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A B S T R A C T   

In situ monitoring is critical to the increasing adoption of laser powder bed fusion (LPBF) and laser welding by 
industry for manufacture of complex metallic components. Optical coherence tomography (OCT), an interfero-
metric imaging technique adapted from medical applications, is now widely used for operando monitoring of 
morphology during high-power laser material processing. However, even in stable processing regimes, some OCT 
depth measurements from the keyhole (vapor cavity formed at laser beam spot) appear too shallow or too deep 
when compared to ex situ measurements of weld depth. It has remained unclear whether these outliers are due to 
imaging artifacts, multiple scattering of the imaging beam within the keyhole, or real changes in keyhole depth, 
making it difficult to accurately extract weld depth and determine error bounds. To provide a definitive 
explanation, we combine inline coherent imaging (ICI), a type of OCT, with synchrotron X-ray imaging for 
simultaneous, operando monitoring of the full 2-dimensional keyhole profile at high-speed (280 kHz and 140 
kHz, respectively). Even in a highly turbulent pore-generation mode, the depth measured with ICI closely follows 
the keyhole depth extracted from radiography (>80% within ± 14 µm). Ray-tracing simulations are used to 
confirm that the outliers in ICI depth measurements (that significantly disagree with radiography) primarily 
result from multiple reflections of the imaging light (57%). Synchrotron X-ray imaging also enables tracking of 
bubble and pore formation events. Pores are generated during laser welding when the sidewalls of the keyhole 
rapidly (>10 m/s) collapse inwards, pinching off a bubble from the keyhole root and resulting in a rapid decrease 
in keyhole depth. Evidence of bubble formation can be found in ICI depth profiles alone, as rapid depth changes 
exhibit moderate correlation with bubble formation events (0.26). This work moves closer to accurate, localized 
defect detection during laser welding and LPBF using ICI.   

1. Introduction 

Inline coherent imaging (ICI) is a low-coherence interferometric 
imaging technique, similar to optical coherence tomography (OCT), that 
has been successfully deployed in several laser material processing ap-
plications including laser welding, micromachining, and laser powder 
bed fusion (LPBF) additive manufacturing [1,2]. ICI is uniquely suited to 
these processes due to its robustness to intense process emissions, which 
include broadband blackbody radiation and metal vapor jet formation. 

Photodiode measurements of these emissions, while simpler to integrate 
into LPBF machines or laser welding cells, are susceptible to 
material-dependent changes in the emissions (blackbody radiation, 
plasma, etc.) from the keyhole/melt pool [3]. ICI captures depth mea-
surements at high-speed from the keyhole during laser welding and 
LPBF. The keyhole (or vapour depression) depth, which corresponds 
closely with the penetration depth of the LPBF track or weld, is a key 
indicator of process quality. An LPBF track needs to penetrate the pre-
viously deposited layer(s) to avoid “lack-of-fusion” defects [4]. To 
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increase build rate, LPBF is often performed at high velocity (~1 m/s), 
resulting in a “pedestal” shaped keyhole with a wide keyhole opening 
(>laser beam diameter) [5]. By contrast, laser welding is often per-
formed at lower velocity (<100 mm/s) to achieve deep penetration, 
which results in a high aspect-ratio keyhole and increased likelihood of 
keyhole porosity [6]. Additionally, high velocities are also increasingly 
being used for laser battery tab welding [7]. In this case, insufficient 
weld penetration can increase electrical resistance and reduce battery 
performance, while over-penetration can damage the battery itself [8]. 

Before this work, operando ICI depth measurements from a keyhole 
have only been corroborated by ex situ, destructive microscopy [1], 
which says little about the accuracy of ICI for tracking keyhole dy-
namics. While ICI depth measurements largely agree with the fusion 
region in micrographs, there are still a significant number of outliers that 
do not agree and cases when ICI experiences completely signal loss 
(“dark” measurement). A better understanding of the keyhole mor-
phologies that result in outlying and dark ICI depth measurements could 
improve the accuracy of ICI-based depth-tracking compared to ex situ 
measurements. It could also provide more information about the 
keyhole dynamics, which are not observable ex situ from static, cooled, 
and mechanically sectioned samples. 

One possible cause of outliers is multiple reflections of the imaging 
beam within the keyhole. Rather than reflecting off the keyhole root and 
then exiting through the top of the keyhole, the ICI beam can reflect off 
the keyhole sidewalls. Multiple reflections are key to efficient energy 
coupling between the processing beam and the (highly reflecting) metal 
[9] but have the potential to obscure measurement. Depending on the 
tilt of the keyhole walls and the transverse position of the ICI beam [10], 
the ICI beam can be reflected across and out of the keyhole (too shallow) 
or reflected down towards the keyhole root where it can undergo several 
more reflections within the cavity (too deep). As they result in de-
viations from the true keyhole depth, efforts have been made to elimi-
nate multiple reflections along with noise from other sources like 
speckle. 

Smoothing of OCT data is often based on frame-averaging or ma-
chine learning [11–13]. Recently, Boley et al. developed a denoising 
algorithm and percentile filter for analyzing OCT depth measurements 
from deep penetration (1–4 mm) laser welding [14]. Time-windowed 
(5–50 ms) measurements filtered based on frequency (i.e., rarely 
measured depths are discarded) and statistical distribution showed 
excellent agreement with ex situ microscopy. Such an approach im-
proves correlation with final part structure but at the cost of reduced 
effective imaging rate and exclusion of transient dynamics. More 
importantly, without real-time, experimental verification of the 2D 
keyhole geometry, it is impossible to quantify the importance of multi-
ple reflections or discern them from true outliers in OCT depth mea-
surements (whether caused by noise or real sporadic depth increases 
such as observed in LBPF raster scanning [15]). 

