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Spattering has been a problem in metal processing involving high-power lasers, like laser welding,
machining, and recently, additive manufacturing. Limited by the capabilities of in situ diagnostic
techniques, typically imaging with visible light or laboratory x-ray sources, a comprehensive understanding
of the laser-spattering phenomenon, particularly the extremely fast spatters, has not been achieved yet.
Here, using MHz single-pulse synchrotron-x-ray imaging, we probe the spattering behavior of Ti-6Al-4V
with micrometer spatial resolution and subnanosecond temporal resolution. Combining direct experimental
observations, quantitative image analysis, as well as numerical simulations, our study unravels a novel
mechanism of laser spattering: The bulk explosion of a tonguelike protrusion forming on the front keyhole
wall leads to the ligamentation of molten metal at the keyhole rims and the subsequent spattering. Our study
confirms the critical role of melt and vapor flow in the laser-spattering process and opens a door to
manufacturing spatter- and defect-free metal parts via precise control of keyhole dynamics.

DOI: 10.1103/PhysRevX.9.021052 Subject Areas: Fluid Dynamics, Materials Science,
Mechanics

I. INTRODUCTION

Laser spattering refers to the ejections of molten metal
from a pool heated by a high-power stationary or scanning
laser [1,2]. Generally, spattering is a highly undesired
phenomenon in laser processing and manufacturing. In
laser welding, when the spatters resolidify around the
periphery of a weld seam, the necessary postremoval
process (typically involving grinding, polishing, or abrasive
blasting) will not only alter the original part morphology
but also increase the production time and cost [3,4]. In
laser-powder-bed-fusion additive manufacturing, spattering
could trigger a chain reaction of negative consequences.
When the laser beam scans across the powder bed, spatters
may get ejected near the rims of vapor depression (i.e.,
keyhole) [5]. When they collide with each other or with the
cold raw powders, those blown away by the metal vapor
as shown in the Supplemental Material Video S1 [6],
larger and irregular agglomerations can then form via

particle-particle coalescence or sintering [7]. These par-
ticles tend to have different compositions, microstructures,
and morphologies from the original feedstock [8–10],
creating problems for powder recycling. Also, when they
fall back onto the powder bed, they will negatively affect
the powder recoating, resulting in the formation of struc-
tural defects (e.g., lack-of-fusion porosity) and the degra-
dation of mechanical properties (e.g., fatigue life) in the end
products [11,12].
Over the last few decades, the research community,

through its endeavors, has been expanding our knowledge
of the formation, development, and controls of laser
spattering [13,14]. A few mechanisms were proposed to
explain the laser-spattering phenomenon, which are mostly
concerned with the local laser energy absorption, vapor
plume dynamics, and melt flow [15,16]. The complex
interplays among recoil pressure, vapor plume impact, and
the surface tension of the molten metal are believed to be
the cause of spattering. However, because of the highly
dynamic and transient nature of laser-matter interactions,
the key physical processes that lead to the initial formation
of spatters have not been completely captured, primarily
held back by the limitations of in situ monitoring tech-
niques. Also, the explanation of the occurrence of
extremely fast spatters (i.e., >40 m=s in the case of
Ti-6Al-4V) is still vague and unclear. While high-speed
visible-light and thermal imaging techniques allow the
observation of the surface feature evolutions [17–20], the
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subsurface information (i.e., keyhole fluctuations and melt
pool dynamics) are largely unknown and often subject to
speculation. Laboratory x-ray sources have been used for
detecting the subsurface structural changes [21,22]; how-
ever, the limited x-ray flux yields low imaging resolutions
in both space and time domains.
To address these issues, here we present MHz single-

pulse x-ray imaging results obtained at a third-generation
high-energy synchrotron facility. A novel mechanism for
laser spattering is discovered in our experiment. By
combining with image analysis and numerical simulations,
we unravel that the bulk explosion of a tonguelike
protrusion forming on the front keyhole wall induces the
ligamentation of the molten metal at the keyhole rims and
the subsequent spattering of extremely fast droplets. The
high penetration power of hard x rays and high resolutions
of the imaging technique enable us, for the first time ever, to
connect the spattering behavior above the surface with the
keyhole dynamics below the surface and inside the sample.
This paper proceeds as follows. In Sec. II A, we first

present the MHz full-field x-ray image series of a repre-
sentative laser-spattering process, from which we extract
and summarize four common sequential events that lead to
spattering: (i) transformation of the keyhole morphology
from a letter “J”-like shape to a reverse-triangle-like shape,
(ii) formation and evolution of a tonguelike protrusion from
the front keyhole wall, (iii) local curvature changes around
the keyhole rims, and (iv) formation and evolution of melt
ligaments and spatters. Next, based on quantitative image
analysis as well as numerical modeling, we present detailed
discussions in Secs. II B and II C on the physical processes
underpinning these four events. In Sec. II B, we explain the
mechanism that is responsible for the occurrence of the
bulk explosion. In Sec. II C, we study the motions of melt
ligaments and spatters, and in particular, we connect the
spatter-ejection behavior with the structural dynamics of
the front keyhole wall. In Sec. III, we conclude our findings
and discuss perspectives for future research and practical
implementations to mitigate spattering. Further details
about the experimental method, quantitative analysis, as
well as numerical modeling are provided in the Appendixes
and the Supplemental Material [6].

II. EXPERIMENTAL RESULTS

A. MHz synchrotron-x-ray imaging
of laser-induced spattering

The spattering behavior of Ti-6Al-4V in the scanning-
laser-melting process is captured using MHz x-ray imaging
at the 32-ID-B beam line of the Advanced Photon Source
(APS). The experimental schematic is shown in Fig. S1 of the
Supplemental Material [6], with the details in Appendix A
[7,23,24]. Figure 1 and Supplemental Material Fig. S2 [6]
show the dynamic x-ray image series of two representative
spatteringprocesses. Frame-by-frame images (1.087MHz) as

well as schematic illustrations are documented in the
Supplemental Material Figs. S3 and S4 and Video S2 [6].
In each spattering process, four common sequential events
can be extracted, referred to as events nos. 01–04. In addition,
the appearance and vanishing of a keyhole pore (KP) is
found in Fig. 1, and we refer to it as event KP.

