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The fabrication of fuel cells relies on a rapid laser welding process. However,
challenges arise with the occurrence of humping when the welding speed
surpasses a critical threshold, which poses difficulties in achieving a smooth
surface finish and a consistent weld strength. This study aims to elucidate the
humping mechanisms by analyzing the morphology of molten pool and the
characteristics of melt flow at varying welding speeds via in situ synchrotron
high-speed X-ray imaging and computational fluid dynamics simulations. Our
findings indicate that the short keyhole rear wall, the high backward melt
velocity, and the prolonged tail of molten pool are the primary factors con-
tributing to the onset of humping. Furthermore, a dimensionless humping
index (m,) was introduced, which successfully captured the onset threshold of

humping across different literatures. This index not only provides a quanti-
tative description of the humping formation tendency but also serves as a
valuable tool for optimizing the laser welding process.

The laser welding process offers several advantages, including a small
heat-affected zone, fast welding speed, and high flexibility in welding
path design’. These benefits make it well-suited for fuel cell fabrication,
which requires long and narrow welding paths between bipolar
plates**. Thin foils are preferred for these plates as they can reduce
weight* and enable more complex channel designs’. Welding metal
foils is also applied in other applications such as motor rotors and
electronic device connectors®. While increasing the laser welding
speed enhances productivity, the formation of humps is particularly a
major issue that limits the maximum welding speed’’. Humps man-
ifest as severe periodic undulations along the top surface of the weld
seam. They not only pose difficulties in achieving a smooth surface
finish but also significantly deteriorate the weld strength by reducing
the effective bonded region. In laser welding, the occurrence of
humping is influenced by laser parameters such as laser welding speed,
power, and spot diameter'. Interestingly, the issue of humping is not
unique to laser welding. It is also encountered in other arc-based and
laser-based processes, such as arc welding" ™, wire arc additive
manufacturing®", and powder bed fusion'®", as the moving speed of
the heat source increases. It indicates that the mechanisms governing

humping are associated with the heat and mass transfer in the molten
pool (MP), regardless of its origin.

The current understanding of humping can be summarized as
follows. First, it always occurs at the end of MP once a critical welding
speed is exceeded. Second, the formation of humps is primarily linked
to the high backward melt velocity created at a high welding speed, so
lowering the heat input proves effective in eliminating humping". The
shallower inclination angle of the MP boundary also reduces the
deceleration rate of the backward melt velocity’”. Third, a high weld-
ing speed results in a long and narrow MP, which is more susceptible to
Rayleigh instability’®*, where a cylinder liquid phase tends to fragment
into multiple droplets as the length-to-width ratio increases. However,
the above understandings primarily relied on simulations and
assumptions, lacking real-time experimental validation. In addition,
the existing understanding is predominantly qualitative rather than
quantitative, posing challenges in predicting humping under diverse
process conditions.

The analyses of keyhole and fluid dynamics during the laser
welding process require in situ characterization techniques’**%
or numerical simulations®>?°?, Previous studies implemented a
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high-speed optical camera positioned from the top to capture optical
images”?* or vapor plume? for studying keyhole dynamics. However,
this method is limited in providing information solely on the tilting
angle of the keyhole front wall and cannot capture the shape of the
keyhole rear wall or trailing MP. Another approach involved using
transparent glass on one side of the weld to observe the keyhole from a
side view*, which, however, does not fully replicate real welding
conditions. In this research, in situ high-speed synchrotron X-ray
imaging was adopted to resolve the limitations mentioned above. This
technique has been successfully employed to analyze keyhole
instability”’, morphology®, and pore formation mechanisms?**° in
additive manufacturing.

In this study, in situ high-speed synchrotron X-ray imaging was
employed to investigate the humping phenomenon in high-speed laser
welding. The geometries of the keyhole and MP offered a crucial
understanding into the mechanisms of humping formation. Then,
computational fluid dynamics (CFD) simulations were conducted to
analyze the characteristics of melt flow within MP, where the stream-
lines and volumetric flow rates provide further insights into the effects
of the MP tail on humping. Lastly, a dimensionless humping index for
the laser welding process was developed. This index not only identified
the onset threshold of humping across different references but also
described the humping tendency. It can serve as a valuable tool to
predict humping in laser welding and to optimize the laser welding
process.

