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Abstract

The formation of keyholes during high-irradiance laser-metal interaction is the complex, multiphysics phenomenon that underpins industrial
processes such as laser-based additive manufacturing, laser welding, and laser cutting. The complex dynamics of energy coupling in keyhole
formation are not well understood, and the energy absorptance in these processes are often assumed to be constant. Therefore, we implement two
state-of-the-art measurement techniques in operando to simultaneously measure keyhole depth using inline coherent imaging and laser energy
absorptance using integrating sphere radiometry at imaging rates of 200 kHz. Results directly reveal the time evolution of cavity-enhanced
absorptance in these keyholes generated by the laser-metal interaction. For stationary irradiance on AISI 316 stainless steel, we find that
processing in an argon-rich environment compared to air reduces coupling efficiency by 50 % + 11 % in conduction, 27 % + 2 % in transition,
and 8 % £ 3 % in keyhole mode. High imaging rates allow clear observation of liquid surface oscillations and corresponding changes to

absorptance, declining from 15 kHz to 10 kHz over the first 10 ms of the spot weld.
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1. Introduction

Laser welding, cutting, and additive manufacturing suffer
from a lack of in situ monitoring tools and real-time control
methods, leading to long development cycles for new
processes, high rates of defects, and difficulty in setting
industry standards [1, 2, 3, 4]. A crucial element of the laser-
metal interaction that is often simulated but lacks experimental
validation is the relationship between melt pool shape
(including keyholes) and energy absorption [5, 6, 7, 8]. Recent
efforts have made great progress on this problem through
specialized research monitoring tools that directly image the
melt pool and keyhole shapes (i.e., high-speed x-ray imaging
[9, 10]) and measure dynamic absorptance change (integrating
sphere radiometry [11, 12]). Nevertheless, for purposes of
modelling and predicting final part properties, absorptance is
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often measured pre-processing and treated as a static constant
and melt pool/keyhole shape is simulated dynamically but only
compared to post-mortem analysis. In this work, we combine
inline coherent imaging (ICI), a tool designed to measure melt
pool surface height/depth with micrometer precision at 200 kHz
in industrial settings [13, 14, 15, 16], and integrating sphere
radiometry (ISR), a tool able to measure absolute absorptance
of laser power during the process at speeds up to 1 MHz [11,
17]. By observing both depth and absorptance at speeds faster
than the system is changing, we can provide a clearer picture of
how these intrinsically linked physical phenomena affect each
other; thus, enabling the development of high-fidelity,
deterministic models of the laser-metal processing system.

In this work, we apply this combined method to explore the
effects of inert environments on the relationship between melt
pool and keyhole depth and absorptance in operando. Argon
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cover-gas is regularly used in laser-metal processing
applications to reduce oxidation induced defects at the liquid
metal surface [18, 19]. We directly compare time-resolved melt
pool and keyhole depth with absorptance data for spot welds
performed in argon-rich atmosphere and air environments. Also
presented is a comparison of the time-averaged data and a
frequency analysis of the observed liquid surface oscillations.

2. Methods
2.1. Processing laser

High-irradiance stationary laser illumination is performed
using a 1 kW Yb-doped fiber laser with a 100 pm core delivery
fiber. A 150 mm focusing optic is used to focus the processing
laser beam to a 1/e? spot size of 238 um. The focused beam has
an M? value of 9.8 and a Rayleigh length of 4.23 mm. In this
experiment, the laser is operated with powers ranging from
100 W to 410 W, confirmed to within 3 % with a commercial
power meter. Pulse irradiance is calculated from the average
power and the area of the beam incidence using the 1/e?
diameter. The laser is fired in pulsed mode to produce single
pulses of 10 ms nominal duration. The actual pulse durations
range from 9.896 ms to 9.972 ms depending on the laser power
setting. The temporal distributions of the laser pulses are top
hat in nature with rise times shorter than 75 ps.

2.2. Simultaneous inline coherent imaging and integrating
sphere radiometry

ICI is low coherence interferometry implemented
collinearly with the high-power processing beam [13, 14, 15,
16, 20]. The ICI system used in this work can extract sample
height at a rate of 200 kHz, with an axial resolution of 15 um
(minimum axial distance between two interfaces that can be
distinguished) and a single-point measurement repeatability of
0.6 um. ISR is a technique that uses an integrating sphere to
measure off-axis scattered light from laser illumination in order
to calculate absolute absorptance [11, 17, 12]. The ISR system
used in the present work measures scattered light in the sphere
with a photodiode with a rise time of 4.4 us. This system does
not include a photodiode in the weld head, so absorptance from
early in the welds, when reflections are primarily specular, are
not reported in the figures (for durations after laser turn-on of
up to 385 ps in air and 645 ps in argon). The influence of the
vapor plume on integrating sphere-based absorptance
measurements has been discussed in a previous work [12]. For
the relatively short pulse durations and low irradiance values
used in this work, the effect is expected to be negligible. ICI
and ISR have previously been combined for simultaneous
monitoring. Further description of the individual systems and
the method for combining them can be found in Ref. [21].