1. Four common events in laser-induced spattering

Event no. 01 refers to small protrusions forming on the
front keyhole wall, accompanied by the transformation of the
keyhole morphology. As shown in the first few frames of
Fig. 1, a small protrusion appears at the front keyhole wall
near the rim and then flows down towards the keyhole
bottom. After a few such small protrusions, the keyhole
changes from a J-like shape to a reverse-triangle-like shape.
The formation of small protrusions and the J-shaped keyhole
have been discussed previously by other researchers [25],
whereas the keyhole morphology change to the reverse-
triangle-like shape is a highly transient process, which is first
observed here using a MHz x-ray imaging technique.
Event no. 02 refers to the formation and evolution of a

tonguelike protrusion from the front keyhole wall. As
revealed in our x-ray images, following the small protrusions
in event no. 01, at 135.24 μs, a second protrusion forms at
the front keyhole wall rim and then flows down. Abruptly, at
136.16 μs, the motion of the protrusion slows down, and its
shape transforms from the original dome leaning downward
to a small rod tilting upward. The protrusion grows rapidly,
with a deep and narrow minikeyhole on its top and then
stretches rapidly towards the horizontal center of the key-
hole, forming a tonguelike protrusion at 137.08 μs, which
disappears within a microsecond, indicating an explosionlike
collapse. Almost at the same time, a chaotic pattern con-
taining subresolution features is shown in the keyhole. The
remains of the protrusion (i.e., the root part connecting with
the front keyhole wall) moves down and disappears at the
keyhole bottom. Unlike the small protrusions in event no. 01,
this tonguelike protrusion has never been observed and
reported by others before.
Events no. 03 and no. 04, which take place simultaneously,

describe the local curvature change of the keyhole walls and
the morphology change of the melt around the top keyhole
rims, respectively. In event no. 03, immediately after the
dramatic collapse of the tonguelike protrusion described in
event no. 02, the local curvatures around the keyhole rims
undergo rapid changes.Meanwhile, the rear keyholewall near
the rim contains random roughness and wrinkles, while the
front keyhole wall is relatively smooth. In event no. 04, thin
melt ligaments emerge from the rims (above or below the
sample surface), then rise, neck, and break up into spatters in
the end.

2. A separate event showing an instant keyhole pore

As shown in Fig. 1, a separate event KP discloses the
details of the formation and evolution of an instant keyhole
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pore. When the protrusion near the keyhole bottom from
the front keyhole wall collides with the rear keyhole wall,
the closure of the melt traps a pore at the keyhole bottom.
When the melt liquid above the pore is drilled through by
the continuous laser heating, the keyhole pore escapes.

B. Physical processes underpinning melt ligamentation

In this section, we present detailed discussions on the
physical processes involved in the melt ligamentation. In
particular, we elaborate on the underlying mechanism. The
four common events extracted from the x-ray video are

schematically drawn in Fig. 2(a), where three time nodes
are defined: t1 for the formation of a reverse-triangle-like
keyhole, t2 for the formation of a tonguelike protrusion,
and t3 for the formation of melt ligaments.

1. Formation of a reverse-triangle-like keyhole

As illustrated in Figs. 2(a) and 2(b), when the scanning
laser beam advances forward, most of the incident beam
impinges on the front keyhole wall [26]. On the sample
surface, the solid phase just ahead of the front keyhole rim
is first heated up and melted. Once the surface temperature

FIG. 1. MHz x-ray images of metal spattering of Ti-6Al-4V during laser processing. Four events can be extracted. Event no. 01 (sky
blue dashed rectangles): A protrusion forms at the top surface and runs down along the front keyhole wall, accompanied by the keyhole
morphology changing from a J-like shape to a reverse-triangle-like shape. Event no. 02 (purple dashed rectangles): A following
protrusion appears, grows, and collapses around the horizontal center of the keyhole. A minikeyhole on top of the protrusion is outlined
by a light yellow dashed curve. Event no. 03 (dark blue arrows): The local curvature on the rear keyhole wall changes. Event no. 04 (light
green dashed and solid rectangles): Melt ligaments form, elongate, and break up into spatters (light green dashed circles numbered
SP01–SP05). A separate event KP (sky blue solid rectangles) describes the formation and vanishing of a keyhole pore. The laser beam
scans from left to right, with spot size of approximately 80 μm (1=e2), power of 210 W, and scanning speed of 500 mm=s. The imaging
frame rate is 1.087×106 frames per second, synchronized with the x-ray pulses. Each individual image is generated by a single x-ray
pulse (pulse width approximately 100 ps). All images shown here are background corrected using the images collected before the laser
melting. The contrast is then reversed to highlight the events around the keyhole. Frame-by-frame images as well as schematic
illustrations are documented in the Supplemental Material Figs. S3 and S4 and Video S2 [6].
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FIG. 2. Bulk explosion inside a keyhole. (a) Schematic illustrations of the sequential events that lead tomelt ligamentation. At t1, a keyhole
of reverse-triangle-like shape (RTS,markedusing skybluedashed rectangle) forms.The rearwall of this uniquekeyhole is directly exposed to
the incident laser beam, and the generated vapor plume (olive green arrows) travels upwards towards the front keyholewall. Upon impact, the
existing protrusions (e.g., Pro. no. 01 and Pro. no. 02) transform from a dome shape slightly leaning downward (denoted by Pro−: ) to a rod
shape tilting upward (denoted by Proþ: ). At t2, a tonguelike protrusion (P) forms around the horizontal center of the keyhole with a
minikeyhole on its top surface.The bulk explosionof the tonguelikeprotrusion (purple dashed circle and arrows) releases amixture of gas and
fine droplets. At t3, the high-momentum mixture reaches the rims of the keyhole. Simultaneously, the local curvatures (dark blue dashed
circles) of the keyhole walls change, and thin melt ligaments (Lig, olive green dashed and solid rectangles) appear. After the explosion, the
remains ofP protrusion (Pror: ) continue to flowdown and quickly vanish.The last panel shows an instant keyhole pore. (b) Simulation of laser
absorption intensity with and without the tonguelike protrusion via ray tracing. (c) Keyhole depth as a function of time. Most local minima
below a depth threshold correlate with the formation of reverse-triangle-like keyholes. The point marked by the sky blue dashed rectangle is
the case shown here. The inset in (c) shows the distribution of the downflow speeds of the protrusions on the front keyhole wall, with the
sampling volumeof 182. (d)Relationship between the action timeof the tonguelikeprotrusion t3-t2 and its formation time t2-t1.Datapoints in
this plot are collected from x-ray videos (frame rate varies from 1.087 to 5 MHz) of multiple spattering processes.
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of the molten metal reaches its boiling point, local
evaporation happens, which generates a recoil on the liquid
below. A small protrusion is then formed due to the local
vapor depression. Propelled by the recoil from the con-
tinuous evaporation of its top surface region (exactly by the
pressure difference between the top and bottom surfaces of
the protrusion) [27], this small protrusion keeps running
down along the front keyhole wall. Here, the capillary force
and Marangoni convection (i.e., thermal capillary force)
also exist at the front keyhole wall to affect the flow of the
protrusion. However, they are usually orders of magnitude
smaller than the recoil pressure [28–30]. Therefore, under
the present keyhole condition, the downflow of the pro-
trusion is predominately controlled by the recoil pressure.
The downflow speeds of the small protrusions, projected
value on the imaging plane, are measured through the
displacements of the protrusion centers, and their statistical
distribution (a total of 182 objects in multiple spattering
processes) is plotted in the inset of Fig. 2(c), with the mode
value of 15 m=s. The recoil pressure, on one hand, is
proportional to the saturated vapor pressure, which is
determined by the melt’s surface temperature [31,32],
and on the other hand, it is related to the dynamic pressure
of the melt, which is dependent on the square of the melt
speed [32]. Hence, given the mode speed of 15 m=s, the
average temperature on the front keyhole wall is estimated
to be approximately 3800 K (see Appendix B 1), hundreds
of kelvin higher than the boiling point of Ti-6Al-4V at
1 atm (Tb ¼ 3315 K [33]). As a comparison, we also
implement a one-dimensional (1D) steady-state model to
derive the keyhole surface temperature as a function of the
laser absorption intensity. Details of the model are provided
in Appendix B1 and the Supplemental Material [6]. When
considering the incident-angle-dependent absorption (aka
Fresnel absorption) [26], the local temperature on the
evaporation site of the front keyhole wall with a higher
absorption intensity (e.g., on the small protrusions) could
be even higher than 3800 K, as shown in the Supplemental
Material Fig. S8(a) [6].
The small protrusion at the front keyhole wall can

