with that under conduction mode. To facilitate the description, the melt pool
is divided into three regions [i.e., tail, body, and head, as shown in Figs. 3(a)-3(c), respectively]

along the laser scan direction. The arrows in yellow and blue, similar to conduction mode, were
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used to distinguish the tracer motions in the center plane and along the sidewalls. In the transverse
view of melt pool, to differentiate the flow patterns around the depression from those in the body
of melt pool (behind depression), the flow behavior was recorded during laser scanning [Fig. 3(e)]
and 50 ps after the laser was off [before the contraction of the melt pool boundary, as displayed in

Fig. 3(g)], respectively. Note that 7, is the moment when the laser was turned off.

(@ [Surface tension ¢ Liquid inertia (f) .
Heat conduction Heat convection Depression

C
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Fig. 3. Melt flow behavior under depression mode. (a)-(c) X-ray images showing the instantaneous liquid
flow direction in y-z projection plane. (d) Schematic summarizing the flow pattern in y-z projection plane.
(e), (g) X-ray images displaying the flow pattern around depression zone (¢) and behind depression zone
(g) in x-z projection plane. (f), (h) Schematics summarizing the flow pattern around depression zone (f) and
behind depression zone (h) in x-z projection plane. (i) Reconstruction of three-dimensional melt flow
pattern under depression mode. The tests were carried out on AlSi10Mg powder bed with 364 W laser
power and 0.6 m s! scan speed. ¢, is the moment when the laser was turned off.

The trend of tracer motions in Figs. 3(a)-3(c) is summarized and combined together in the
schematic Fig. 3(d), while the tracer movement in Fig. 3(e), 3(g) are depicted in schematic Figs.

3(f), 3(h). Six types of flow that marked by A-F in Fig. 3(d) will be quantified in section 3.3.

In the center plane, as shown in Fig. 3(d), the flow around the depression moves upward near
the depression outlet, while moves downward near the bottom of depression, which is consistent
with the flow pattern around the depression in transverse view [Fig. 3(f)]. The flow bypasses the
depression travels in the opposite direction to the laser scan direction, as illustrated by flow C in
Fig. 3(d). The flow near the melt pool surface moves backward, from depression outlet to the tail
of melt pool. The flow at the bottom of melt pool (flow I) also has a main trend of moving backward,
except a short forward flow (flow II) was observed at the rear bottom of melt pool. Flow I and II
collide to form a merged flow (flow III) which moves upwards and splits into flows of opposite
directions. In the area between the top and bottom backward flow, as pointed out by flow D in Fig.
3(d), the general flow movement in the center plane have a tendency of going forward and upward,
which is consistent with the observation of flow pattern in transverse view [Fig. 3(h)]. The flow
along the sidewalls of the melt pool moves downward, as displayed by the blue arrows in Fig. 3(d),
which is in accordance with the transverse-view observations in Figs. 3(f), 3(h). Two movies
(Supplementary Movies 3, 4) were made to demonstrate the flow pattern transition (around

depression and behind depression) between the longitudinal view and transverse view. A three-
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dimensional reconstruction of depression-mode melt flow is shown in Fig. 3(i). The arrows in
magenta show the flow bypasses the depression, while the black arrows display the flow on the
top surface of melt pool, the yellow arrows show the flow in the center plane, and the blue arrows
represent the flow along the melt pool sidewalls. The different views of the three-dimensional melt

flow in the whole melt pool is shown in Supplementary Movie 5.

To confirm that the above melt flow pattern is not limited to an alloy with a specific composition,
tests on Al-6061 were carried out. Very similar melt flow pattern in depression-mode melting was

observed, as displayed in Fig. 4.

Fig. 4. Melt flow pattern in Al-6061. (a-c) X-ray images showing the instantaneous liquid flow direction
in y-z projection plane. (d, e) X-ray images displaying the flow pattern around depression zone (d) and
behind depression zone (e) in X-z projection plane. The tests were carried out on Al-6061 powder bed
with 520 W laser power and 0.4 m/s scan speed.