2.3. Sample preparation

Samples of NIST SRM 1155a (AISI 316 stainless steel) [22]
are prepared as described in Ref. [11]. Each SRM puck is
polished to a consistent mirror-like finish and washed with
methanol. NIST SRM 1155a was chosen for this experiment as

there have been recent high-fidelity thermophysical property
measurements into this system [23]. These improved
measurements increase the accuracy of existing models, which
when coupled with the proposed measurements allow for a
more robust understanding of the keyhole dynamics during
laser processing.

2.4. Processing in argon environment

For experiments involving an inert processing environment,
modular gas flow ports on the integrating sphere are switched
to allow it to be filled with argon. This experiment used
99.995 % industrial grade argon. Before each trial, the argon
tank is opened and the flow rate into the sphere is monitored
and kept low enough to ensure the position of the sphere is not
disturbed. The gas flow is left on long enough to be confident
that the full volume of the sphere has been recycled multiple
times with argon gas. To remove any effect of the flow on melt
pool behavior, it is shut off just before firing the laser pulse.

3. Results and Discussion

Single, stationary laser pulses of 10 ms each are applied to
the NIST SRM samples, with a range of irradiance values
encompassing  conduction  through  keyhole  mode
(0.23 MW/cm? to 0.92 MW/cm?). The ICI system performs
one-dimensional depth measurements at a rate of 200 kHz with
an axial resolution of 15 um. ICI monitors the axial position of
the metal surface at the center of the melt pool, which may be
either a keyhole depth (positive value) or melt bead height
(defined here as negative depth). This versatility which comes
from its large depth of field and dynamic range, serves well for
monitoring transition mode processing where it may need to
track both behaviors at different times. Absolute absorptance
of the processing laser energy by the metal sample is measured
using ISR with a time resolution of 4.4 ps.

3.1. Dynamic depth and absorptance measurements in argon
and in air

Figure 1 shows select time-resolved measurements of depth
and absorptance from each processing regime (conduction,
transition, and keyhole) and for processing in argon and in air.
The zero point on the depth scale represents the position of the
metal surface measured by ICI before the laser is turned on.
Negative values for depth correspond to above the initial
sample surface. Laser turn-on occurs at 0 ms.

First, considering conduction mode (Fig. 1 a-b), at
0.35 MW/cm?, the most noticeable difference is the reduced
absorptance under inert conditions. In both cases, the
absorptance slowly rises with some rapid fluctuations, but in
argon it plateaus to an average value of 0.21 and in air it rises
to a maximum of 0.51. This difference is explained by reduced
oxidation under inert conditions. This is consistent with the
difference in appearance in the weld beads after processing.
The welds performed in air were dark brown while in argon
they were bright and shiny. Considerable difference is also seen
in the depth measurements. In air, the center of the melt pool
rises over time to a maximum height of 83 pum, with slight
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fluctuations throughout. In argon, the melt bead rises briefly
before showing oscillatory behavior. In the figure, this appears
as two distinct bands of data points around -25 pm and 20 pm.

In transition mode (Fig. 1 c-d), at 0.46 MW/cm?, the
behaviors in the two environments become more distinct. In air,
we regularly observe the formation of temporary, highly
volatile keyholes. These appear in the ICI data as sudden
increases in depth, followed by rapid fluctuations, and
eventually a sudden return to the pre-keyhole depth. Depth
fluctuations are likely caused by sidewall protrusions or partial
keyhole collapse, as both have the potential to limit the
penetration of the ICI beam. The absorptance increases during
these temporary keyholes to a maximum of 0.56, due to the
temporary cavity formation. These shallow keyholes allow
most of the processing light to interact with the workpiece
multiple times due to reflections. It is interesting that even with
the increased absorptance, the incident beam has sufficient
energy to form a keyhole but not to sustain it. Surface tension
pressure has been proposed as the likely cause for this
behavior [24]. As irradiance increases through the transition
mode in air (0.44 MW/cm?to 0.49 MW/cm?), the frequency and
duration of temporary keyholes increases until a consistent
keyhole can be maintained [21]. In argon, it was possible to
observe this behavior, albeit less frequently. More often, a
keyhole would not form at all and instead the depth and
absorptance would oscillate, similar to what was seen in
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conduction mode. This seemingly high variability between
forming temporary keyholes or strong surface oscillations
occurs over the narrow processing window from 0.45 MW/cm?
to 0.52 MW/cm?. The oscillating behavior is analyzed in
greater detail in Section 3.3.