partially reflect the incident laser upwards, and thus, the
region underneath it receives less laser energy deposition,
resulting in a local pressure drop around the keyhole
bottom. With insufficient support from the recoil momen-
tum on the keyhole side, the surrounding melt liquid starts
filling the bottom, driven by surface tension. At the time t1,
the keyhole morphology changes into a reverse-triangle-
like shape and is marked as RTS in Fig. 2(a). The formation
of this unique shape can be attributed mainly to the first
Fresnel absorption [26]. As depicted in the schematic,
besides the front wall, the rear wall directly exposes its
bottom region to the incident laser. Through the self-
adjustments of the front and rear wall slopes, the local
vapor plume pressures from the two walls tend to achieve a
transient equilibrium at the keyhole bottom. We measure

the keyhole depth over time and the result is shown in
Fig. 2(c). Along with Video S2 in the Supplemental
Material [6], one can find that most of the local minima
below a depth threshold (e.g., 170 μm) in Fig. 2(c)
correspond to the formation of this kind of reverse-
triangle-like keyhole. Statistically, under the current
processing conditions, the depth of the reverse-triangle-
like keyholes is measured to be 170� 15 μm, about 35 μm
lower than the average keyhole depth of 205� 15 μm.
Note here that the reverse-triangle-like keyhole is not

perfectly symmetric with respect to the laser beam axis.
A larger portion of the incident beam still impinges on the
front keyhole wall, and the front wall is less steep than
the rear wall. If considering the first Fresnel absorption, the
effective laser absorption on the front wall could be higher,
which is prone to causing a stronger evaporation. To
balance the energy and the pressure, a stronger thermal
conduction is expected at the front keyhole wall.

2. Formation of a tonguelike protrusion
and its bulk explosion

Compared to the small dome-shaped protrusions in event
no. 01, the following protrusion in event no. 02 shows two
distinct features: (i) the protrusion transforms into a rod
shape, slightly tilting upward, and (ii) the protrusion size
increases rapidly and collapses within 1 μs. As illustrated at
the time of t1 in Fig. 2(a), since the rear wall of the reverse-
triangle-like keyhole directly exposes its bottom to the
incident laser beam, the generated metal vapor plume
travels upwards towards the front wall. Squeezed by the
recoil pressure at the upper surface and the dynamic
vapor plume pressure at the lower surface, the protrusion
changes from a dome shape slightly leaning downward to a
rod shape tilting upward. From t1 to the time when the
detectable transition starts, we measure the distance
between the bottom of the reverse-triangle-like keyhole
and the bottom edge of the protrusion and roughly estimate
the average travel speed of the vapor plume to be
approximately 100 m=s [19]. With the support of this
directional vapor collision, the downflow of the protrusion
is retarded, and its size starts to grow as the laser continues
to advance. Shortly, a minikeyhole forms on the top of
the protrusion. The multiple reflections and Fresnel absorp-
tion are prone to focusing the laser intensity at the
minikeyhole bottom, producing an intensive evaporation
and correspondingly a strong local recoil. Meanwhile, as
the protrusion size increases, less laser energy is absorbed
by the region underneath the protrusion, resulting in a drop
of vapor plume pressure at the bottom. Therefore, the
pressure difference on the upper and lower surfaces of this
protrusion changes rapidly, driving it to swing down
suddenly at time t2 to become a tonguelike shape.
The unique geometry of this tonguelike protrusion

largely increases the laser absorption. Figure 2(b) shows
the distributions of absorption intensity on two different
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keyhole surfaces simulated using a ray-tracing model [30].
A detailed description of the simulation is documented in
Appendix B 1 and the Supplemental Material [6]. The
three-dimensional (3D) results are sectioned and rotated
to highlight the absorption intensity distributions on the
front keyhole walls. In the left panel of Fig. 2(b), a regular
keyhole (without the tonguelike protrusion) exhibits non-
uniform laser absorption and small wavy structures. In
the right panel, a tonguelike protrusion is attached to the
front keyhole wall, and the local absorption intensity
under the same laser conditions can reach 5.0 MW=cm2,
about twice the case for a regular keyhole.
This rapid and intense laser heating on the upper surface

of the tonguelike protrusion can largely suppress the
effective thermal conduction towards the subsurface.
Here, it takes less than 1 μs from the formation of the
tonguelike protrusion to its collapse. If we assume the
thermal diffusion time is 1 μs, the diffusion length for
Ti-6Al-4V can be calculated to be only approximately
3 μm (see Appendix B 3). With such a short diffusion
length, it is reasonable to believe that the heat primarily
accumulates on the upper region of the tonguelike pro-
trusion. In addition, the laser heating might be so fast that
the surface evaporation cannot accommodate it [34–36].
For simplicity, the energy loss due to surface evaporation
on the tonguelike protrusion is assumed to be on the
same order as that on the regular front keyhole wall.
Then, through the latent heat and the mass flux of
evaporation [37], it is estimated to be 0.37 MW=cm2