Results

In situ characterization of humping during high-speed laser
welding

The in situ high-speed synchrotron X-ray observation of laser welding
was carried out at beamline 32-ID-B at Argonne National Laboratory
(ANL), using a ytterbium single-mode continuous wave fiber laser
(YLR-500-AC) with a spot diameter of 43 um. The tested material was
an 85 um-thick 439 stainless steel foil. Two foils were overlap-welded
from the top while in situ X-ray images were acquired from the side.
More details on the experimental setup can be found in the “Methods”
section and Supplementary Fig. 1a. The corresponding power for each
condition was determined beforehand at Edison Welding Institute
(EWI) using a single-mode continuous wave laser (nLIGHT AFX-1000)
with the same spot diameter (43 um). The laser power was iteratively
increased until full penetration was achieved, as shown in Fig. 1a. Full
penetration is crucial in the fabrication of fuel cells to prevent leakage
between channels. It is worth noting that due to the equipment setup
at ANL, the fastest laser welding speed adopted was 1.42 m/s, slightly
lower than the fastest speed used at EWI (1.50 m/s). The process
parameters and the corresponding heat input were summarized in
Supplementary Table 1. The appearances of the weld seams are pre-
sented in Fig. 1b, showing that the critical welding speed for the onset
of humping is 1.00 m/s. While the number of humps slightly decreased

as the welding speed increased beyond this threshold, the surface
topography of the weld seams (Fig. 1c) revealed that the average height
of humps increased from 40.73+8.63um at 1.00m/s to
58.70 £14.82ym at 1.42m/s. This observation suggests that the
momentum of the backward melt flow continued to intensify with the
welding speed, exacerbating the humping phenomenon. On the other
hand, the T-peel strengths of the welds (defined as the load per unit
length of weld) were tested following the configuration in refs. 31,32.
Laser welds made at EWI were used because the sample size for in situ
X-ray imaging was too small for mechanical testing. The results, pre-
sented in Supplementary Fig. 2, indicate that the T-peel strength
decreased when the welding speed exceeded 1.00 m/s due to the
occurrence of humping.

The results of in situ high-speed synchrotron X-ray observations
are presented in Fig. 2a-c, where the keyhole and humping phe-
nomena during laser welding were successfully captured. For a
comprehensive view of all in situ observations for five different
welding speeds, refer to Supplementary Movies 1-5. The moving
speed of the keyhole recorded during the in situ observations was
consistent with the set welding speed. A keyhole is a less dense space
filled with dilute metal vapor compared to liquid MP, therefore pro-
viding sufficient contrast for X-ray observation. However, because of
the small difference in the attenuation rates between the liquid and
solid phases of stainless steel, the MP dimensions can only be mea-
sured from the fluctuating wavy patterns on the top surface. It is
worth noting that the use of thin foils in this study prevented the
formation of deep keyholes and deep-keyhole-induced porosity
observed in other literatures®**,

Several key characteristics of the keyhole and MP geometries were
quantified from the in situ X-ray observations to comprehend the
humping mechanisms. First, the depth of the keyhole rear wall indi-
cates the extent of the geometrical barrier to the backward melt flow,
whereas a shorter keyhole rear wall suggests a reduced barrier to the
backward melt flow. As the laser welding speed increased from 0.33 to
1.42 m/s (Fig. 2d), the depth of the keyhole rear wall gradually declined
from 12.25+4.50 um to -100.82 +17.72 um, which was significantly
beneath the top surface.

Second, a longer MP length reduces the effectiveness of the MP
tail to decelerate the melt flow. The MP length was determined as the
average of the minimum instantaneous MP length observed in each
humping cycle under conditions where humping occurred, which will
be discussed in the following section and Fig. 3a. It increased from
approximately 350 um at laser welding speed of 0.33 m/s to the highest
value of 770 um when the laser welding speed reached 1.25m/s, as
shown in Fig. 2e. A prolonged MP not only suggests an increased
propensity for humping based on the Rayleigh instability criterion***
but also indicates that it is ineffective in decelerating the backward
volumetric flow. This phenomenon will be discussed in the section on
CFD simulations.
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Fig. 1| Laser power determination and weld characterization. a Corresponding
laser powers at each welding speed determined at Edison Welding Institute (EWI)
by incrementally increasing the laser power until full penetration was achieved.
b Top surfaces of weld seams at the welding speeds of 0.33, 1.00, and 1.42 m/s

obtained by optical microscopy. Note that the fastest speed was adopted as 1.42 m/s
instead of 1.50 m/s due to the equipment setup at Argonne National Lab (ANL).