The causes of signal loss in OCT of laser keyhole welding have also 
remained elusive. For high aspect-ratio and unstable keyholes, like those 
that form when welding high-reflectivity metals (e.g. Al, Cu), at high 
oxygen levels, or without proper assist gas, OCT may go dark > 90% of 
the time [16]. Our previous work suggests that this is mostly due to 
geometric signal loss, i.e. the keyhole geometry backreflecting the ICI 
beam outside the collection angle of the ICI system. Motion artifacts and 
speckle could also contribute to loss but are difficult to measure. Since 
the ICI beam is spatially coherent, it is susceptible to speckle loss from 
variations in sample morphology over the length scale of the imaging 
wavelength (864 nm here) [17]. 

Though limited to very specific part geometries, high-speed syn-
chrotron X-ray imaging is uniquely capable of verifying ICI of laser 
keyhole welding and LPBF. By directly imaging the keyhole geometry in 
2D, X-ray imaging offers new insights into the source of outliers and 
complete signal loss in simultaneous ICI depth measurements. X-ray 
imaging also allows for correlation of bubble and pore formation events 
with features of the ICI depth data, aiming to classify and predict 

porosity defects using ICI. The fast dynamics of the process and large 
amount of in situ data for each pore formation event make feature 
extraction challenging. 

Recently, Paulson et al. trained a machine learning (ML) algorithm 
with simultaneous, operando (during laser processing) infrared and 
synchrotron X-ray imaging data [18]. They were able to accurately 
predict whether significant porosity would form within an LPBF track 
over different processing regimes but found too much scatter in the 
thermal histories over smaller segments (<100 ms) of each track. This 
prohibited localized detection of pore formation. Over multiple seg-
ments, thermal histories with high peak temperatures, and 
non-monotonic cooling (dips and increases in temperature after the laser 
pass) were correlated with porosity formation. Based on modelling of 
keyhole dynamics [19–21], the corresponding keyhole depth signatures 
are likely to include spiking and collapse. 

The time scales of spiking and collapse are of key importance to 
understanding the temporal resolution required for tracking dynamics. 
Recent work in acoustics-based monitoring found that the most infor-
mative features for classifying pore formation events was the spectral 
power in the 20–50 kHz frequency band [22–25]. This agrees with work 
by Khairallah et al. [26] that used ultrahigh-speed (25 MHz) integrating 
sphere radiometry measurements of keyhole absorptivity, coupled with 
synchrotron X-ray imaging, to uncover fast, periodic oscillations 
(~40–50 kHz) in the keyhole for ~1 ms leading into a pore generation 
mode. In the pore generation mode, the authors observed turbulent 
multi-modal oscillations in the keyhole, spanning frequencies of 20 kHz 
to > 60 kHz. The Nyquist limit for resolving keyhole dynamics during 
pore formation is then at least 40 kHz. 

In this paper, an ICI system is integrated into the LPBF test rig at the 
Advanced Photon Source (APS) (Section 2.1, detailed in [27]) to capture 
depth measurements from laser keyhole welding of aluminum alloy 
6061 operando and simultaneous with synchrotron X-ray radiography of 
the 2D keyhole shape. High-speed synchrotron X-ray imaging provides 
real-time verification of ICI for tracking fast keyhole dynamics. By 
simultaneously capturing the full 2D keyhole morphology, radiography 
can also improve our understanding and handling of outliers in ICI data, 
when ICI significantly disagrees with X-ray. In particular, it can discern 
the prevalence and impact of multiple reflections of the imaging beam 
within the keyhole, a lasting mystery in OCT monitoring of laser keyhole 
welding and LPBF. 

2. Materials and methods 

The experimental set-up consisted of: the LPBF test rig in-house at 
the beamline (detailed in [27]); a linear motion stage for translating the 
sample and imaging in a Lagrangian frame of reference; an interfero-
metric, inline coherent imaging (ICI) system for high-speed, in situ and 
operando morphology measurements; and the synchrotron X-ray beam-
line, 32-ID at APS, used to capture in situ and operando radiographs. 

2.1. Laser powder bed fusion 

Laser powder bed fusion (LPBF) was carried out using an ytterbium 
fiber laser (IPG YLR-500-AC, IPG Photonics, Oxford, Massachusetts, 
USA) with a nominal wavelength and maximum power of 1070 nm and 
520 W, respectively. Since the laser beam is redirected by the ICI im-
aging module (Section 2.2), the height of the laser focal plane was 
remeasured for this study (Section A.1). Based on this measurement, the 
spot size of the laser beam at the substrate surface was set to be 47 ± 2 
µm (1/e2 diameter). This was chosen to be slightly larger than the beam 
waist to increase the keyhole width. Generally, ICI alignment is easier 
and more backscattered imaging light can be collected from wider 
keyholes. As discussed in Section 2.2, the nominal laser power was 
limited to a maximum of 260 W due to the power-handling limitations of 
the dielectric mirror. Based on a laser power calibration done at APS in 
2019 and accounting for losses of 3% and 0.8% at the dichroic and 
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dielectric mirror, respectively, the expected power at the substrate is 
253 ± 1 W ( ± 0.5% typical stability [28]). 

While making important contributions to the field, previous X-ray 
imaging studies using a galvanometric scanner have been limited in total 
imaging time by the field-of-view (FOV) (Section 2.3). Longer imaging 
times are needed for high-resolution frequency analysis, of keyhole 
depth for example, and for imaging of AM at higher scan speeds and of 
larger components. By instead using a linear motion stage (Parker 
MX80L) to translate the sample, keeping the laser stationary, X-ray 
imaging time is only limited by camera memory. This allowed us to 
increase the imaging time of the APS system from 2 ms (280 frames, 1 
mm track length) to 14 ms1 (1260 frames, last ~7 mm of each ~9.5 mm 
track) for the frame rate (140 kHz) and scan speed (500 mm/s) used 
here. Traverse rate was held constant at 510 ± 6 mm/s for this study, 
confirmed using ICI (Section A.2). 