(see Appendix B 3), which is much smaller than the
absorbed laser intensity of 5.0 MW=cm2. Hence, we can
assume that all the absorbed laser energy is consumed for
heating up the top surface layer (approximately 3 μm) of
the molten tonguelike protrusion. With this assumption, the
temperature of this surface layer can then reach thousands
of kelvin above the boiling point of Ti-6Al-4V (see
Appendix B 3). This could well suggest that the surface
region of the protrusion is superheated, and the liquid is in a
metastable state.
Given the 80-μm laser beam size and the 500-mm=s

scanning speed, the maximum possible dwell time of the
laser beam on the tonguelike protrusion (beam size/
scanning speed) is 160 μs, much longer than the lifetime
of this protrusion (less than 10 μs from formation to
collapse). While its upper layer liquid is superheated, the
lower region of the protrusion likely remains in the normal
liquid state, since it is not directly heated by the laser and is
beyond the absorption depth and thermal diffusion length.
With the fast falling and thinning of the tonguelike
protrusion and uneven local recoil pressures on surface,
we speculate that the superheated and normal liquids
manage to contact and mix vigorously [38–40]. The highly
heterogeneous thermal structure then results in ultrafast
mass and heat transfers and eventually causes a violent
evaporation inside the protrusion. The rapid escape of the

vapor then shatters the tonguelike protrusion into fine
droplets, with their sizes possibly smaller than the current
imaging resolution (i.e., 3 μm=pixel), showing as chaotic
features in the keyhole. We hereby refer to the vanishing
of the tonguelike protrusion as a bulk explosion process.
This explosion is a highly dynamic and subsurface phe-
nomenon which has never been discovered before in either
experimental or theoretical work.

3. Formation of melt ligaments and other events
induced by the bulk explosion

As the tonguelike protrusion explodes, almost simulta-
neously the front and rear keyhole walls exhibit discernable
structure changes at time t3 defined in Fig. 2(a), including
rapid curvature change, emergence of thin melt ligaments,
and roughening of vapor-liquid interfaces.
Upon impact of the vapor plume and small droplets

created by the explosion of the tonguelike protrusion, the
local curvatures around the keyhole rims undergo a sharp
positive-to-negative change, and a crater is created on
each side at time t3. This suggests that the local dynamic
pressure of the mixture is higher than the local surface-
tension pressure. In a few microseconds, as the dynamic
pressure decays, the crater becomes shallower and vanishes
in the end.
While the craters on the keyhole walls develop, thin

melt ligaments emerge from the keyhole rims and rise at
high speeds. The ligament on the rear keyhole rim, which
is 50 μm away from the center of the tonguelike pro-
trusion, rises at an initial vertical speed of 35 m=s. The
ligament on the front keyhole rim, which is 55 μm away
from the tonguelike protrusion, rises at a vertical speed of
20 m=s. Even though their distances from the tonguelike
protrusion are similar, the initial vertical speeds of the
two ligaments are dramatically different, which implies
that the pressure created by the explosion distributes
nonuniformly in space. We suspect that the fine droplets
traveling towards the front keyhole rim could get vapor-
ized by the direct laser heating or by the hot vapor
ejecting from the front keyhole wall. Based on
Bernoulli’s equation [32] (see Appendix B 1), the initial
dynamic pressures of the ligaments are estimated to be on
the order of a few MPa.
The random roughening or wrinkling of the vapor-liquid

interface, particularly around the rear keyhole rim, is other
evidence for the bulk explosion of the tonguelike protru-
sion. Unlike the impact from a pure vapor on a keyhole
wall, which creates a local cavity with a relatively smooth
surface, the mixture of vapor and fine droplets has distinct
dynamic pressure distributions (high dynamic pressure by
the droplets and low dynamic pressure by the vapor).
Therefore, when the mixture collides with the keyhole wall,
it produces a rough liquid-vapor interface, like a splash.
From the x-ray images in Fig. 1, it can be observed that,
compared to the rear keyhole rim, the vapor-liquid interface
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around the front keyhole rim is relatively smooth (no
obvious inflections). Again, this is likely due to the
evaporation of fine droplets by the laser when they travel
towards the front keyhole rim.

4. Formation of an instant keyhole pore

In the event KP shown in Fig. 1, a pore or cavity forms
at the keyhole bottom while the tonguelike protrusion
appears and explodes. This does not happen every time the
spattering occurs. The relationship between the laser
absorption and the front keyhole wall morphology could
be used for qualitatively explaining its formation. At the
time of 137.08 μs, with the existence of the tonguelike
protrusion above, which absorbs and scatters a considerable
amount of laser energy, the protrusion below it does not
experience rapid collapse, and the local vapor pressure
at the keyhole bottom decreases. Then, at 138.00 μs,
squeezed by the recoil pressure at the upper surface and
the dynamic vapor pressure at the lower surface, this lower
protrusion collides with the rear keyhole wall, and a pore or
cavity is then generated. After the explosion of the upper
protrusion, the incident laser beam directly impinges on the
melt liquid above the pore, so the pore vanishes once the
laser drills through the melt. In short, the formation of
the tonguelike protrusion on the front keyhole wall could
possibly have a secondary effect, promoting the generation
of keyhole pores.