c Surface topography of weld seams at 1.00 and 1.42 m/s obtained by optical pro-
filometry, and the average hump height relative to the weld top surface.
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Fig. 2 | In situ synchrotron X-ray observations and keyhole/molten pool mea-
surements during laser welding. a—c In situ high-speed synchrotron X-ray
observations of laser welding at the welding speeds of 0.33, 1.00, and 1.42 m/s at
times ¢, £y + 0.3, and ¢, + 0.6 ms, where ¢, was arbitrarily selected. See Supple-
mentary Movies 1-5 for in situ observations at five different welding speeds.
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d Depth of keyhole rear wall. e Molten pool (MP) length. f Keyhole width (mea-
sured) and maximum melt velocity (u,,, calculated by Eq. 1). The error bars in
(d-f) represent the standard deviation, calculated from at least 3 measurements for
each sample from the in situ observations.
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Fig. 3 | Analysis of humping cycle behavior. a Instantaneous molten pool (MP)
length on top surface and waviness of the front part of MP, with the starting periods
of humping marked in gray. b Examples of MP waviness changes during humping.

At the start of humping (¢, + 0.38 ms), the average MP waviness was lower. Near an
end (¢, + 0.54 ms), the MP surface showed higher waviness because of the steeper
gradient of the backward melt flow’s volumetric rate.

Third, a greater melt velocity increases the volumetric flow rate of
the backward melt flow. In terms of melt flow velocity measurement,
literatures reported adding W or Ta tracer particles during in situ X-ray
experiments® ¢, However, this approach is limited by the particle size
relative to the MP dimensions and the feasibility of materials premix-
ing. This approach has been applied in arc welding* for its larger MP
size and powder bed fusion®?® where tracer particles were premixed
with the powder bed. These experiments provided direct melt flow
observations, and it should be noted that quantitative velocity mea-
surements using a single X-ray source from a side view, producing 2D
images, may be inaccurate as they may not fully capture the com-
plexities of 3D flow dynamics.

Because of the limitation of using tracer particles in this research,
the maximum melt velocity (u,,,,) was calculated by an analytical
approach proposed by Beck et al.”” based on the continuity equation as

follow:

05
Cppuyr 2(Cp(Tm - TO) +Lm)
k p(Ty—Tp)

@

Umax = Uy 1+

where u, is the laser welding speed, ¢, is the specific heat, p is the
density, r is the spot radius, k is the thermal conductivity, and L ,, is the
latent heat of fusion. T, T,,, T, are the boiling, melting, and room
temperatures, respectively. Because u,, occurs on the keyhole side
wall, as described by Beck et al.”’, the values of €, P, and k are obtained
at T, from the thermophysical databases™***, which is listed in Sup-
plementary Table 2. The u,,,, was consistently simulated using CFD
models, which will be discussed in Fig. 4a, b in the CFD simulation
section. It is noted that among laser welding parameters, up,., is related
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Fig. 4 | CFD simulation and flow rate analysis on humping. a, b Top and side
views of streamlines extracted from CFD simulation results at the welding speeds of
0.33 and 1.42 m/s, respectively. ¢ Net cross-sectional volumetric flow rate extracted
from different distances of y-z cross-sections behind the keyhole at the welding

speeds of 0.33 m/s, 1.42 m/s (start of humping), and 1.42 m/s (near the end of
humping), respectively. An enlarged view highlights the curves around the molten
pool (MP) tail at 1.42 m/s. d Schematic diagram showing the formation mechanisms
of humping.

to the spot diameter and welding speed, however, not affected by the
laser power based on this equation. The calculated result is shown in
Fig. 2f, where u,,,, significantly increases with the welding speed.
Besides, the width of the keyhole, measured at the depth between two
welded materials, was found to be correlated with the maximum melt
velocity (Fig. 2f). This correlation is consistent with the assumption of
this model, where u,,,, occurs on the keyhole side wall and is pre-
dominantly horizontal. Therefore, a greater melt velocity leads to a
more elongated keyhole.