The substrates used in this study were aluminum 6061 (McMaster- 
Carr, cold-rolled) with dimensions (l× h× t): 49 ± 1 × 10.0 

± 0.1 × 1.00 ± 0.02 mm (thermophysical properties listed in Table S 
2). The relevant energy densities are given in Table 1. 

While aluminum 6061 is a widely used material, especially in 
structural applications due to its high strength-to-weight ratio, it is also 
sensitive to solidification cracking during LPBF [31] or laser welding 
[32]. Like many aluminum alloys, it also has a number of properties that 
increase the likelihood of pore formation [33]. The use of aluminum 
6061 in LPBF has thus been quite limited. However, the high frequency 
of porosity and cracking defects during LPBF of aluminum 6061 can be 
beneficial for imaging and understanding the dynamics of pore or crack 
formation. 

Simultaneous X-ray and ICI imaging results from LPBF, with a layer 
of powder, will be presented in future work. Previous work by Bitharas 
et al. using synchrotron X-ray imaging suggests the variations in weld 
depth with and without powder are similar, but also noted a slight 
decrease in penetration depth and irregularly shaped keyholes in the 
presence of powder [34]. ICI of metal powder layers, including in situ 
LPBF, is characterized by broader A-line peaks due to the sampling of the 
powder particle(s) surface height within the imaging spot size, and 
somewhat reduced peak backscattered intensity due to diffuse reflec-
tion, as detailed in our previous work [2,35]. 

2.2. Inline coherent imaging 

The substrate holder, linear motion stage and ICI optics are depicted 
in Fig. 1. The substrate holder is fastened to the linear motion stage, 
which is mounted into the chamber of the LPBF test rig. 

The ICI system is based around a single-mode fiber-coupled, broad-
band superluminescent diode light source (BLM2D series, Superlum, 
864 ± 37 nm), which is split into two free-space interferometer arms 
(“reference” and “sample”, reference has fixed path length), and a high- 

speed spectrometer [2]. For fast computation, spectral interferograms 
recorded by the high-speed spectrometer are processed using a homo-
dyne filtering technique similar to a fast Fourier transformation, as 
described by Webster et al. [36]. The system is characterized by an axial 
point spread function of 6 µm, measured experimentally and matching 
the theoretical value based on the bandwidth of the imaging light source 
[37]. The focused spot size of the imaging beam was measured to be 25 
± 4 µm (1/e2). 

The optics in the sample arm of the ICI system (Fig. 1) are as follows: 
(1) ICI scanning module consisting of a micro-electromechanical sys-
tems (MEMS) scanner mirror mounted to one of the external ports on the 
LPBF test rig, and (2) ICI imaging module mounted inside the chamber 
and consisting of a focusing lens, a dichroic mirror (Edmund Optics 
86–688), and a final dielectric mirror (Thorlabs BB1-E03). The MEMS 
scanner allows for alignment of the imaging beam to the high-power 
laser beam. The imaging beam is coupled from the scanning module 
into the chamber where it is focused, combined coaxially with the laser 
beam at the dichroic mirror, and directed towards the sample by the 
dielectric mirror. 

Alignment of the ICI beam to the processing laser was achieved by 
marking vertical and horizontal lines onto a staircase calibration sub-
strate using the laser. The staircase calibration substrate included five 
planes (the nominal substrate height, ± 0.5 mm, and ± 1 mm) to align 
the two beams through the laser focus. After marking a line, the ICI 
beam was raster scanned across it while adjusting either the final mirror 
in the ICI scanning module or the dichroic mirror in the ICI imaging 
module to center the height signature from the marked line in the raster 
scan (positioning the line at the home position of the MEMS scanner). 
This was repeated for the orthogonal direction (vertical and horizontal 
lines). For high-speed moving welds and LPBF tracks, the transverse 
position of the keyhole root is slightly displaced from the laser beam. 
The ICI beam was then strategically offset to trail the laser by 10 µm 
using the MEMS scanner. This offset was found to maximize the average 
ICI backscattered intensity for the selected process parameters by 
centering the ICI beam on the keyhole root rather than partway along 
the front keyhole wall. This offset of the keyhole root behind the laser 
beam position during high velocity LPBF has been previously observed 
[5]. 

An individual ICI measurement, referred to as an axial line or “A- 
line”, yields backscattered intensity as a function of depth over the 
measurement range (Fig. S6) [2]. A flat interface in the sample arm 
yields a single peak in the A-line corresponding to the point spread 
function of the imaging system. A single depth value can be extracted 
from each A-line using several different methods. For fast processing, the 
depth bin with the maximum backscattered intensity is used (maximum 
intensity tracking) after first applying a threshold to avoid errors due to 
background noise (see Section 3.4). A noise threshold of 13 dB was 
applied when processing the ICI data presented in Fig. 2 and Fig. 3. The 
final step in ICI data processing is decimation, for example, maximum 
intensity tracking but over blocks of successive A-lines, with the aim of 
improving tracking accuracy (see Section 3.4). Note that no decimation 
was applied when processing the ICI data presented in Figs. 2 and 3. 

Due to the proximity of the optics to the laser focus, power handling 
needed to be considered. Firstly, damage to the dichroic mirror occurred 
at nominal laser powers above 260 W, which was set as the limit for this 
study. Secondly, the stability of the ICI optics during laser processing 
was verified prior to conducting experiments by positioning a beam 
dump underneath the laser and a silver mirror next to it. The ICI beam 
was directed at the silver mirror while firing the laser and height mea-
surements were captured. This way, the effects of thermal expansion/ 
contraction or deformation of the dichroic or dielectric mirrors due to 
the laser would be included in the ICI height measurements of the silver 
mirror. Gaussian fitting of A-lines was performed instead of maximum 
intensity tracking as described above, which is more intensive, but can 
track the centroid of the A-line peak, and corresponding height, over 
time with sub-micron precision. Over 20 ms of laser on-time, the mirror 

Table 1 
Calculated energy density parameters for aluminum alloy 6061 with a laser 
power of (253 ± 1) W, 1/e2 beam diameter of 47 ± 2 µm and scan speed of 510 
± 6 mm/s.  