5. Internal adaptive mechanism
for the tonguelike protrusion

The time notes t1, t2, and t3 were previously defined. At
t1, a reverse-triangle-like keyhole forms. At t2, the pro-
trusion near the top surface catastrophically falls to the
horizontal center of the keyhole. At t3, thin melt ligaments
emerge and rise. The time difference t2-t1 is the formation
time of the tonguelike protrusion, and t3-t2 can be under-
stood as its action time. The sum of the formation time and
the action time is then the lifetime of the protrusion.
Figure 2(d) shows the relationship between t3-t2 and

t2-t1 for multiple spattering processes. Interestingly, they
follow a positive trend: The longer the formation time, the
longer the action time. The correlation between the for-
mation and action times may be explained by an internal
adaptive mechanism. Because of the nonuniform Fresnel
absorption and various attenuation factors (i.e., plume,
plasma, etc.) [26,41], the effective laser energy absorbed by
the sample fluctuates considerably over time and location.
A higher laser absorption tends to generate a higher vapor
flux and thus a higher vapor dynamic pressure, which then
supports a shorter formation time of the tonguelike pro-
trusion. On the other hand, a higher laser absorption results
in a higher superheating and a stronger mass explosion,
which then decreases the action time of the tonguelike
protrusion.

C. From ligamentation to spattering

In this section, we study the motions of melt ligaments
and spatters. Specifically, we correlate the spatter motions
with the front keyhole wall morphology. In Appendix B 6
and the Supplemental Material [6], we statistically analyze
the size and occurrence frequency of spatters as functions
of the laser scanning speed, and the results are plotted in the
Supplemental Material Figs. S5–S7 [6].

1. Motion tracking and pressure-field analysis

After the bulk explosion of the tonguelike protrusion,
melt ligaments emerge at the keyhole rims and then rise,
neck, and eventually break up into spatters. In the spat-
tering process shown in Fig. 1, five detectable spatters are
generated, and they are marked as SP01–SP05 in the last
image. Their trajectories are tracked and summarized in
Fig. 3(a). Note that the trajectories are projections on the
plane normal to the incident x-ray beam. These five spatters
can be categorized into two groups: the three moving along
the laser scanning direction as the forward-flying group
(SP01–SP03) and the two in the opposite direction as the
backward-flying group (SP04 and SP05). Different from
the forward-flying spatters, which travel almost straight at
nearly constant speeds after they detach from the melt pool,
the backward-flying spatters exhibit curved trajectories and
variable speeds near the keyhole. Beyond a certain distance
from the keyhole, the trajectories of the backward-flying
spatters become nearly straight.
The curved trajectories of the backward-flying spatters

reflect the angle mismatch between the initial ejection
directions and the force exerted on the spatters. As
illustrated in Fig. 3(a), the front keyhole wall develops a
slope under the scanning laser conditions [25]. The vapor
plume is ejected in a primary direction normal to the
inclined front keyhole wall towards the opposite direction
of the scanning. For the case of deep and narrow keyholes,
the vapor plume ejecting from the bottom region of the
front keyhole wall collides with the rear keyhole wall other
than escapes directly. Therefore, in the present case, we
assume that only the vapor plume from the front wall near
the sample surface escapes from the keyhole and contrib-
utes to the formation of a directional pressure field around
the laser beam, as illustrated in Fig. 3(a). The front keyhole
wall may partially reflect the laser beam to the rear wall and
generate vapor plume that escapes towards the scanning
direction. Since the forward-flying spatters do not alter
their directions during their flights, we may argue that the
dynamic pressure of the vapor plume (vapor pressure field)
created by the rear keyhole wall is negligible.
Before the breakup process, the motions of the ligaments

are mainly determined by the drag force, while after the
spatters separate from the melt pool, the vapor plume
around them controls their fly directions and accelerations,
as we discuss above. The vertical and horizontal speeds of
the ligaments and spatters as functions of time are measured
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from the x-ray videos and plotted in the upper panels of
Figs. 3(b) and 3(c), respectively. The half-solid symbols in
each plot correspond to the times when the melt ligaments
appear, and the solid symbols indicate the times when
spatters separate from the melt pool. We calculate the
accelerations and the corresponding forces using Newton’s
law, F ¼ ma. The average pressures the ligaments and

spatters experience at different times are then obtained
by dividing the forces by the cross-sectional areas of the
spatters (see Appendix B 4). Here, for simplicity, the part of
a ligament (the predecessor of a spatter) and the resulting
spatter are assumed to have the same radius. The vertical
and horizontal pressures are plotted in the lower panels
of Figs. 3(b) and 3(c), respectively. Before the spatters

FIG. 3. Spatter behaviors and pressure field. (a) Trajectories of five ejected particles in one spattering process. SP01–SP03 are
forward-flying spatters, and SP04 and SP05 are backward-flying spatters. The reference black dashed lines highlight the curved
trajectories of the spatters SP04 and SP05. The diffused sky blue background on the left side of the laser indicates the vapor plume zone
arising from the front wall of the keyhole. (b),(c) Vertical and horizontal travel speeds (upper panels) and the calculated pressures on
melt ligaments and spatters (lower panels). The half-solid symbols in each plot indicate the times when the thin melt ligaments appear.
The solid symbols mark the times when spatters separate from the melt pool. The negative pressure represents a net force that slows
down the motion of the liquid structure, while the positive pressure accelerates the objects. The inset of (b) is a closer look at the vertical
pressure field the spatters experience. (d) X-ray images of the keyhole morphology. The top region of the front keyhole wall is
highlighted. The protrusion appearing between 149.96 and 155.48 μs increases the local laser absorption, creating a stronger vapor
plume that is responsible for the increased pressures on spatters SP04 and SP05. All images shown here are background corrected using
the images collected before the laser melting. The contrast is then reversed to highlight the keyhole dynamics.
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separate from the melt pool, the pressures are generally
negative, with the initial absolute value on the order of
105 Pa, suggesting that the drag force primarily slows
down the motions of the ligaments. After the breakup, the
pressures on the forward-flying spatters are close to zero,
while the pressures on the backward-flying spatters are all
positive, with the maximum value on the order of 104 Pa,
indicating the vapor plume accelerates the spatters.
Surface tension is undoubtedly one of the main factors

that holds the melt ligaments from breaking up. For Ti-6Al-
4V, the surface-tension coefficient is 1.53 N=m [42,43].
If the radius of the necking region is 10 μm, the surface-
tension pressure is then approximately 105 Pa (see
Appendix B 5), on the same order of the measured drag
pressure upon the formation of a ligament. As for the
contribution from the viscous dragging, we calculate
the Reynolds number [44]. For a ligament with radius of
10 μm and initial rising speed of approximately 10 m=s,
the Reynolds number is on the order of 100 (see
Appendix B 5), which indicates that the fluid flow is not
a Stokes flow, so the viscous dragging is negligible.