3.3 Quantification of flow speed
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The projectional speed of melt flow A, B, C [as marked in Fig. 2(b)] under conduction mode
and flow A, B, C, D, E, F [as marked in Fig. 3(d)] under depression mode were measured and
shown in Figs. 5(a), 5(b), respectively. The flow direction and location were detailed in Table 2.
Note that the flow E, D, F in depression mode were only quantified within a 300 um region after
the depression (as we will show later in Fig. 6 that the flow speed attenuates fast at the tail of melt
pool). Since the tracers at different locations (e.g., in the center vs. near the edge) of a particular
flow stream may have different speeds, the average speeds of each type of flow and the standard
deviations are calculated and displayed by blue bars. In addition, the maximum speeds of each
type of flow are shown in the histograms by red bars as a useful measure, given that the three-
dimensional motion of the tracers may have components perpendicular to view plane. Under both
conduction mode and depression mode, flow A (downward flow along the front melt pool
boundary) has the highest speed, with maximum speed values of 2.83 m s-! for conduction mode

and 3.68 m s™! for depression mode.
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Fig. 5. Quantification of flow speed under conduction mode (a) and depression mode (b) as a function of
flow type. The flow types A, B, and C under conduction mode were marked in Fig. 2(b). The flow types
A-F under depression mode were indicated in Fig. 3(d).
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Table 2. Types of flow and their locations

Melting mode Flow type Flow direction Flow location
A Backward Along the front melt pool bottom
Conduction B Backward Along the melt pool surface
C Forward Along the rear melt pool bottom
A Downward Along the front depression wall
B Downward & backward Along the depression bottom
Depression C Backward Around the depress.ion zone
D Upward & forward Toward the depression outlet
E Backward Along the surface of melt pool
F Downward & backward Along the sidewall of melt pool

The above measurements provide speed information of each type of flow in localized regions.
Further quantification was carried out to analyze the general trend of the flow speed as a function
of location across the melt pool. Quantification was first carried out on A1Si10Mg [Figs. 6(a), 6(b)]
and then on Al-6061 [Figs. 6(c), 6(d)]. From the middle of rear depression wall [as marked by red
dot in Fig. 6(a)], the melt pool behind the reference position was divided into 12 sections with 100
um segment width. The projectional speed of the tracers in each section (Y;) were measured and
plotted in Fig. 6(b). Both the average speed and maximum speed exhibit a general decreasing trend
as a function of the distance from depression. In the first section Y, the average speed is 0.52 m/s
and the maximum speed is 1.25 m/s. In the last section Y,, the average speed is 0.08 m/s and the
maximum speed is 0.15 m/s, which are both an order of magnitude lower than those in section Y.
The quantification stopped at Y;, because the flow speed is so low that approaches the
measurement precision (0.025 m/s). The same quantification strategy was applied to AI-6061 melt

pool, as shown in Fig. 6(c). Similar decreasing trend of the speeds were observed, as shown in Fig.

6(d).
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Fig. 6. Quantification of flow speed along melt pool. (a) X-ray image illustrating the quantification method
of flow speed as a function of location behind depression zone. Note that two images were jointed together
here to display the full quantification length. The test was carried out on AlSilOMg. The middle of rear
depression wall was set as the reference point. The projectional flow speeds in the rest part of melt pool
were averaged in consecutive sections with an increment of 100 um. (b) The measured average and
maximum projectional flow speed as a function of location. (c, d) Quantification of flow speed in Al-6061
melt pool.

Due to the highly dynamic nature of the depression zone, the general flow speed ahead of rear
depression wall was not quantified in the above analysis. Instead, a particular tracer that moved all
the way down in the thin liquid film ahead of depression zone was tracked to reveal the flow
behavior at the depression area, as displayed in Fig. 7(a). This tracer is special, because its
trajectory is rarely seen during the experiments. As illustrated in Fig. 3(d), if a tracer wants to
move all the way down along the liquid film ahead of the depression, it needs to experience flow

A and then flow B. However, due to the coaction of the vortex (1) and the strong side flow C, most

tracers entering the depression front will be dragged to other directions, and only the ones happen

17



to be at the exact center of the depression front film could continue to flow downward, as illustrated
by the inset in Fig. 7(b). Therefore, the tracer that was tracked in Fig. 7(a) must have moved in the
y-z plane with minimum speed component in x-direction. This tracer’s speed can then reflect the
real speed of downward flow ahead of the depression zone. Fig. 7(b) indicates that its speed
dropped dramatically in the liquid film ahead of depression zone, decreasing by around 90% from
4.5 m s! (0 us) to 0.45 m s (64 ps), and then became relatively stable when it entered the main

body of the melt pool.
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Fig. 7. Quantification of flow speed along front depression wall. (a) X-ray image displaying the trajectory
of a tracing particle travelling along front depression wall. The test was done on AlSil0Mg powder bed.
Note that the yellow dot size in the image does not represent the real size of the tracing particle. (b) The
speed of tracing particle as a function of time.