Energy density parameter Value Uncertainty 

Linear energy density (LED) [J/mm] 0.496 0.006 
Area energy density (AED) [103 J/cm2] 1.05 0.05 
Normalised enthalpy[29] 18 1 
Normalised enthalpy product[30] 29 1  

1 19 ms laser on time less 5 ms for the slow X-ray shutter on the beamline to 
completely open 
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height measurements had a standard deviation of 0.06 µm, with no 
obvious trends over time. This is well below the axial resolution of the 
ICI system and can therefore be ignored. 

The stability of the ICI optics and sample holder to vibration also 
needed to be verified. A second set of height measurements were 
captured from the stationary mirror with the laser off but while 

Fig. 1. Simultaneous operando X-ray and inline coherent imaging (ICI) of LPBF-AM process. Schematic of experimental set-up integrated into LPBF test rig including 
an ICI scanning module mounted to one of the viewing ports on the chamber and an ICI imaging module mounted inside the chamber above a linear motion stage and 
custom substrate holder. 

Fig. 2. ICI measured depth profile using maximum intensity tracking (relative to the substrate) from a ~10 mm long line weld on aluminium alloy 6061 (top), 
stainless steel 316 L (bottom). Mean and standard deviation in depth over 1–9 mm is 352 µm and 105 µm, and 431 µm and 57 µm for Al and SS respectively. Line 
welds were written using the laser workstation (SupplementaryAA.3) with parameters: 872 W and 150 mm/s (Al), and 463 W and 150 mm/s (SS). The laser turns on 
at a traverse distance of 100 µm, explaining the short delay in punch-down in the SS weld (bottom). 

Fig. 3. ICI measured depth profile using maximum intensity tracking (relative to the substrate) from a ~9.5 mm (19 ms laser on-time) long line weld on aluminium 
6061, laser parameters: 253 W, 510 mm/s. The weld punch down occurs over ~100 µs at a drilling rate of 2.2 ± 0.4 m/s (Fig. S5) and the mean depth of the weld is 
215 ± 1 µm. ICI went dark (insufficient backscattered intensity was collected over the integration time [2]) for 71% of the measurements. 
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translating the stage. The standard deviation was 0.04 µm, which again 
can be ignored. This confirms that any coupling of vibrations from the 
stage into the ICI optics was sufficiently reduced by the vibration- 
damping pad included between the stage and the chamber floor. 
Finally, a set of height measurements was captured from a polished 
(1000 grit) Al6061 substrate mounted in the sample holder and trans-
lated with the same motion pattern used in this study. The substrate 
flatness after polishing was verified by raster scanning the ICI imaging 
beam to capture the stationary 2D morphology, which was flat to within 
the axial resolution of the ICI system (6 µm). The height data was linear 
(R2 = 0.87), indicating there was no significant acceleration or decel-
eration of the stage during imaging. After subtracting the linear fit to 
account for tilt of the substrate in the holder, the standard deviation was 
2.0 µm. Since the surface roughness for surfaces polished with 1000 grit 
sandpaper is expected to be < 0.1 µm [38], the majority of this deviation 
is attributed to jitter or variation in the stage traverse speed and insta-
bility of the stage carriage. 

2.3. Synchrotron X-ray imaging 

The X-ray beam energy was set to 24.4 keV. The imaging system 
consisted of a LuAG:Ce scintillator, a 10x microscope objective (Mitu-
toyo NT46–144) that set the resolution and maximum field of view to 
2 µm x 2 µm/pixel and 560 µm x 786 µm (at the chosen frame rate) using 
a Photron FastCam SA-Z 2100 K (Photron Inc., Tokyo, Japan). Frame 
rate was held constant at 140 kfps with an exposure time of 595 ns. 
Before writing each track, a set of flat field images was collected with the 
same number of frames captured operando while executing the same 
motion pattern. The Photron FastCam includes automatic dark-field 
correction. All acquired radiographs were processed in Matlab 2022a 
by first applying a moving window flat-field correction. To average over 
any stage jitter, each radiograph was divided by the median of a window 
of 25 flat field images: 

FFC(n) =
I0(n) − median(Flat(n − 12 : n + 12) )

median(Flat(n − 12 : n + 12) )

where n is the frame number, FFC(n) is the nth flat-field corrected image, 
I0(n) is the corresponding raw image, and Flat(n) is the corresponding 
flat-field image. The built-in function “imgaussfilt” was then used to 
Gaussian filter each radiograph, with a standard deviation of 0.5 pixels. 
To better resolve the keyhole walls and pores, radiograph contrast was 
enhanced by histogram stretching, saturating the top and bottom 3% of 
values. To segment the keyhole and extract its depth from each radio-
graph, we used the image processing algorithm detailed in [6]. 

Finally, a series of function generators were used to trigger the 
opening of the slow and fast X-ray shutters at the beamline, stage mo-
tion, laser, start of X-ray imaging, and the start of ICI. The synchroni-
zation between ICI and X-ray imaging was verified using the laser turn- 
off. The keyhole collapse observed within one radiograph was simulta-
neously observed over the corresponding pair of ICI measurements, 
verifying that the two are synchronized to ± 3.6 µs or better. However, 
based on typical rise times for function generators it is expected that 
synchronization is better than 1 µs. 

3. Results and discussion 

3.1. Comparison of ICI depth profiles for aluminum and stainless steel 

To underscore the need for simultaneous X-ray studies, ICI depth- 
tracking of typical laser bead-on-plate welding (Section A.3) is shown 
in Fig. 2 for two materials: aluminum alloy 6061 and stainless steel 
316 L. The energy densities were chosen to achieve similar keyhole 
depths for ease of comparison. 