Periodic formation of humping
The occurrence of humps is periodic. Berger et al. first introduced the
concept of conservation of volume flow to explain this phenomenon®,
where the melt is incompressible, and the excessive melt is deflected
upward at the end of MP to form a hump. Xue et al. conducted
simulation’®, proving that the melt accumulation and the Rayleigh
instability collectively triggered the onset of humping. However, the
above analyses were based on a high-speed optical camera from the
top view® or simulation’. Therefore, the in situ X-ray observation in this
study provided clearer real-time observation of these phenomena.
The humping cycle was analyzed at the welding speed of 1.42 m/s
with the instantaneous MP length on the top surface and the waviness
of the front part of MP, as illustrated in Fig. 3a. The waviness is an
indication of the gradient of volumetric flow rate, as a steeper gradient
leads to a more excessive volume of backward melt and therefore a
higher waviness. More details of their measurements can be found in
the “Methods” section. Once the instantaneous MP length reached a
minimum, a new hump was initiated because the MP tail cannot
accommodate all backward melt flow at this moment. The humping
served as an approach to release the excessive melt, slightly extending
the instantaneous MP length on the surface. This period was defined as
the start of humping, marked in gray in Fig. 3a. During this period, the
front part of the MP showed minimal waviness as the release of melt

reduced the gradient of volumetric melt flow. After humping started,
the growth of the hump gradually slowed down. As a result, the release
of melt became less effective despite the increasing MP length, leading
to a higher MP waviness near the end of humping. Finally, when the
instantaneous MP length reached another minimum, a new humping
cycle was triggered, repeating the process and forming periodic
humps. The current observation offers direct evidence supporting the
humping theory based on the conservation of volume®.

Computational fluid dynamics (CFD) simulation

In situ high-speed synchrotron X-ray imaging provided crucial insights
into the morphologies of keyhole and MP and their effects on humping
formation in the laser welding process. Then, CFD simulation was
conducted to quantitatively analyze the melt flow within MP. The 3D
CFD model accounted for flow dynamics, eliminating the challenges of
using 2D projected synchrotron X-ray images for velocity measure-
ments. The details on the setup of CFD simulation can be found in the
“Methods” section and Supplementary Fig. 3, and the material’s ther-
mophysical properties can be found in Supplementary Fig. 4. The
simulation was validated with the MP dimensions (length, width,
depth) and the humping characteristics (linear number density and
average height of humps), as summarized in Supplementary Table 3.
The simulation successfully captured the shorter keyhole rear wall,
shallower inclination angle of the MP boundary, and the more elon-
gated keyhole along the welding direction at the higher welding speed,
aligning well with the experimental findings from in situ high-speed
synchrotron X-ray imaging.

Streamlines were then extracted from the simulation models
using the Runge-Kutta integration method*° to visualize melt flow
(Fig. 4, b). uy,,, occurred on the keyhole side wall and gradually
decelerated as the melt entered the trailing MP. At the welding speed
of 0.33 m/s (Fig. 4a), the melt flow gradually diminished to zero at
roughly the midpoint of MP and then re-entered the MP before the
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solidification front reached it. In contrast, at the welding speed of
1.42 m/s (Fig. 4b), the melt flow remained directed backward and could
not return to the MP, so it eventually traversed the entire MP length
and be deflected upward to form a hump (as highlighted in the blue
streamlines).

The net cross-sectional volumetric flow rate (Fig. 4c), defined as
the flow rates across the y-z cross-sections (+x is the welding direc-
tion), accounts for the effects of melt velocity and melt volume. It
provides a quantitative assessment of backward melt accumulation
toward the MP tail. A negative value indicates that the net volumetric
flow rate is in the -x direction (backward). At the welding speed of
0.33 m/s, the flow rate was relatively low (-—5.5x10""m3s~1) at the
front of the MP and nearly zero at the MP tail. At the welding speed of
1.42 m/s, the flow rate became more negative (-—2.4 x10~°m3s-1) at
the front of the MP and remained negative across the entire MP,
indicating greater melt accumulation toward the MP tail and leading to
humping. In addition, the gradient of the volumetric flow rate
decreased from the front to the rear of the MP, suggesting that the
elongated MP tail could not effectively slow down the backward melt
flow due to the shallow inclination angle of the MP boundary (Fig. 4b).
The flow rates were then extracted at the start and near the end of
humping to understand its periodic nature. At the start (blue curve in
Fig. 4c), the entire MP exhibited a significant net backward volumetric
all the way to the MP tail, leading to humping. Conversely, near the end
of humping (orange curve in Fig. 4c), the MP length extended by
approximately 200 um and possessed a near-zero net volumetric flow
rate (enlarged view in Fig. 4c). It created additional volume in the MP
tail to accommodate the melt, resulting in a gradual stop of humping,.
This periodic humping, characterized by alternating melt accumula-
tion and MP length extension, is consistent with the conservation of
volume® and the experimental observations in this study.