4. Discussion
4.1 Validity of flow tracing by tracer particles

To examine the effect of gravity/buoyancy on tracer movements, the settling velocity (v,) of
tungsten particle in liquid AlISi10Mg was calculated to be v, = 1.3x10* m s'! by the Stokes’s law
[51,52] (the detailed calculation is in Supplementary Note 1). The settling velocity is the terminal
velocity for a free-fall particle in the liquid that only has gravity, buoyancy, and friction force on

it. The calculated settling velocity is at least two orders of magnitude lower than the flow speeds

18



measured in this work, meaning that the detected tracer speed must under strong influence from
surrounding flow, otherwise their velocity will be closer to the settling velocity. To further confirm
that the high-density tungsten micro-tracer does not influence the tracing results in our work, gas
pores (almost zero density) are used as complementary tracers. Our results show that the pore
movement in the main body of the melt pool is consistent with the tungsten particle movement.
However, pores cannot be used as melt flow tracers in the depression region. The mechanism for

this discrepancy was recently reported in [8].

To examine whether the tracer can be accelerated fast enough by the surrounding liquid, the
tracer in Fig. 7(a) was investigated as an example because it entered into the front depression wall,
where the flow moves the fastest (> 4.5 m/s) among the melt pool. Assuming the particle was
accelerated to the maximum speed within one frame (~ 7 ps), the maximum acceleration of the
tracer can be calculated to be 6.4x10° m s2, which is equivalent to a force of 0.81 uN by Newton’s
second law. However, the maximum drag force provided by the molten aluminum flow, by the
Schiller-Naumann drag law [34], is calculated to be 4.2 uN (see Supplementary Note 2 for details),
which can provide the particle with an acceleration of 5 times as much as it really needs. It was
calculated that the tungsten particle can be accelerated to over 50% of the surrounding flow speed
within 1.4 ps (see Supplementary Note 2 for details). Furthermore, within one frame (~7 ps), the
tracer speed can be accelerated to over 85% of the flow speed. Since the motion delay between the
micro-tracer particle (5 pm in size) and the surrounding flow is negligible, the tracers’ movement

can indeed reflect the liquid flow in the present experimental conditions.

To examine the effect of tracers on the viscosity of the liquid, it is calculated that the liquid with
1 vol.% tracer particles has a viscosity of 2.6% higher than the one without particles (see

Supplementary Note 3 for details). In practice, the viscosity will increase less than 2.6% because
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the tracer concentration in the liquid will be lower than 1 vol%, considering that the substrate does
not contain tracer particles before melting. Besides, none of the experiments exhibited significant
local particle density variation, e.g. clusters or aggregations, in the melt pool. Thus, mixing 1 vol.%
tungsten particles into feedstock powder will not significantly alter the viscosity of the melt and

the flow pattern in the melt pool.

4.2 Analysis of driving forces for liquid flow in melt pool

The complex flow patterns revealed in this work have not been completely replicated by the
models and simulations published so far. To understand the physics underlying melt flow pattern,
the driving forces in the melt pool that account for the various flow patterns observed in different

regions are analyzed below.

There are five major driving forces in the melt pool. Marangoni force drives the flow from high
temperature region to low temperature region for a material with a negative temperature coefficient
of surface tension (from low surface tension region to high surface tension region, most metals
and alloys exhibit negative temperature coefficient of surface tension) [4,21,38,53,54].
Vaporization induced recoil pressure exerts an inward pressure normal to the vaporization surface
[6,30]. High-speed vapor plume (can reach 10>-10° m s! [55]) can induce shear force through
friction at the liquid-gas interface [33,53]. Hydraulic pressure can exchange energy by either
pressure (hydrostatic pressure) or by momentum (hydrodynamic pressure) [5]. Buoyance force
drives liquid along density gradient [5,18,26]. The details about each type of driving forces can be

found in Supplementary Notes 4-7.