The contrasting keyhole dynamics are immediately apparent. Over-
all, the stainless steel weld achieves a very stable keyhole depth, with a 

small number of intermediate interfaces attributed to keyhole closure, 
ejecta, sidewall signals or noise. The small number of these intermediate 
interfaces should be noted: they account for < 1% of A-lines. Aluminum 
is markedly different. Punch down is delayed ~3 ms after laser turn on. 
More importantly, a considerable number of depths shallower than the 
root are measured (std. dev. 105 µm), and particular deep transients 
appear every ~mm (e.g., 1.8 ms). This highly irregular behaviour is 
typical of aluminum welds at Yb-doped laser fiber wavelengths 
(1070 nm) and its difference from stainless steel is attributed to alumi-
num’s low density (Al ~2380 kg/m3 vs. Fe ~7030 kg/m3), low viscosity 
(Al ~1.3 mPa⋅s vs. Fe ~6 mPa⋅s at their respective melting points [39]), 
and sharp fall-off in absorptivity above the Brewster angle (~86◦) [40]. 
The fact that the welding behaviour is so different is no surprise, but that 
does not elucidate the cause of these specific measurements (e.g., 
keyhole collapse, pore formation, ejecta, side wall backscatter). 

3.2. Simultaneous synchrotron X-ray and ICI imaging 

Similar variations in depth can be seen in ICI depth-tracking for 
aluminum 6061 bead-on-plate welding using the APS LPBF test rig 
(Fig. 3) but now we have access to the full 2D cross-section through 
simultaneous synchrotron X-ray imaging (e.g., Supplementary Movie 1). 
As mentioned previously, the slow X-ray shutter does not completely 
open until ~5 ms or ~2.5 mm into the weld meaning only the last 14 ms 
of Fig. 3 correspond to Supplementary Movie 1. The movie shows that 
the weld is highly turbulent, as expected based on the ICI depth profile, 
with repeated sequences of sidewall pinching, partial keyhole collapse 
and bubble formation. Since ICI and X-ray imaging are synchronised 
(two ICI measurements for every radiograph), we can now do a detailed 
point-by-point comparison (Fig. 4). Even with complex and fast keyhole 
dynamics, there is a strong correlation between ICI and X-ray (0.62). 
Results are clustered in three main zones. 80% of ICI depth measure-
ments are within 14 µm of the keyhole depth extracted from the corre-
sponding radiograph (dots between solid lines in Fig. 4). This range 
corresponds roughly to the uncertainty in the depth extracted from 

Fig. 4. Depths measured with ICI (maximum intensity tracking) and depth 
extracted from corresponding radiographs show excellent correlation (Pear-
son’s correlation coefficient: 0.62). 80% of ICI measurements are within 14 µm 
of radiograph extracted depth (solid black lines). (Insets) Representative ra-
diographs. Red line in inset shows corresponding ICI measured depth. 
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radiography (8 µm set by the thickness of the high contrast region of the 
keyhole walls which is typically ~4 pixels) and the ICI axial resolution of 
6 µm. Simple keyhole shapes observed by X-ray show excellent agree-
ment between ICI and X-ray for depths ranging from shallow to deep (e. 
g., radiographs in the top left and bottom right insets of Fig. 4). The red 
line in the insets indicates the depth measured by ICI during the frame. 
In each of these cases, only one of the two A-lines acquired during the X- 
ray frame was above the noise threshold (noise threshold detailed in 
Section 3.4). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.colsurfa.2023.132032. 

Of the cases when ICI and X-ray significantly disagree (20% of all 
cases), the ICI measured depth is shallower than X-ray 83% of the time 
(top right zone in Fig. 4). The top right inset shows a typical result and 
provides a clear explanation for this phenomenon. Imaging light is likely 
backscattering off the keyhole sidewalls at the point where they are 
pinching and occluding the keyhole root. The cavity at the keyhole root 
has a small opening, having almost closed off to form a bubble. This 
means that any imaging light that does enter the cavity is likely to be 
trapped—scattered off the cavity walls multiple times until it has been 
significantly absorbed. Other keyhole geometries that could result in a 
similar shallow ICI depth measurement are illustrated in Fig. 5b and c. 
The “wine glass” keyhole shape (Fig. 5b) is typically observed after a 
partial keyhole collapse. The sudden increase in the energy density at 
the keyhole root results in rapid drilling and the formation of a high 
aspect ratio newborn keyhole [41,42]. Humps (Fig. 5c) may also form 
and travel along the front keyhole wall due to the strong dependence of 
laser absorptivity on angle of incidence near the Brewster angle [43]. 
The ICI beam can backscatter off the upward-facing sections of these 
humps, towards the rear keyhole wall, and out the keyhole opening. 

The synchronized radiographs also provide insight into the origin of 
the ICI depth measurements that are considerably deeper than the 
keyhole depth extracted from radiography (bottom right corner of 
Fig. 4). The bottom left inset in Fig. 4 shows a J-shaped keyhole. ICI 
depth measurements correspond to the optical path length that the 
imaging light travels. For a J-shaped keyhole, the imaging light can 
travel a path like that shown in Fig. 5d, resulting in an ICI-measured 
depth exceeding the true keyhole depth. As mentioned earlier, multi-
ple reflections resulting in a deep ICI measurement like this are rar-
e—only 17% of the outliers (3.4% of all cases). This is related to the 
number of times the keyhole assumes this shape but this low rate is also 
attributed to: (1) a higher number of reflections (on average), and 
therefore more loss of imaging light to absorption, and (2) a lower 
likelihood that the backscattered imaging light falls within the collec-
tion angle of the ICI optics. 

Example radiographs of keyhole geometries similar to those depicted 

in Fig. 5 are shown in Figs. 6–8. Since we have access to the keyhole 
cross-section, we can further elucidate the connection between shape 
and ICI-measured path length using ray-tracing. This should also help 
reveal if some of the discrepancy between the ICI and X-ray depth is 
caused by fast changes in keyhole morphology over the ICI integration 
time. That is, if the predominant keyhole morphology during the X-ray 
integration time of 595 ns differs significantly in depth from the pre-
dominant keyhole morphology during the ICI integration time of ~1.5 
µs. For example, if the keyhole collapsed shortly after the X-ray inte-
gration time. 