Based on the analyses of in situ high-speed synchrotron X-ray
imaging and CFD simulation, the formation mechanisms of humping
are illustrated in Fig. 4d. First, as the laser welding speed increases, the
depth of the keyhole rear wall becomes deeper beneath the surface of
the base material, reducing the barrier to backward melt flow. Second,
the MP length extends with the laser welding speed, failing to
decelerate the melt flow effectively because of the shallower inclina-
tion angle and becoming more prone to Rayleigh instability. Third, the
maximum backward melt velocity also rises significantly, increasing
the volumetric flow toward the MP tail. These factors enhance back-
ward melt velocity and reduce the flow barrier, leading to greater melt
accumulation at the MP tail and triggering humping. When humping
occurs, excess melt is released by slightly extending the MP length,
which causes the humping to cease temporarily. Therefore, the phe-
nomenon occurs periodically rather than continuously.

Development of index for humping tendency

The prediction of humping in laser welding usually relies on simula-
tion. Alternatively, a dimensionless index can be developed to calcu-
late the humping tendency based solely on process parameters and
material properties. This approach is simpler and more efficient since
it eliminates the need for complex fluid dynamics calculations. Meng
et al.* have introduced the dimensionless humping index for the arc
welding process, but its application to laser welding is limited due to
inherent disparities between the two processes. In addition, laser
welding lacks certain MP characteristics present in arc welding, such as
temperature increase and gouging length.

The Buckingham mr theorem was first employed to determine the
number of dimensionless groups, where a system with m variables and
n fundamental units can be described by (m —n) dimensionless
groups. In this study, there are 6 variables, i.e., maximum melt velocity
(Umax, M - s71), MP length (I, m), density (p, kg - m~3), specific heat
(c,ym?-s72.K"), thermal conductivity (k,kg-m-s=3-K™"), and
surface tension coefficient (y, kg - s~2). It is noted that the depth of the

keyhole rear wall was not included as a variable, because it is correlated
with the MP length (Fig. 2d, e). The above 6 variables involve 4 fun-
damental units, which are mass (kg), length (m), time (s), and tem-
perature (K). Therefore, the theorem suggests two dimensionless
groups representing the system as follows.

I

o % )
2

m, = o §

m, is the Peclet number (Pe)*, which indicates the relative
importance of convection and conduction in heat transfer within the
melt pool. i, is the Weber number, representing the free surface
deformation tendency”. Note that all materials properties were
extracted at the melting (liquidus) temperature from the thermo-
physical databases"***° and were listed in Supplementary Table 2,
given that the temperature at the end of MP is close to the liquidus
temperature.

Up.x and [ can be calculated with only the process parameters (r:
spot radius, u,,: laser welding speed, P: power) and material properties
(0, ¢y, k, and p). up,, was calculated by Eq. 1, with the calculation results
shown in Fig. 2f. For the MP dimensions (depth and length), the scaling
law was adopted. Studies have reported that the MP depth can be
scaled with P/u,r*** for the same material. The scaling of MP length
(I) has not been previously reported due to its requirement of in situ
observation. In this work, linear fitting was performed with experi-
mental data and literature data®**, as shown in Fig. 5a, following the
equation:

[ o PJuyr “)

This relationship has the highest R? value (0.9856) among all
exponent combinations for each process parameter. The MP length
was determined as the average minimum instantaneous MP length in
each humping cycle (Fig. 3a). It is noted that the scaling law for the MP
length is slightly different from the case for the MP depth (scaled
with P/u,,r).

Multiple combinations of m; and m, can be formed; however, a
simple product of them can form the dimensionless humping index
(”h)'

3 2.2
umaxl P Cp

5
ky ®)

Mp=T X, =

The values of p, ¢,, k, and y were obtained at T, from the ther-
mophysical databases***, as listed in Supplementary Table 2. Both
Umax and [ were obtained from Eqs. 1 and 4, respectively, rather than
from the simulation results. The calculated results using the data from
the current study and other references®** are shown in Fig. 5b. This
dimensionless humping index captures the onset threshold at
approximately 10,000 of m,, and describes the humping tendency. It is
also in good agreement with the study from Kawahito et al.'°, where
among the process parameters (P,u,,, and r), the humping tendency
increases with a higher P, a greater u,,, and a finer r when the other two
parameters are fixed. It also aligns well with the conclusions from the
in situ high-speed synchrotron X-ray imaging and CFD simulation,
where a longer [ or a greater u,,,, increases the humping tendency.