In conduction-mode melt pool, the dominating driving force is Marangoni force, which drives

the melt flow from hotter region to cooler region (the materials we studied have negative
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temperature coefficient of surface tension), i.e., from laser heating spot to melt pool rim. Therefore,
in longitudinal view [Fig. 2(b)] the surface flow ahead of laser beam moves forward, while the one
behind laser beam moves backward. When the flows reach each rim of melt pool, they will flow
downward and return to the laser heating spot under the effect of hydraulic pressure. Thus, two
close loops are formed: a clockwise loop ahead of laser beam and a counterclockwise loop behind
the laser beam. Driven also by Marangoni force, the flows in transverse view [Fig. 2(d)] form
another two close loops (consistent with recent research [38]), following a similar mechanism as

in longitudinal view.

The flow pattern in depression-mode melt pool is rather complex, due to the intense vaporization
induced depression zone. The vaporization-related forces, i.e., the recoil pressure and the vapor
plume friction, dominate the flow pattern around the depression [the “Head” region in Fig. 3(d)].
The flow around the upper part of depression moves upward under Marangoni force [28] and the
vapor plume friction [14,30], while the flow close to the bottom of depression moves downward
due to the recoil pressure, as can be seen in both longitudinal view [Fig. 3(d), flow B] and
transverse view [Fig. 3(f)]. The flow bypasses the depression zone is mainly driven by hydraulic
pressure gradient, as a high-hydraulic pressure region is formed in the liquid film ahead of
depression zone while the front depression wall keeps “pressing” the front liquid during its
travelling. Note that the upward flow VI in vortex (1) may temporarily disappear or enhance,
which is hypothesized to be depending on the competition between the downward recoil pressure
and the upward vapor plume friction on the front depression wall [30,33,53]. With the proceeding
of depression zone, a low hydraulic-pressure region forms behind the bottom of depression [25],
which drains the surrounding liquid into this region and thus induces the vortex (2). For the “Body”

part of melt pool, as shown in Fig. 3(d), the surface flow moves backward from high temperature
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region to low temperature region (Marangoni force), similar to the condition of conduction-mode
melting. The flow at the bottom (flow I) inherits the momentum from flow B and thus moves
backward. Being freshly heated up at the depression, the flow I carries higher temperature liquid
(with lower density) than those in the upper level within the melt pool. Therefore, the molten metal
in flow I floats up (flow IV) under the buoyancy force during the backward transportation. The
flow in the middle level of melt pool (flow D and V), aside from the upward movement, has a
main tendency of moving forward, attracted by the low hydraulic pressure region around
depression zone induced by the high-speed flows under Bernoulli’s effect. At the “Tail” region of
melt pool, the backward flow on the surface is driven by Marangoni force, while the flow II is
generated when the surface flow bounces back at the melt pool rim. During the colliding of flow I

and II, the momentum transfers from flow I and II to their merged flow—flow III.

4.3 Analysis of physical processes in the melt pool

Based on the quantitative analysis provided above, physical processes associated with kinetic

energy damping and heat transfer are analyzed at different locations in the melt pool.

4.3.1 Liquid momentum versus surface tension

The extent of damping the flow, especially on the surface (mainly dominated by Marangoni

convection), can be expressed by Weber number (We) as

We = (1)

where p is the liquid density, v is the flow speed, L is the characteristic length, and o is the surface
tension [23]. The Weber number is calculated to be We = 1.78 near the depression zone and We =

0.007 near the melt pool tail. It means that the inertia of the liquid overcomes the surface tension
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near depression region (where Marangoni convection/recoil pressure is strong), then becomes
much less important when approaching the tail of the melt pool, as schematically shown in Fig.
3(d). Consequently, the melt pool surface at the head of melt pool is more rippled, caused by the
momentum of upward liquid along the rear depression wall, while the surface at the tail of melt

pool is rather flat and smooth because the surface tension will damp out the surface wave.

4.3.2 Heat conduction versus heat convection

To improve the computing efficiency and speed, some simplified modelling work (based on
heat transfer theories) on laser processing choose to only consider the effect of heat conduction
while neglect the effect of heat convection [13,56]. Here we show that the heat convection should
not be neglected, as it is significant near the head of melt pool. With the measured flow speed, the
relative effect of heat convection over heat conduction can be evaluated by the Péclet number (Pe),

which is the product of Reynolds number (Re;) and Prandtl number (Pr) as

Pe=Re;-Pr=—-—=— (2)