3.3. Ray-tracing simulations 

Based on a similar model developed by Tan et al. [44], we divide the 
incident ICI imaging light into 10,000 rays and propagate those rays into 
the keyhole shape extracted from X-ray imaging. The trajectory and 
intensity of each ray are calculated according to the assumption of linear 
ray transmission and the law of light reflection and Fresnel absorption at 
each reflection. Since each radiograph is a 2D projection of the keyhole 
shape, ray-tracing was limited to 2D. While this introduces an obvious 
source of error, it was found to mostly affect the predicted backscattered 
intensity and not depth, suggesting that the keyhole has some circular 
symmetry. The depth predicted from ray-tracing is even more strongly 
correlated with the ICI measured depth (0.94 compared to the earlier 
value of 0.62), with 57% fewer outliers (Fig. S7). Several example cases 

Fig. 5. Schematic diagram of multiple reflection ray trajectories for four characteristic keyhole geometries: sidewall pinching (a), see Fig. 7b; wine glass (b), see 
Fig. 7a; surface waves (c), see Fig. 6; and root cavity (d), see Fig. 8. The resulting depth measurement is indicated by a solid red line in each case and is shallower than 
the true keyhole depth in (a)-(c) and deeper than the true keyhole depth in (d). 

Fig. 6. Ray-tracing results from an example radiograph (left) for which ICI and 
X-ray agree on the depth. A histogram of the predicted backscattered intensity 
as a function of depth (middle), binned with the same average bin size as ICI 
(~2.5 µm), shows a strong peak at the keyhole root. The rays with pathlengths 
in the maximum intensity bin (right) show mostly direct back reflections off the 
keyhole root. 
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are shown in Figs. 6–8, including each of the keyhole geometries pre-
dicted to result in multiple reflections shown in Fig. 5. Extracting ac-
curate information from these outliers is critical for tracking fast keyhole 
dynamics like bubble formation. 

Despite deviating from the true keyhole depth, information can still 
be extracted from ICI measurements resulting from multiple reflections. 
Pinching of the keyhole walls may foreshadow keyhole collapse, and the 

formation of new keyholes or excessive humping on the keyhole walls 
may indicate instability in the process (Section 3.5). A focus of future 
work will be extracting information about the 2D keyhole geometry 
from each A-line, rather than just a single value for depth. For example, a 
machine learning approach like that described in ref. [45] could be used, 
except with keyhole geometries from radiography as a training dataset. 

3.4. Effect of noise thresholding and decimation on ICI tracking accuracy 

As mentioned previously, each ICI measurement or “A-line” includes 
backscattered intensity as a function of depth. To extract a single depth 
value from each A-line, a threshold is first applied to avoid errors due to 
background noise. Typically, the threshold is based on measurements 
without an interface and selected to limit error rates to < 1% [46]. While 
setting a high threshold lowers the probability of false interfaces, it also 
discards true interfaces and reduces the effective acquisition rate. Past 
work could not quantify the relationship between effective acquisition 
rate and noise threshold without verification of the measurements near 
the noise floor. With synchronized radiography, we can now demon-
strate the importance of the noise threshold (Fig. 9). Increasing the 
threshold from 13 dB (e.g. to 20 dB) would increase the correlation with 
X-ray (from 0.62 to 0.70) but at the expense of bright A-lines (from 29% 
to 22%). Decreasing the threshold (e.g. to 10 dB) would have the 
opposite effect, increasing the number of bright A-lines (from 29% to 
35%) but at the expense of significantly worse correlation with X-ray 
(from 0.62 to 0.36). While this relationship is somewhat specific to the 
imaging system and processing conditions used here, the general trend is 
likely true across different systems and welds/LPBF tracks. The specific 
threshold value selected will depend on the application and the need for 
either high-speed (i.e., low threshold) or high-fidelity (high threshold) 
depth-tracking. 

Thresholding is the first step of data processing. Different depth- 
tracking strategies can then be used to extract the depth profile from a 
single or series of A-line images. Most often, the depth pixel with the 
maximum intensity is identified as the depth. However, in cases when 
sufficient ICI signal is collected from both side walls and the keyhole 
root, termed “multiple interfaces”, it is more accurate to track the 
deepest pixel above the noise threshold, see Fig. S6. This was previously 
shown to improve the agreement between operando ICI and ex situ X-ray 
[47] of deep-penetration welding but found to be minimal for the depth 
profile shown in Fig. 3 (correlation coefficient increased from 0.62 to 
0.64). Multiple interfaces were observed in only ~2% of bright A-lines. 
Furthermore, more than half of the multiple interfaces were for cases 
when ICI and X-ray already agreed and maximum intensity and deepest 
interface tracking extracted the same depth. For the remaining A-lines 
with multiple interfaces, > 80% benefit from changing to deepest 
interface tracking (maximum intensity depth shallower than X-ray). This 
supports the hypothesis that deepest-interface tracking could improve 
tracking accuracy for depth profiles with a higher percentage of multiple 
interfaces, e.g., from deep-penetration welding, but only minimally. 

The last data processing step is decimation. The sample rate of the 
extracted depth profile can be reduced by again selecting the depth pixel 
with maximum intensity but over segments of A-lines (the number of A- 
lines in each segment corresponds to the decimation factor). This is 
useful since in many cases ICI oversamples depth. For example, for the 
same acquisition rate of 280 kHz but at a scan speed of 10 mm/s more 
typical of DED, the laser only moves ~0.04 µm in between successive ICI 
depth measurements. The effect of decimation on correlation with 
simultaneous X-ray imaging is shown in Fig. 10. No decimation was 
performed on the X-ray depth data to calculate the correlation values. 
Rather, each whole decimation window in the ICI depth data was 
assigned the same depth value. Increasing the decimation factor (up to 
approximately 20) increases the correlation from 0.62 to 0.79 but with 
the obvious reduction in effective imaging rate. A decimation factor of 
20 also resulted in the complete removal of dark A-lines (when ICI peak 
signal is below the threshold). 