In keyhole mode (Fig. 1 e-f), at 0.58 MW/cm?, the
differences between air and argon conditions are reduced. For
both environments, this irradiance is sufficient to quickly
initiate keyhole formation and keep it open for the full 10 ms
pulse. In argon, the keyhole growth rate is lower and does not
reach the same maximum depth as in air for identical
irradiances. The measured maximum absorptance is similarly
reduced. These differences are expected, as oxygen content in
assist gas has been shown to increase laser cutting speed [25]
and improve the weldability of copper [26]. In both cases, an
increase in initial absorptance due to oxidation was cited as the
reason for these benefits. This claim seems to be confirmed by
our data, as the weld in air has increased initial absorptance and
greater achieved depths for the same laser exposure. Another
effect that may play a part is the change in convective melt pool
dynamics in inert environments. Specifically, the Marangoni
flow is inward towards the center of the melt pool in the
presence of high concentrations of oxygen and generally
switches to outward flow when oxygen concentration is
significantly reduced [27].
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Fig. 1. Time-resolved depth and absorptance data from spot welds: (a) in argon at 0.35 MW/cm?, (b) in air at 0.35 MW/cm?, (¢) in argon at 0.46 MW/cm?, (d)
in air at 0.46 MW/cm?, (e) in argon at 0.58 MW/cm?, (f) in air at 0.58 MW/cm?,
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3.2. Average depth and coupling efficiency in argon and in air

Time-averaged data, while only giving limited information
about the dynamics of the process, are still useful for
distinguishing thresholds between conduction and keyhole
mode and for comparing general trends between processing
parameters. From the time-resolved data shown in Section 3.1,
it is straightforward to calculate the average absorptance
(coupling efficiency) and average depth for each irradiance, as
shown in Fig. 2.

For coupling efficiency, there is a striking gap at low
irradiance due to lack of oxidation in inert environments. The
largest difference is observed at an irradiance of 0.23 MW/cm?,
with argon and air environments giving coupling efficiencies
of 0.08 and 0.42, respectively. As irradiance increases the
argon coupling efficiency rises until the point where we start to
observe temporary keyholes (the end of the conduction mode).
In the absence of oxide formation this can be explained by the
temperature dependence of absorptance [28, 29]. Over the
same range in air, the measured coupling efficiency is relatively
stable and even drops slightly before the transition mode starts,
suggesting that oxide formation has a stronger influence than
temperature on absorptance under these conditions. The slight
drop may be caused by irradiance becoming high enough for
oxide vaporization, but not yet high enough to generate
sufficient recoil pressure to open a keyhole. Overall,
conduction mode in argon compared to air has a 50 % + 11 %
reduction in coupling efficiency.

The main differences that occur in the transition regime
between argon and air were described above alongside the
time-resolved data, but here the difference in keyhole threshold
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Fig. 2. Time-averaged data for (a) coupling efficiency and (b) average
depth, for both argon and air environments.

is better displayed. At 0.45 MW/cm?, both environments start
to allow temporary keyholes to form. By 0.52 MW/cm?, spot
welds in air consistently form sustained keyholes. In argon, we
do not observe this until 0.58 MW/cm? The coupling
efficiencies measured at these thresholds are 0.58 for air and
0.59 for argon. These values are obviously similar, but also
close to the expected Fresnel absorption value that one would
obtain from two reflections off a liquid steel surface [30, 31, 8].
This may imply that regardless of processing conditions the
start of keyhole mode is the formation of a shallow cavity that
supports two reflections (e.g., a cone with an aspect ratio of 1).
This condition has been predicted in models for moving welds
[32, 24].

In keyhole mode, the coupling efficiencies in both
environments start to approach similar behavior. In this regime,
factors that dominate absorptance in conduction and transition
mode are now dwarfed by the geometric effects of keyholes
and the multiple reflections they facilitate. Interestingly, the
coupling efficiencies are closer than one would expect when
considering that the argon spot welds have disproportionately
lower average depth in this regime. Firstly, this may simply be
because absorptance has a reduced sensitivity to depth as depth
increases [6]. At a certain point, more reflections will have a
negligible effect on the absorptance, so keyholes over a range
of depths can all give similar absorptance. Another possibility
is that the shape of the keyhole is generally different between
the two environments, allowing the shallower keyholes in
argon to give similar absorptance as those deeper ones in air.
Regardless of the exact mechanisms, the coupling efficiency in
keyhole mode in argon compared to air is reduced by only
8% +3 %.