where L is the characteristic length, v is the local flow speed, and a is the thermal diffusivity.
Taking the test in Fig. 6(a) as an example, v=1.25 m s"!, = 6.6x10> m? s'! in section Y near the
depression zone; and v =0.08 m s°!, & = 3.54x10> m? s’! in section Y, near the tail of melt pool.
The characteristic length (L) is chosen as the hydraulic diameter (D)) of the melt pool. In section
Y1, L =D,=539 um; in section Y,, L = D, =427 um. (Method to calculate the hydraulic diameter
is detailed in Supplementary Note 8.) The Péclet number is calculated to be Pee.q = 10.2 at the
head of melt pool and Pe,; = 0.9 at the tail. When Pe > 10, qualitatively, heat convection is
considered to make a greater contribution to the thermal energy transportation [12]. The results

indicate a strong heat convection could occur at the head of melt pool while heat conduction is
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dominating at the tail of melt pool. The prevailing physical processes along the melt pool were

indicated in Fig. 3(d).

4. Conclusions

In the present work, for the first time, we revealed and quantified the melt flow dynamics in
every location of the entire melt pool in laser metal additive manufacturing process under both

conduction-mode and depression-mode melting. The major conclusions are detailed below:

(1) We developed a full-field melt flow mapping method to reveal the detailed melt flow
dynamics under laser metal additive manufacturing conditions by tracing uniformly dispersed

populous micro-tracers through in-situ high-speed high-resolution x-ray imaging.

(2) The melt flow behaviors were revealed in every location of the whole melt pool under both
conduction-mode and depression-mode melting in laser additive manufacturing process. The
conduction-mode melt pool possesses a simple flow pattern that is mainly driven by the
Marangoni effect, while the flow pattern in depression-mode melt pool is rather complex, under
the coaction of multiple driving forces. The flow pattern and flow speed are location dependent.
The detailed (projectional) flow speeds in different regions of the melt pool under both
conduction-mode and depression-mode melting were quantified in terms of average speed and
maximum speed. Decreasing of the flow speed from the depression zone to the melt pool tail was

observed and statistically analyzed.

(3) The driving forces for different types of melt flow were analyzed. Marangoni effect
accounts for the flow movement from high-temperature region to low-temperature region (for a
material with a negative temperature coefficient of surface tension) on the surface of the melt

pool. Vaporization dominates the fluid flow along depression-zone walls. Hydraulic pressure
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drives fluid flow from high-pressure region to low-pressure region. Buoyance force accounts for

liquid convection from low-density region to high-density region.

(4) The prevailing physical processes concerning kinetic energy damping and heat transfer at
the head of melt pool were experimentally identified to be liquid inertia and heat convection,
respectively; while at the tail of melt pool, correspondingly, the physical processes were

determined to be surface tension and heat conduction.

The full-field melt flow mapping approach reported here opens the way to study the melt flow
dynamics under real additive manufacturing conditions. Our findings reported here are critical for
not only understanding the laser additive manufacturing process and other laser processes, but also

for developing reliable high-fidelity computational models.
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Table 1 Main processing parameters

Material Processing parameter Melting mode
AlSil10Mg 260 W, 0.6 m/s Conduction mode
AlSil10Mg 364 W, 0.6 m/s Depression mode

Al-6061 520 W, 0.4 m/s Depression mode




Table 2 Types of flow and their locations

Melting mode Flow type Flow direction Flow location
A Backward Along the front melt pool bottom
Conduction B Backward Along the melt pool surface
C Forward Along the rear melt pool bottom
A Downward Along the front depression wall
B Downward & backward Along the depression bottom
Depression C Backward Around the depress.ion zone
D Upward & forward Toward the depression outlet
E Backward Along the surface of melt pool
F Downward & backward

Along the sidewall of melt pool
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Supplementary Figure 1

(a) Longitudinal view of melt pool (b) Transverse view of melt pool

X-ray beam

X-ray beam

Supplementary Fig. 1. Schematics showing how the melt pool is projected onto the (a) y-z plane
(longitudinal view) and (b) x-z plane (transverse view). Note that the powder bed and glassy carbon are not
displayed in the drawing. The z direction is normal to the sample surface. The y direction is the laser scan
direction. The x direction is normal to the y-z plane, following the right-hand rule. The thickness of substrate
is 0.5 mm when the laser scan direction is perpendicular to the x-ray beam. The thickness of substrate is

1.0 mm when the laser scan direction is parallel to the x-ray beam.



Supplementary Movies

Supplementary Movie 1 Conduction-mode flow pattern transition between longitudinal and

transverse view.