Fig. 7. Ray-tracing results from example radiographs (left) when ray-tracing 
predicts multiple interfaces above the noise floor. In both cases (a) and (b) 
one interface is due to side-wall reflections and is shallower than the keyhole 
root and the other is at the keyhole root. Rays with pathlengths in the maximum 
intensity bin (brighter of the two interfaces) are shown in red, while rays with 
pathlengths in the bin for the secondary interface are shown in blue. In (a), ICI 
and ray-tracing disagree with X-ray, while in (b) all three agree. 

Fig. 8. Ray-tracing results from an example radiograph (left) for which the ICI 
measured depth is significantly deeper than the depth extracted from X-ray 
imaging. A histogram of the predicted backscattered intensity as a function of 
depth (middle), binned with the same average bin size as ICI (~2.5 µm), shows 
a peak at a depth of 240 µm. This is 62 µm below the root of the keyhole 
(178 µm) and a result of multiple reflections (right). 
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As shown in Fig. 10b, the number of bright A-lines almost doubles 
after decimating by a factor of 2. This is because most bright ICI A-lines 
were isolated (>80%), i.e. surrounded by dark A-lines. The statistics of 
bright and dark A-lines will be a point of further investigation. Simul-
taneous radiography can also be used to understand the dependence of 
A-line intensity on 2D keyhole morphology. This is useful for optimizing 
the imaging beam location(s) relative to the laser to maximize intensity. 
For high-speed laser welding and LPBF, the tilt of the front keyhole wall 
increases with scan speed and results in an offset of the keyhole root 
from the laser beam [5]. If the ICI beam is positioned along the tilted 
front keyhole wall it is likely to experience multiple reflections deeper 
into the keyhole, reducing backscattered intensity by absorption and 
redirection of the imaging beam outside the ICI system’s collection 
angle. The traditional coaxial alignment of ICI to the laser beam is no 
longer optimal under these process conditions. 

3.5. Depth signatures of bubble formation 

Pore formation is very important for final part structural integrity, 
and the dynamics of bubble generation have been examined in several 
high-speed X-ray studies [15,25,48]. Zhao et al. [42] used ultrahigh 
speed X-ray imaging (>1 MHz) of laser welding and LPBF of Ti-6Al-4 V 
to reveal a sequence of keyhole events leading to bubble formation: (1) 
formation of a letter J-shaped keyhole, (2) collapse of the keyhole side 
walls, and (3) formation of a bubble and “newborn” keyhole. The whole 
sequence was observed to last < 5 µs, with the keyhole collapse at 
> 10 m/s (horizontal). The keyhole depth profile extracted from oper-
ando radiographs includes a step decrease once the sidewalls impinge on 
each other to complete the keyhole collapse followed by a rapid 
expansion and drilling of the newborn keyhole (>10 m/s), which pla-
teaus at the steady-state depth. Interestingly, the authors also point out 

Fig. 9. Correlation between depth measured using ICI and keyhole depth from X-ray imaging, as a function of the noise floor applied to ICI data. Dashed line 
corresponds to a threshold of 13 dB used in previous figures. 

Fig. 10. Correlation between depth measured using ICI and keyhole depth from X-ray imaging, as a function of the decimation factor applied to the ICI data.  
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that the rapid expansion of the newborn keyhole is due (in part) to phase 
explosion [49], which results in roughened and wrinkled keyhole walls 
from the impact of liquid metal droplets. Considering the dramatic 
changes to morphology present in bubble formation, it is suggestive that 
these signatures may be evident in simple ICI data. To be able to see 
bubbles as they form would be extremely useful but we recognize that 
the time scales resolved in previous X-ray studies show that bubble 
generation dynamics will be at the top end of the ICI capabilities used 
here. 

Three example sequences of bubble formation events are found in the 
radiographs (Fig. 11) and shown with corresponding ICI-measured 
depths. As discussed above, J-shaped keyholes yield dark ICI measure-
ments as shown in sequences in Fig. 11a and b. In Fig. 11a, ICI recorded a 
bright measurement of the newborn keyhole shortly after its formation 
(t0 +14 µs, where t0 is defined as the time of the initial frame), and after 
its rapid expansion (t0 +21 µs). In Fig. 11b, a keyhole collapse likely 
occurred between t0 and t0 + 7 µs and was not resolved with either X-ray 
or ICI. A more gradual pull-up is observed over the following three 
frames (t0 +7 µs to t0 +21 µs). This is likely a result of an acoustic shock 
wave induced by keyhole-pore interactions at t0 + 7 µs, termed “pore 
rebound” [42]. Following this pull-up, rapid drilling and expansion 
again occur at the needle-like keyhole root resulting in the much larger 
and deeper keyhole at t0 + 28 µs. In Fig. 11c, while no J-shaped keyhole 
is observed, sidewall pinching, and keyhole collapse are well resolved by 
ICI from t0 to t0 + 7 µs. The bubble pinched off from the keyhole root is 
then observed to split twice over the subsequent ~30 µs (t0 +14 to t0 
+21 µs and t0 +35 µs). These interactions again induce acoustic waves 
driving sharp changes in keyhole depth. 

To locally detect pore generation with ICI, the changes in depth due 

to keyhole collapse and expansion of the newborn keyhole need to be 
resolved and differentiated from steady-state fluctuations. A challenge 
with testing this hypothesis is that ICI imaging will need to be contin-
uous throughout the sequence of depth changes. As discussed above, this 
will require decimation to reduce the impact of dark A-lines, but 
excessive decimation will obscure the sudden changes in morphology. 
As an initial step towards on-the-fly detection, the bubble formation 
events observed from radiography were correlated with the depth 
measured using ICI (Fig. 3). 