2. Influence of front keyhole morphology
on spatter motions

For the backward-flying spatters, after their separations
from the melt pool, there is an interesting feature in their
pressure-time plots: A peak can be observed at t ¼
∼152 μs in the plots of spatters SP04 and SP05. This
peak suggests a stronger vapor plume ejection at that
time. To understand this phenomenon, x-ray images of
the keyhole morphology evolution in this time window are
examined. Clearly in Fig. 3(d), a protrusion forms at the
front keyhole rim at t ¼ 151.80 μs. As discussed earlier,
the formation of a protrusion structure can considerably
increase the local laser absorption. Therefore, the stronger
evaporation from the upper surface of the protrusion creates
a more intense vapor plume and thus a stronger vapor
pressure field, which then drives the spatters within it (e.g.,
SP04 and SP05) to accelerate. After the protrusion flows
down and vanishes, the vapor plume intensity reduces and
so do the pressures and the spatter accelerations.

III. DISCUSSION AND CONCLUSION

In summary, we discover a novel mechanism for metal
spattering under high-power-laser processing: The bulk
explosion of a tonguelike protrusion forming on the front
keyhole wall drives the melt ligamentation around the
keyhole rims and the subsequent spattering. Using MHz
single-pulse synchrotron-x-ray imaging, the complete
physical processes involved in a spattering activity are
captured with unprecedented detail. The transformation of
the keyhole morphology from the typical J-like shape to a
reverse-triangle-like shape creates directional vapor plume
collisions towards the front keyhole wall, which serves as a

necessary condition for the formation of a tonguelike
protrusion. The dramatic and abrupt changes in the pres-
sures on the protrusion drive it to catastrophically fall to the
keyhole center, which, on one hand, largely increases the
laser absorption on the top surface, and on the other hand,
vigorously mixes the superheated and normal liquids
within this protrusion. The irregular fluctuation in the
internal thermal and pressure structures then triggers a
process of bulk explosion shattering the tonguelike pro-
trusion into a mixture of vapor and fine droplets. When the
explosion lands at the rims of the keyhole walls, thin melt
ligaments form, rise, neck, and eventually break up into
spatters. The motion of a spatter is closely related to its
surrounding vapor pressure field, which is mainly deter-
mined by the laser absorption of the front keyhole wall near
the sample surface. The emergence of a protrusion structure
at the front keyhole rim can produce an intense vapor plume
and accelerate the spatters within the plume along their
traveling directions.
Here, the identification of a bulk explosion is supported

by the following evidence: (i) the dramatic increase in the
laser absorptivity on the top surface of the tonguelike
protrusion, (ii) the subsequent nearly synchronized
responses from the front and rear keyhole walls (e.g.,
roughening of vapor-liquid interfaces around the keyhole
rims), and (iii) the chaotic subresolution features in the
keyhole. We attribute this bulk explosion phenomenon to
the large thermal fluctuation inside the tonguelike protru-
sion. Superficially, it possesses some of the key character-
istics of the well-defined phase explosion (aka explosive
boiling) and vapor explosion (aka steam explosion and fuel
coolant interactions) processes [45,46].
In a phase explosion [34,35,47,48] when the temperature

approaches the critical temperature (Tc), homogeneous
nucleation occurs, and once the bubbles reach a critical
radius, the metastable liquid decomposes into a mixture of
gas and fine droplets instantly. This often occurs in a
scenario involving high-power short-pulse lasers. In our
case, it takes less than 1 μs for the tonguelike protrusion
to form and collapse, so the rapid heating can possibly
suppress the heterogeneous nucleation and trigger a phase
explosion. Even though our analytical calculation and 1D
steady-state simulation do not suggest that the temperature
of the upper surface of the tonguelike protrusion can reach
the critical point of Ti-6Al-4V, we cannot simply rule out
the possibility of phase explosion since our simple numeri-
cal models might neglect other important heating effects
within the keyhole.
In a vapor explosion [38–40,49], the high-temperature

and low-temperature liquids are coarsely separated by a
vapor film of the low-temperature liquid. With the collapse
of the vapor film by internal or external perturbation, the
two liquids come in contact. The ultrafast heat transfer then
promotes rapid vapor generation as well as melt fragmen-
tation and atomization. Back to our case, the superheated
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and normal melts are initially separated because of the
limited thermal diffusion. When the pressures on the
tonguelike protrusion change abruptly, the catastrophic
falling and thinning of the protrusion could possibly break
the balance and trigger the explosion. Therefore, vapor
explosion could also be responsible for the bulk explosion
observed here.
A rigorous physical description of the bulk explosion

remains a challenge. We do not have direct evidence that
can attribute this phenomenon to either phase explosion or
vapor explosion. However, our study reveals the need and
directions for further developing the characterization tech-
niques and numerical models. While direct thermal meas-
urement could still be infeasible in the foreseeable future,
the ongoing or planned constructions of diffraction-limited
synchrotron facilities and high-repetition-rate free-electron
lasers will enable ultrafast imaging with nanoscale reso-
lution and frame rates beyond 100 MHz. The improved
imaging capability will help capture more details of the
explosion process (e.g., bubble generation). In terms of
simulation, the current numerical models of laser-metal
interaction are developed with major assumptions, even the
most sophisticated 3D multiphysics models. For instance,
the average temperature on the front keyhole wall is
underestimated, and the plasma effect is often overlooked
[50–53]. We believe experiments like ours can help
calibrate some of the key material parameters used in
simulation, and more importantly, encourage theorists to
reevaluate the hypotheses and assumptions.
As our study reveals, laser spattering substantially

connects with the keyhole stability. A small perturbation
on the front keyhole wall morphology can alter the laser
absorption and potentially induce sequential events that
eventually lead to spattering. In laser welding, the com-
munity has recognized that the spattering is caused by the
complex interplay of the melt flow and vapor plume,
though how one factor affects the other has never been
directly observed. A solution the community adopted is to
feed a protective gas stream to the keyhole at a certain tilt
angle [2,14]. In addition to preventing the metal from
oxidation, another intention of this blowing gas is to open
up and stabilize the keyhole in order to mitigate porosity
generation and spattering. This strategy, however, will not
work for laser-powder-bed additive manufacturing because
the strong gas flow directly towards the keyhole will
destroy the powder bed before it does any good.
In an electron-beam additive manufacturing process, the

build chamber is maintained at elevated temperatures, and
each layer of the powder bed is presintered by scanning the
electron beam with a higher speed and/or a lower power
than the build condition. Laser-powder-bed fusion usually
does not apply presintering to reduce spattering, primarily
because of the production cost. However, if spattering is the
major factor that deteriorates the part quality, presintering
to rigidize the powder bed is still a straightforward solution.