Supplementary Movie 2 Three-dimensional reconstruction of conduction-mode flow pattern in

the whole melt pool.

Supplementary Movie 3 Depression-mode flow pattern (around depression) transition between

longitudinal and transverse view.

Supplementary Movie 4 Depression-mode flow pattern (behind depression) transition between

longitudinal and transverse view.

Supplementary Movie 5 Three-dimensional reconstruction of depression-mode flow pattern in

the whole melt pool.



Supplementary Notes
Supplementary Note 1: Calculation of settling velocity

The settling velocity (v,) of tungsten particle in liquid AISi10Mg was calculated by the Stokes’s

law as
gd; (1)

where, g is the gravitational acceleration, d, is the diameter of the particle, p, is the mass density

of the particle, p, is the mass density of the fluid, y, is the dynamic viscosity of the fluid, y is a
coefficient which depends on the fluid and particle viscosity: y = 12[(ur+ %Iup)/(,uf-l- wp)l- 7 =18

in the case of solid particles (u, = ). Take g =9.8 m s2, d, = 5x10° m, p, = 19,300 kg m3, p,=
2,440 kg m3 (at T, = 870 K), 1,=0.00175 kg m'! s'1), the settling velocity is calculated to be v, =

1.3x10% m sl
Supplementary Note 2: Calculation of drag force and the iteration of tracer acceleration

Assuming the particle was accelerated from the top surface at the depression front (with an
initial speed of 0 m/s) to the position marked by 0 us (with a speed of 4.5 m s'!) within one frame
(7 ps), the maximum acceleration can be calculated as 6.4x10° m s, which is equivalent to a force
of 0.81 uN by Newton’s second law. Given the driving force of the particle is the drag force by

the molten aluminum, the drag force was calculated by the Schiller-Naumann drag law [1] as

3m,

=a,C pv? (2)

Fyq

where, m,, is the particle mass, d, is the particle diameter, v is the relative velocity, Cp is the

Schiller-Naumann drag coefficient, which is given by



24
Cp=r. (1+ 0.15Re 8% (3)

where the particle Reynolds number is Re, = pd,v/u, with the viscosity u. Take v=4.5m s, p =
1,740 kg m= (near T}, = 2,743 K), u = 0.0004 kg m! s!) (near T}, = 2,743 K), the drag force was

calculated to be F,;=4.2 uN.

Consider that the drag force will decrease when the speed difference between the tracer and the
flow becomes smaller, the total acceleration time can be estimated by iteration with small time
steps. Assuming the initial tracer speed is zero, the surrounding flow speed is 4.5 m s*! and the
iteration time step is 1x10-% s, it was calculated that the tungsten particle can be accelerated to over
50% of the surrounding flow speed within 1.4 ps. Furthermore, within one frame (~7 ps), the tracer

speed can be accelerated to over 85% of the flow speed.
Supplementary Note 3: Calculation of viscosity of the mixed suspension

The viscosity (u,,) of the mixed suspension (liquid AISi10Mg + solid tungsten) was calculated

by [2]

i = p(1 + 2.5¢ + 10.05¢2) 4)
where ¢ is the solid fraction. Taking ¢ = 0.01, the mixture viscosity is calculated to be x,, = 1.026.
Supplementary Note 4: Details about Marangoni force

Marangoni effect is one of the major driving forces acting in the melt pool [3-6]. A
dimensionless number, Marangoni number (Ma), is often used to evaluate the relative effect of

Marangoni flow over liquid viscosity [7] as

Ma=-—— ®))



where do/dT =-0.31x10* N m! K-! is the surface tension coefficient for AISi10Mg alloy, L = 2.0
mm is the length of the melt pool, AT= T, — T,,= 1,873 K, ;000 x = 0.014 (g cm! s!) is the dynamic
viscosity of the liquid AISi10Mg, and a;ppx = 4%10 m? s! is the thermal diffusivity of liquid
AlISi10Mg. The Marangoni number in AISi10Mg melt pool is calculated to be Ma = 2,074,
indicating a strong Marangoni flow. Physically, a Marangoni flow occurs in liquid with a surface

tension gradient induced by the temperature gradient as well as concentration gradient, as descried