While ICI is nominally at 280 kHz in this work, typical numbers of 
dark measurements lower the effective acquisition rate to < 100 kHz. 
Assuming dark measurements are regular, the effective acquisition rate 
in this study is 81 kHz (71% dark measurements) but to locally detect 
pore formation operando ICI data will need to be sectioned. The irregular 
timing of dark measurements then becomes more apparent, with effec-
tive acquisition rates varying from 66 to 97 kHz over 1 ms segments 
(280 ICI measurements) and 40–130 kHz over 100 µs segments (28 ICI 
measurements). The likelihood of a bright ICI interface is expected to be 
higher for the newborn keyhole than the J-shaped keyhole due to a 
smaller average number of multiple reflections. The roughness of the 
newborn keyhole walls due to phase explosion may also diffusely scatter 
the ICI beam, making it more likely that the backscattered light falls 
within the acceptance angle of the ICI imaging system. 

To calculate the correlation values listed in Table 2, the ICI depth 
profile was first decimated by a factor of two using the maximum in-
tensity method (Sect. 3.4). This matched the acquisition rate of X-ray 
and reduced the number of dark measurements (from 71% to 48%). 
Only considering the bubble formation events when the corresponding 
depth measurement was bright (63%), the correlation coefficient was 

Fig. 11. Three example pore generation sequences simultaneously resolved with synchrotron X-ray radiography and ICI. Red line is at ICI measured depth.  
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found to be − 0.32. The correlation is negative because the keyhole is 
typically shallower than average when a bubble forms due to partial 
keyhole collapse. 

Too few of the first differences in depth corresponding to bubble 
formation events were bright after decimating by a factor of two (26%) 
to make significant conclusions from a correlation. Decimating instead 
by a factor of four infilled all the dark measurements corresponding to 
bubble formation events but was found to weaken the correlation with 
depth to a coefficient of − 0.17. This likely results from the fast dy-
namics of the process at or above the Nyquist frequency, which is 35 kHz 
after decimating by a factor of four. A slightly stronger correlation was 
found with the first difference in depth (dn+1 − dn) (− 0.26). This is likely 
due to the brevity of keyhole spiking and collapse phenomena linked to 
bubble formation (<15 µs, <4 ICI measurements) and the high standard 
deviation in depth (37 µm). 

The correlations listed in Table 2 are all significant (P-values <<

0.001) and suggest that it may be possible to find features from short 
windows of ICI-measured depth that sufficiently separate bubble for-
mation events, allowing for classification and detection. Due to the 
number of dark measurements and brevity of bubble formation phe-
nomena, these features will be sensitive to the decimation strategy. 
Bubbles that form pores (here, 21%) or the largest bubbles may also 
separate more in the selected feature space. 

To increase the likelihood of success in feature selection and classi-
fication, higher ICI acquisition rates could be used to better resolve 
keyhole spiking and collapse. This could be achieved by, for example, 
multiplexing several ICI systems (588 kHz in ref. [50]) or changing from 
the spectral-domain system used here to a swept-source system capable 
of > 1 MHz nominal acquisition rates [51]. Based on the process con-
ditions (somewhat increased wobble from stage relative to galvanom-
eter scanner, high O2 atmosphere), and keyhole dynamics observed in 
Supplementary Movie 1, the laser weld presented in this study was in 
pore-generation mode. Over the final 14 ms (~7 mm) of the weld 
(Fig. 3, Supplementary Movie 1) that was captured with X-ray, 18 pores 
were generated with an average time spacing of ~0.78 ms (~0.4 mm). 
This is at least an order of magnitude higher than in ref. [24] which 
classified (pore vs. no pore) operando AE data segments with a minimum 
duration of 2.5 ms. Their classifier would likely register pores for the 
entirety of the weld studied here. If process parameters were optimized 
to minimize pore formation, the resulting depth profile measured with 
ICI could be easily distinguished from the one presented here. This is 
certainly the case when comparing laser weld depth profiles across 
different materials, with far less pore formation in steel than aluminum 
under otherwise similar conditions for example. Future work will 
include capturing similar operando datasets but in pore-generation and 
stable modes for the same material. 

4. Conclusions 

High-speed (280 kHz) depth measurements captured using inline 

coherent imaging (ICI) during laser keyhole welding are dynamically 
verified by synchrotron X-ray imaging for the first time. Even for a 
turbulent laser weld on aluminum alloy 6061 with violent changes in 
keyhole morphology and pores every ~400 µm, the depth measured 
from the keyhole using ICI agrees well with the keyhole depth extracted 
from synchrotron radiography (>80% within ± 14 µm). 

Synchrotron X-ray imaging provides new insights into out-
liers—when the ICI depth measurement deviates significantly from X- 
ray. It also elucidates the effect of key data processing steps, like noise 
thresholding and decimation, on the effective acquisition rate and fi-
delity of ICI. Sidewall pinching, wine glass-shaped keyholes, and 
humping along the front keyhole wall were observed in radiographs 
corresponding to outliers in the ICI depth profile when it was signifi-
cantly shallower than X-ray (> 14 µm). For outliers when the ICI 
measured depth was significantly deeper than X-ray, J-shaped keyholes 
were often observed, a potential precursor shape to bubble formation. 
To better understand these outliers, the 2D keyhole shape was extracted 
from corresponding radiographs and input into a ray-tracing simulation. 
For 57% of the outliers, ray-tracing predicted multiple reflections of the 
imaging beam resulting in the same depth measurement as ICI (within 
uncertainty). The depth profile predicted from ray-tracing was strongly 
correlated with ICI (0.94). 

Finally, fast changes in depth during bubble formation due to partial 
keyhole collapse and redrilling of the keyhole are resolved by ICI in 
several instances. ICI measured depth (d) as well as its first difference 
(dn+1 − dn) are found to be weakly correlated with bubble formation 
events (0.17–0.26). This suggests that through proper feature extraction, 
including sectioning of the ICI data, bubble formation during laser 
keyhole welding and LPBF should be detectable on-the-fly using ICI. 
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