3.3. Time-frequency data from transition mode in argon

Time-resolved data from the transition mode in argon
suggests oscillatory behavior, but the relationship between
frequency of depth and absorptance fluctuations is not obvious
from simple inspection of Fig 1 c. We use a short-time Fourier
transform (STFT) to quantify oscillation frequencies of the
time-resolved depth and absorptance data and see how they
evolve in time. STFTs cannot be performed on sparse data sets,
and since ICI experiences occasional signal loss in this regime
due to off-axis specular reflections, gaps in the depth
measurements are linearly interpolated before frequency
analysis. STFTs were performed on depth and absorptance data
independently, using a Hann window with a length of 1 ms and
50 % overlap (to ensure equal sampling of all data points).
Since absorptance data only starts at 0.57 ms (see Section 2.3)
and because the pulse durations are not a full 10 ms, the STFTs
exclude data from the first 1.07 ms and last 0.93 ms of the spot
weld.

Figure 3 a-b show the results of STFTs performed on the
time-resolved data in Fig. 1 c. In both the absorptance and
depth spectrograms there is a distinct curve that starts near 15
kHz and decreases to 10 kHz over the weld duration. There are
also fainter curves at multiples of these frequency values. These
higher harmonics suggest that the oscillations are not perfectly
sinusoidal. Also notable from the spectrograms is the width of
the fundamental frequency peaks. These peaks are modeled
well by Gaussian functions and all have full width at half
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Fig. 3. Time-frequency data from a spot weld performed in argon
environment at irradiance of 0.46 MW/cm?. (a) and (b) show spectrograms
generated by STFT for absorptance and depth, respectively. A Hann window
was used with 1 ms length and 50 % overlap. Low frequencies (< 3 kHz) are
excluded from the plot as they are not in a region of interest and contain DC
noise. (¢) Plot of the peak frequencies from each window of the STFTs found
using Gaussian fits.

maximum close to 2 kHz. This gives a good estimate on the
frequency resolution of this method, although the fit
uncertainties on the center frequency positions are much lower
(less than 10 Hz).

Figure 3 ¢ plots the peak frequency (found by Gaussian
fitting) as a function of time for both depth and absorptance.
This shows more clearly how the fundamental frequency
decreases over time, which is expected to occur as the melt pool
volume grows [33]. The analogy of a vibrating drumhead is
useful: a larger surface area drum has a lower resonance
frequency. The second point is that the frequency of
oscillations in depth and absorptance, which are measured
independently, evolve together with similar values. This
suggests that these non-keyhole surface oscillations are directly
responsible for the oscillations in absorptance.

As mentioned in Section 3.1, we observe these strong
surface oscillations throughout the transition mode in argon,
but sometimes a repeated trial at the same irradiance will show
temporary keyhole formation. Being so close to the threshold
of keyhole formation, it is possible that the amplitude of the

absorptance oscillations may dictate when these temporary
keyholes form. As other work has shown, the fundamental
frequency of the melt pool can be driven by modulating the
laser beam at the same frequency to assist in laser drilling [34].
Here we show that driving these surface oscillations may not
work only by mechanical resonance, but also by dynamic
increases in energy coupling. This may open the possibility of
fine control over keyhole formation (or suppression) by
monitoring and exploiting surface mode oscillations.

4. Conclusion

By implementing ICI and ISR simultaneously to monitor
laser spot welding of AISI 316 stainless steel, we have revealed
unique insights into the underlying physics of laser-metal
interaction. We showed that processing in argon compared to
air significantly reduces coupling efficiency in conduction
mode due to the lack of oxide formation. We observed that
transition mode melt pools in argon undergo well-defined
surface oscillations, decrease in frequency from 15 kHz to
10 kHz over time, and sometimes form temporary keyholes.
These surface oscillations also produced highly correlated
oscillations in absorptance. In a range of irradiance where
sustainable keyholes could be formed, time-resolved and time-
averaged data for spot welds in argon and in air become more
similar, providing further evidence that multiple reflections is
the dominant factor that influences absorptance in keyhole
mode. These observations will be valuable for development of
models and active control schemes, highlighting the
importance of hybrid monitoring tools that measure multiple
aspects of the process simultaneously.
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