Another solution to mitigate spattering-induced defects is
to introduce high-velocity laminar flow of protective gas
above the powder bed. Such a gas flow intends to blow the
spatters away from the build area and prevent them from
falling back onto the powder bed. It has also been proven
effective for improving the uniformity of laser absorption
and thereby the repeatability of the printing process
[54,55]. However, the laminar gas flow has very limited
influence on the vapor plume dynamics inside the keyhole
and the keyhole wall instabilities. Our study confirms the
critical role of the melt and vapor flow in the laser-
spattering process. Unambiguously, spattering tends to
happen when strong melt flow and intense vapor exist.
Therefore, an effective approach to mitigate (if not exter-
minate) spattering is to suppress the melt flows around the
keyhole. In practice, this could be achieved through
innovations in laser-beam profiles and in-process feed-
forward control systems.
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APPENDIX A: EXPERIMENTAL SYSTEMS

1. Materials and laser system

Ti-6Al-4V plates (grade 23, Titanium Distribution
Services Inc., USA) are cut into small pieces with a nominal
dimension of 50mmlong×3.0mmhigh×0.50mm thick
using electrical discharge machining. The samples are then
polished using sandpaper, working all the way up to 1200
grit, and the final thickness is 0.39� 0.01 mm. In each
experiment, a sample is loaded into a custom-built vacuum
chamber, with the sample thickness along the x-ray direction
and the thickness centerline on the laser scanning plane.
After the sample loading, the vacuum chamber is first
pumped down using a mechanical pump below 500 mtorr
and then purged with pure Ar gas to 1.0 atm (760 torr). In the
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experiments, no Ar gas flow is introduced inside the vacuum
chamber. The laser system consists of a ytterbium fiber laser
(IPG YLR-500-AC, USA) and a galvo laser scanner (intelli
SCANde30, SCANLAB GmbH, Germany). The fiber laser
is in single mode, providing pure Gaussian beam profiles.
The wavelength and the maximum laser power are 1070 nm
and 520 W, respectively. Both continuous-wave (CW) mode
and pulsed mode (rate up to 50 kHz) are available. The
scanner has a maximum scanning speed of 2.0 m=s. With a
f=340-mm objective lens and a f=85-mm collimator, the
laser beam size is 56 μm (1=e2) at the focal plane. In the
present experiment, the laser is operated in CW mode,
the laser beam size is approximately 80 μm (1=e2, approx-
imately 2.0 mm defocusing below the focal plane), the laser
power is 210 W, and the laser scans in a single straight line
at the speed of 500 mm=s.

2. MHz single-pulse synchrotron-x-ray
full-field imaging

The MHz single-pulse synchrotron-x-ray imaging
experiments are carried out at the 32-ID-B beam line of
the Advanced Photon Source at the Argonne National
Laboratory. A short-period undulator (18 mm) with the
gap set to 12 mm is used to generate polychromatic x rays
with the integrated flux of approximately 7 × 1015 ph=s
and the first harmonic energy at 24.3 kev (λ ¼ 0.51 Å).
The imaging detection system consists of a 100-μm-thick
Lu3Al5O12∶Ce scintillator, a 45° reflection mirror, a 10×
microscope objective lens (NA ¼ 0.28, Edmund Optics
Inc., USA), a tube lens, and a high-speed camera (HPV-X2,
Shimadzu Corp., Japan). The pixel resolution is approx-
imately 3 μm. The x-ray images shown in this contribution
are collected at a frame rate of 1.087×106 frames per
second, and an effective exposure time of approximately
100 ps (single x-ray pulse). The experiment is carried out
when the APS operates in 24-bunch mode.

APPENDIX B: QUANTITATIVE ANALYSIS

1. Average temperature on the front keyhole wall

The recoil pressure (Pr) bridges the protrusion speed
(vp) and the average temperature on the front keyhole wall
(Ts) through a combination of Bernoulli’s equation [32]
Pr ¼ 1

2
ρmv2p and the saturated vapor pressure (Ps) [31,32]

Pr ≥ 0.55 × PsðTsÞ ¼ 0.55 × P0 expf½ðLvÞ=ðRvTbÞ�
ð1 − Tb=TsÞg, where P0 is the ambient pressure, Tb is the
boiling temperature at P0, Rv is the gas constant, Lv is the
latent heat of evaporation, and ρm is the mass density of the
melt liquid. Hence, we can estimate the average temper-
ature on the front keyhole wall from the protrusion speed
by the equation Ts∼Tb=f1− ½ðRvTbÞ=Lv�ln½ðρmv2pÞ=
ð1.1P0Þ�g. Here, for Ti-6Al-4V at 1 atm, Tb ¼ 3315 K
[33], P0 ¼ 1.013 × 105 Pa, Rv ¼ 8.314 J=ðKmolÞ, which
is converted into 181.25 J=ðKkgÞ through the molar mass

of Ti-6Al-4V (45.87 g=mol), Lv ¼ 9.7 × 106 J=kg [56],
and ρm ¼ 3920 kg=m3 [42]. If the protrusion speed is taken
as the mode value of 15 m=s, then the average temperature
on the front keyhole wall is calculated to be approxi-
mately 3800 K.
Another approach to estimate the keyhole surface

temperature is to apply a 1D steady model [57]. The
model considers a 1D configuration where a laser beam
shines on a semi-infinite metal plate. The metal is first
melted by the laser heating and then evaporation takes
place to form a liquid-vapor interface. The calculation
domain consists of a condensed phase (solid and liquid
metal) and a gaseous phase (vapor metal and ambient air).
When the steady state is reached, the pressure, velocity,
and temperature on the vapor side of the liquid-vapor
interface are denoted as pv, uv, and Tv; the pressure and
temperature on the liquid side are denoted as pl and Tl.
The model calculates the variables ðpv; uv; Tv; pl; TlÞ at
the liquid-vapor interface given the laser absorption inten-
sity Ia as the model input. The results are shown in the
Supplemental Material Fig. S8 [6].