In addition, the model allows for the prediction of the critical laser
welding speed and the corresponding power where humping begins to
occur. Figure 5c, d shows the isolines of several penetration depths and
the 10,000-isoline of m;, calculated at r =50 and 25 um, respectively.
The intersection points between each penetration depth and the
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10,000 across different published data®*. ¢, d Process windows with (light yellow)
and without humping (light gray) separated by the 10,000-isoline of m;, and
penetration depth (um) calculated by scaling law*>** at the spot radii (r) of 50 and
25 um, respectively.

10,000-isoline of m, represent the critical laser welding speeds and
power. The model suggests several methods to enhance the critical
laser welding speed for the same material system by reducing m;,. The
first approach is to employ a finer r, which requires a lower P for the
same penetration depth. As a result, both u,,, and [ decrease, as
indicated by Eqgs. 1 and 4, leading to a reduced m, and an increased
critical laser welding speed. By comparing Fig. 5c with Fig. 5d, it is
evident that the critical welding speed increases from 0.72 to 0.87 m/s
at a penetration depth of 150 um when r is reduced from 50 to 25 ym. In
this study, the experimental results for spot radii of 21.5 and 13 um are
presented in Supplementary Fig. 5. The second approach is to reduce
the thickness of the base material, which lowers the required P for full
penetration and consequently decreases m, because of the reduced
Uy and [ (Egs. 1 and 4). As shown in Fig. 5d, the critical welding speed
increases from 0.68 to 0.87m/s at r=25um when the thickness is
reduced from 300 to 150 um. The third approach is to employ an
adjustable ring mode laser***¢, where a portion of the power is dis-
tributed to the outer ring. It allows the power of the central beam to be
decreased while maintaining the same penetration depth, leading to a
shorter [ (Eq. 4), a reduced m;,, and therefore a greater critical laser
welding speed.

Humping is an issue that occurs not only in laser welding but also
in arc welding and additive manufacturing at a high-moving speed of
heat source. This study identified the formation mechanisms of
humping by analyzing keyhole and MP morphologies and melt flow
characteristics at various welding speeds via in situ high-speed syn-
chrotron X-ray imaging and CFD simulation. The mechanisms are
concluded as follows. First, a high welding speed leads to a shorter

keyhole rear wall, therefore reducing the barrier to the backward melt
flow. Second, a prolonged MP tail at a high welding speed is not only
ineffective in decelerating the backward melt flow owing to the shal-
lower inclination angle but also susceptible to Rayleigh’s instability.
Third, the maximum backward melt velocity increases substantially
with the welding speed, leading to a significant increase in the back-
ward volumetric flow rate of melt. These factors collectively enhance
the melt accumulation towards the MP tail, ultimately causing hump-
ing. In addition, humping occurs periodically rather than continuously
because of the alternating accumulation of excessive melt at the start
of humping and the extension of the MP length when humping is near
its end.

Lastly, a dimensionless humping index (i) was developed for the
laser welding process using Buckingham’s m theorem. This index,
based solely on process parameters and material properties, quanti-
tatively depicts humping formation tendency and serves as a crucial
tool for optimizing laser welding by predicting critical laser welding
speed and power. It also suggests several approaches to enhance the
critical welding speed through reducing m,, including reducing the
spot radius, decreasing the thickness of base material, and utilizing an
adjustable ring mode laser.

Methods

In situ high-speed synchrotron X-ray imaging and laser welding
In situ high-speed synchrotron X-ray imaging of laser welding was
conducted at beamline 32-ID-B at ANL using a ytterbium single-mode
continuous wave fiber laser source (YLR-500-AC) with a spot size of
43 um, a wavelength of 1070 + 10 nm, a maximum power of 520 W, and
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an X-Y galvo-scanner (intelliSCANde 30). The experimental setup is
presented in Supplementary Fig. 1a, b. The laser welding configuration
involved overlapping two vertically stacked stainless steel foils welded
from the top. An Al alloy fixture was designed to clamp the foils and
prevent movement, featuring a 300 um-wide opening for the laser
(Supplementary Fig. 1b). The Al alloy was chosen for its lower X-ray
attenuation compared to steel*. A pseudo pink X-ray beam, with the
1st harmonic energy at 24.7 keV, was generated using an 18 mm
undulator and directed through the sample from the side during the
laser welding process. The propagated X-ray signal was recorded with
a high-speed camera (Photron FastCam SA-Z) at a frame rate of
50,000 (temporal resolution=20ps). The tested material was an
85 um-thick 439 stainless steel (Cleveland Steel, USA). The specimens
were cut by electrical discharge machining into the dimension in
Supplementary Fig. 1c, with a gauge width of only 500 um due to the
high extent of attenuation of X-ray on stainless steels.