by [8]
oo Ka,T(AH
ﬁ:—A—RFSln (1+Kas)_m (6)
and
AH,
K =kiexp (- %5 @

where A4 is the absolute value of the surface tension temperature coefficient, R is the universal gas
constant, [ is the surface excess at saturation, k; is a constant related to the segregation entropy,
AH, is the standard heat of adsorption, ay is the activity of an active element. Since there is usually
no surface active agent in aluminum alloys [9], the surface tension coefficient is always negative
(00/0T < 0) in the present work, which means the Marangoni flow in the melt pool is temperature-
dependent, thus has a trend of moving from the hotter region to cooler region. A flow driven purely
by thermal gradient is also called thermocapillary flow. The typical feature of Marangoni flow in
a melt pool is the outward flow at the laser heating spot, i.e., the surface flow ahead of laser beam
moves forward while the surface flow behind the laser beam moves backward. However, extra
attention must be paid to the following circumstances: adding surface active agents [8,10—13] ,
applying high-speed shielding/carrier gas directly to the melt pool (such as DED additive

manufacturing) [14], changing processing atmosphere [1,11,15-17], and applying electro-

6



magnetic field (such as laser-arc hybrid melting) [9,11,18]. These operations can potentially

reverse the direction of thermal-induced Marangoni flow completely.
Supplementary Note 5: Details about vaporization induced forces

Vaporization is another major driving force for liquid flow in laser melting [19-21], particularly
under depression mode in which strong vaporization occurs. In fact, vaporization has two
simultaneous, yet different, effects on the depression zone: the recoil pressure pushing the liquid
downward [22,23], and the upward metallic vapor plume sprouting out of the depression outlet
[5,24]. Consequently, the flow around the lower part of the depression zone tends to move down,
while the flow near the upper depression-zone walls tends to move up [10,20,23]. Vaporization is
an important factor that accounts for some defects in laser-processed part. For instance, the excess
recoil pressure can change the local curvature of the depression zone and generate pores in the
melt pool [25]; also, the high-speed vapor plume may interact with the depression-zone rim and

shear off droplets out of melt pool as spatters [26].
Supplementary Note 6: Details about hydraulic pressure

The effect of hydraulic pressure includes the hydrostatic pressure and hydrodynamic pressure.
Assuming the liquid is incompressible and the variation of gravitational acceleration is negligible

(g = constant), the hydraulic pressure can be approximated by [27]

1
Pp = Pgatic + denamic = pgAh + Epvz (8)

where A/ is the depth of the test area from the reference position, v is the fluid velocity. Since the
hydraulic pressure is determined by the position and the velocity of the flow, it plays important

roles in the following events: (1) evacuating the fluid out of the liquid film ahead of the depression,



(2) rebounding the flow at the melt pool boundary, (3) changing the flow direction by dragging
the fluid into low hydraulic pressure region, (4) exchanging momentum when two flows encounter

each other.
Supplementary Note 7: Details about buoyancy force

The density of liquid metal varies with temperature. In a melt pool, the buoyancy force (B) is a

function of density gradient [21,27,28] as

B = pgBAT 9)

where f is the thermal expansion coefficient, AT is the temperature difference among the
convective liquid flow. Generally, the effect of buoyance force is believed to be less significant
than the Marangoni force in laser processing [1,24]. The dynamic Bond number (Bo) [7] can be

used to assess the relative effectiveness of buoyance force and Marangoni force as

pgBL?
Bo = do/dT (10)

Taking £ =2x10*K-! for liquid A1Si10Mg, the dynamic Bond number is estimated to be Bo ~ 0.1,
which indicates the density effect is less than the surface tension effect. However, the buoyance
force does play a role in the melt pool in the case where the hot liquid entering the melt pool bottom
and floating up [29]. The buoyance force may also participate in assisting the upward flow along
the upper depression-zone walls [18], but the contribution may be small compared with the strong

effect of vapor plume.

Supplementary Note 8: Calculation of hydraulic diameter

Hydraulic diameter is commonly used to describe flow moving through non-circular pipes or

channels. It is defined by:



Dp=+" (11)

where A is the cross section area of the flow, and the P,, is the wetted perimeter of the cross

section.

Considering the melt pool as a channel with a cross section shape of half ellipse, one radius of
the ellipse is the melt pool depth, while the other radius is half of the melt pool width. In Fig. 6(a),
section Y, the melt pool depth is 313 pm, with a width of ~500 um. The hydraulic diameter is
calculated to be 539 um. In the section Y, of Fig. 6(a), the melt pool depth is 248 pm with a width

of 396 um. The hydraulic diameter is calculated to be 427 um.
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