2. Laser-absorption intensity of a keyhole with and
without the tonguelike protrusion

Based on the multiple reflections and Fresnel absorption
[26,30,58], the ray-tracing technique is used to estimate the
absorption intensity of a given keyhole shape extracted
from the x-ray image frame with and without the tonguelike
protrusion. First, artificial keyhole shapes are constructed
based on experimental observations. Then, the laser beam
is decomposed into discrete rays which are shot onto the
artificial keyhole walls. Each ray contains a certain amount
of power and can reflect multiple times on the keyhole
surface. For each incidence of a ray on the keyhole
surface, a certain portion of the ray power is absorbed at
the incident location by the metal (absorptivity calculated
by the Fresnel equation), and the reflected ray direction is
calculated by the law of reflection. By tracing the reflec-
tions of each ray, a distribution of the absorbed laser
intensity can be constructed on the keyhole surface. As
shown in Fig. 2(b), on the tonguelike protrusion, the local
absorption intensity is 5.0 MW=cm2.

3. Average temperature on the upper layer
of the tonguelike protrusion

The thermal diffusion length (L) can be estimated from
the diffusivity of the melt liquid (D) according to L ∼

ffiffiffiffiffiffiffiffi
Dtd

p
,

where td is the diffusion time [59]. For Ti-6Al-4V, D ¼
1.07 × 10−5 m2=s [33]. If the diffusion time is approxi-
mately 1 μs, then the diffusion length is only approximately
3 μm. Therefore, for the tonguelike protrusion, the heat
accumulates locally on the protrusion’s upper side.
The energy loss due to surface evaporation (Qv) can be

estimated from the latent heat (Lv) and the mass flux of
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evaporation ( _m) [37], Qv ¼ −Lv _m, where the mass flux
_m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m=2πkBT
p

Ps, m is the atomic weight, kB is the
Boltzmann constant, T is the temperature, and Ps is the
saturated vapor pressure. For Ti-6Al-4V, m ∼ 47 u (unified
atomic mass unit, 1.66 × 10−27 kg) and kB ¼ 1.38×
10−23 m2 kg s−2K−1. If the temperature is taken as the
average temperature on the front keyhole wall, approx-
imately 3800 K, and the saturated vapor pressure is
calculated from the Clausius-Clapeyron equation [31,32]
Ps¼P0expf½Lv=ðRvTbÞ�ð1−Tb=TsÞg∼7.9 × 105 Pa, then
the energy loss due to surface evaporation is approximately
0.37 MW=cm2. For rapid heating of the tonguelike protru-
sion, the surface vapor pressure cannot build up as rapidly
[34,35,47,48]. Herewe assume the energy loss due to surface
evaporation is on the same order. Compared with the local
absorption intensity on the upper layer of the tonguelike
protrusion of 5.0 MW=cm2, it is negligible.
For simplicity, if we assume all the absorbed laser energy

is consumed for locally heating up the tonguelike protru-
sion’s upper layer, then through the energy balance [5,27],
we have Iar2pπta ¼ ρmVacmðT − TmÞ, where Ia is the
absorption intensity, rp is the average radius of the tongue-
like protrusion, ta is the duration of the laser absorption, Va
is the volume of the melt liquid involved in the heating-up,
cm is the heat capacity of the melt liquid, and Tm is the
melting point. Here, for Ti-6Al-4V, rp ∼ 15 μm, cm ∼
830 J=ðkgKÞ [42], and Tm ¼ 1928 K [33]. If the laser
absorption intensity is taken from the ray-tracing simu-
lation of approximately 5.0 MW=cm2, the duration of the
laser absorption is approximately 0.5 μs (the consequential
explosion process occurs within one frame), the heating-up
layer thickness is the thermal diffusion length (L ∼ 3 μm),
and the involved volume is Lr2pπ (assuming a cylinder
shape). Then, the local temperature rise is estimated to be
approximately 2600 K, and the local temperature on the
upper layer of the tonguelike protrusion is on the magnitude
of approximately 4500 K.

4. Average pressure on a ligament or a spatter

For simplicity, we assume that the predecessor of a spatter
(part of a ligament) and the spatter have the same radius.
Then, the corresponding accelerations (a) and forces (F)
are estimated through F¼ma¼ 4

3
πr3s×ρm× ½ðΔvÞ=ðΔtÞ�,

where m is the mass of the spatter, rs is the radius, and Δv
is the speed change within the time duration of Δt.
Furthermore, divided by the cross-sectional area of the
spatter, we have the pressure Ps ¼ F=πr2s ¼ 4

3
rs × ρm×

½ðΔvÞ=ðΔtÞ�.

5. Dragging pressure caused by surface
tension and viscosity

The surface-tension pressure of a melt ligament is
estimated through Psurface ¼ 2γ=rlig [60], where γ is the

surface-tension coefficient, and rlig is the necking region
radius. For Ti-6Al-4V, γ ∼ 1.53 N=m [42,43]. If the radius
of the necking region is approximately 10 μm, the surface-
tension pressure is approximately 105 Pa. The Reynolds
number (Re) is used to evaluate the contribution of the
viscous force [44] Re ¼ ðinertial force=viscous forceÞ ¼
ρmvsLs=η, where η is the viscosity of the melt, Ls is the
necking region diameter, and vs is the instant speed.
For Ti-6Al-4V, η ∼ 0.005 Pa s [61]. If Ls is approximately
20 μm and vs is approximately 10 m=s, then the Reynolds
number is on the order of 100, which suggests that the
viscous dragging is negligible.

6. Statistical analysis of spatters

With the laser beam size of approximately 80 μm, laser
power of 210 W, and scanning speed of 500 mm=s, we
measure the sizes of 143 spatters and plot their size
distribution in Fig. S5 of the Supplemental Material [6].
The mode size is 15 μm, and the maximum size is larger
than 40 μm. Furthermore, under the same laser beam size
and power, we vary the scanning speed in the range of 350
to 600 mm=s and statistically analyze the influence of the
scanning speed on the size and occurrence frequency of
spatters. The occurrence frequency here is defined as the
spatter number divided by the scanning length. In the
Supplemental Material Fig. S6 [6], with the decrease of
the scanning speed, the maximum spatter size increases
rapidly and plateaus near 50 μm when the scanning speed
is below 350 mm=s. In the Supplemental Material Fig. S7
[6], the occurrence frequency of spatters drops linearly with
the increase of the scanning speed, and it is extrapolated to
approach zero when the scanning speed reaches 625 mm=s.
More details and discussion are documented in the
Supplemental Material [6].
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