Laser welding at EWI was performed using a single-mode con-
tinuous wave fiber laser (nLIGHT AFX-1000) with the same spot dia-
meter (43 um) and wavelength (1070 + 10 nm) as that used at ANL. The
laser has a maximum power of 550 W and is equipped with an X-Y
galvo-scanner (Scanlab HurryScan20).

Image processing and quantification
The in situ X-ray images were processed by using Image]J. Two different
approaches to image processing were employed for the following
purposes. In the first approach, each image was subtracted by the
average of the initial 50 images to reveal the change of contrast during
the welding process compared to the initial condition. For the second
approach, each image was successively subtracted by the preceding
time frame, revealing the contrast variations between two consecutive
time frames, and providing a clearer visualization of the MP lengths on
the top surfaces. Following both methods, the brightness and contrast
of images were modified manually to enhance the image contrast.
The boundaries of the keyhole and MP were first manually deli-
neated, followed by interpolation using MATLAB to achieve smooth
boundaries. The dividing point between the keyhole and MP was
defined as the initial point on the keyhole rear wall with a slope of -1.
The z coordinate at this point was defined as the depth of the keyhole
rear wall. Then, the region between this point and the one 350 um
behind the keyhole front wall was defined as the front part of MP. This
curve was then linearly fitted, with its root mean square error defined
as the MP waviness.

Optical micrograph and surface topography

The top surfaces of laser weld seams were characterized by optical
micrography and profilometry using Keyence VX-X3100. The laser
confocal method was employed to measure the surface topography of
the weld seams. To calibrate the weld seam into a horizontal surface,
the measurements were adjusted using quadratic correction based on
the positional data from the base materials adjacent to the weld seam.

CFD simulation modeling

The simulation of the laser welding process was performed using CFD
modeling with Flow-3D under the following assumptions: (1) The melt
flow was laminar, incompressible, and Newtonian. (2) The plasma
inside the keyhole and the spattering were not considered. (3) No heat
or mass transfer occurred at any faces of the simulation domain. The
dimensions of the simulation domain are depicted in Supplementary
Fig. 3a, consisting of uniformly divided cubic grids with an edge length
of 10 um. The domain lengths were set to 3 and 8 mm for welding
speeds of 0.33 and 1.42 m/s, resulting in a total number of 384,000 and
1,536,000 cells, respectively. Laser welding was conducted in the +x
direction, with lengths of 2 and 7 mm corresponding to the respective
welding speeds. The laser beam, with a spot diameter of 43 um, was
considered a surface heat source, which is amethod commonly used in

other studies™®****° to simulate laser-material interaction. In this
heat source, the heat flux was divided into each mesh, following the
Gaussian distribution shown in Supplementary Fig. 3b. The laser beam
was reflected and absorbed based on the material absorptivity*®.

The coupled governing equations in the CFD modeling included
conservation of momentum, energy, and continuity*®, Laser absorption,
thermal conduction, surface radiation, and convection were incorpo-
rated for energy calculation. The temperature-dependent laser absorp-
tivity data were acquired from the reference”, and the temperature-
dependent physical properties were obtained from references"***’, as
shown in Supplementary Fig. 4. The recoil pressure was temperature-

dependent, following P,..; =aexp [b( - T—T")} with a=6000Pa and

b=6" The primary forces considered in the model included recoil
pressure, surface tension, viscosity, buoyancy, and gravity. Additional
details regarding the force setup can be found in ref. 52.

The validation of the CFD simulation models was performed
based on the MP dimensions (length, width, depth) and the humping
characteristics (linear number density and average height of humps),
as listed in Supplementary Table 3. The differences of each key metric
between experiments and simulations were all below 10%. Addition-
ally, the u,,, showed a good agreement between the analytical cal-
culation (Eq. 1) and the CFD simulations, as listed in Supplementary
Table 4.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information
files. Source data are provided with this paper.
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