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Qualification of high-performance metal components produced by laser powder bed fusion (LPBF)
must identify porous defects that nucleate fatigue cracking. Detecting such defects via optical
monitoring of LPBF can enable in-process quality control without downstream testing. However,
integration of in-process sensing with LPBF is hampered by optical complications, and therefore, it
has yet to be proven that the finest pores that limit component fatigue life can be resolved.We present
aperture division multiplexing (ADM) as a method for simultaneously focusing the process laser and
providing unobstructed optical access for high-fidelity process monitoring using a common optic.
Construction of anADMopticwith 50μmspatial resolution in themid-wave infrared is described, and it
is demonstrated on a production-representative LPBF testbed. High-speed video data are correlated
to micro-CT measurement of pores as fine as 4.3 μm, establishing the promise of ADM for the
qualification of LPBF component fatigue performance.

While laser powder bed fusion (LPBF) is the foremost technology for metal
additive manufacturing1, efficiently qualifying the mechanical performance
of components fabricated by LPBF remains an open challenge2–5. Porous
defects are highly characteristic of LPBF, and achieving full density is
complicated by a narrow range of suitable process parameters and con-
siderable stochastic variation in feedstock delivery6–10. Typical density of
carefully fabricated LPBF components is greater than 99%; however, even at
this level, pores cause an outsized reduction in component fatigue life11–14.
Post-process identification of these internal defects using legacy non-
destructive testing techniques is sharply limited by cost, time, resolution,
and assessment domain (part size)5. As a result, the inability to precisely
bound component life impedes application of LPBF to cyclically-loaded
aerospace15,16 and automotive components12, and is even implicated in
premature failure of Ti-6Al-4V orthopedic implants17. In-situ process
monitoring iswidely investigated as a potential solution, although improved
sensitivity is requisite for reliably detecting the finest pores that affect fatigue
performance with this qualification strategy2–5.

Pores in LPBF components are often caused by improper print para-
meters, including laser power and scan speed. Lack-of-fusion (LoF) porosity
occurs if insufficient energy is applied to fully melt the irradiated
material7,18,19. LoF pores are commonly characterized by irregularly shaped
void regions around entrapped powder particles and can be any size. Key-
hole porosity arises at the opposite, high-energy-density regime, wherein
recoil pressure exerted by evaporated material causes a deep depression in
themeltpool surface20; the shapeof thefluid surface is unstable and results in

rapidly varying interactionwith process laser energy21,22. This instability can
nucleate porosity20,23, especially at abrupt changes in laser scan direction24.
The space of power and scan speed combinations is also bounded by
meltpool length, even at otherwise acceptable energy density, where long
meltpools break into large beads due to Rayleigh-Taylor instability25. This
defect is known as balling and causes porosity by disturbing powder
spreading and material consolidation as subsequent layers are fused25. A
final source of porosity is gas entrapment. Onemechanismof gas porosity is
due to gas that becomes dissolved in molten material; the gas comes out of
solution to form bubbles as the metal cools and voids are generated where
these bubbles are unable to reach the melt pool surface prior to
solidification7. Additionally, porosity can remain from bubbles that are
inadvertently frozen into the powdered feedstock at its time ofmanufacture,
and may not escape the melt pool due to the high cooling rates and strong
convective fluid flows26,27.

Pores have a deleterious effect on component mechanical
properties11,12,28–35, and can reduce mechanical strength and ductility, act as
stress concentrations, and nucleate fatigue cracks11,12,28,31. Several studies
more narrowly contemplate how pore size affects component fatigue
life13,36–41.While sensitive tomaterial and loadingconditions, reportedvalues
of theminimumpore size necessary to nucleate a fatigue crack are provided
in Fig 1. For example,minimumpore diameters for Ti-6Al-4V are found to
span 34 to 52 μm36–38,41. This is not to say that a component with finer pores
will not fail due to fatigue, or even that a fine pore will never contribute to
failure, but rather that the rate of damage nucleation from these sufficiently
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fine pores is comparable to that predictable from geometric and micro-
structural features.

It therefore follows that certifying the absence of pores of sizes greater
than a characteristic dimension enables more precise bounding of the
fatigue life of LPBF components. Computed tomography (CT) is presently
the leading technology for internal defect detection; however, as explained
by du Plessis and coworkers, CT has difficulty resolving features on this size
scale42. Specifically, they recommend that the voxel size in the reconstruction
should be a third of the smallest pore size one must resolve and that the
minimumvoxel size is roughly 1/2000th the largest characteristic dimension
of the component. Linking these heuristics using linear dimensions, a voxel
size of about 3.3 μm is necessary to resolve pores that are about 10 μm in
diameter, and this is only possible if the part is smaller than 6.6 mm. As the
build volume of large LPBF machines can be 600 × 600 × 600 mm343 or
larger, an alternative solution is necessary to resolve this problem at the
industrial scale.

Optical process monitoring is often applied to detect component
defects, or, equivalently, to certify their absence in LPBF2,44,45. Approaches to
this task may be sorted into categories by three key attributes. First is the
dimensionality of the sensor, or, effectively, whether a pointmeasurement is
made (e.g., with a photodiode) or an area is spatially resolved (i.e., a camera
is used). Second, the field of view of the sensor remains stationary in some
implementations, and in others, it is scanned along with the process laser.
Third, often driven by the sample rate of the sensor, is the time scale of the
process signatures extracted from the sensor data. Here, defects may be
detected from fast, transient features that indicate instability of the fusion
process (e.g., at the time scale the laser spot traverses a point on the build
surface), or longerduration signatures suchas cooling rate.Aneffort ismade
in the following text to accordingly classify and compare the most con-
sequential prior art in the field. Figure 1 additionally plots the estimated
detectable pore size where available. It makes the present challenge obvious:
none of the optical process monitoring techniques described are capable of
resolving the finest pores that can influence the fatigue life of LPBF
components.

Using the aforementioned taxonomy, a first category of monitoring
techniques uses a stationary camera that observes the LPBF process at an
angle (off-axis) to the nominal (vertical) path of the process laser46–54. Early
work in this area by Krauss and coworkers describes an LWIR (long-wave
infrared) microbolometer array with a 50 Hz frame rate, which they use to
detect flaws 100 μm and greater from characteristics of radiance profiles55.

Later work by Krauss uses thermal diffusivity and peak temperature as
process signatures from the fabrication of stainless steel cubes56. Cubes that
delaminate from the substrate or exhibit high porosity, or show substantial
reductions in thermal diffusivity and corresponding increases in peak
temperature. Further, porosity explains 70% of the variance in optically
measured thermal diffusivity across samples. A similar instrument is
described by Bartlett and colleagues, who study fusion of Al-Si10-Mgwith a
slow (7 FPS) LWIR camera. They report the ability to detect 82% of lack-of-
fusiondefectswith adiameter of 100μmorgreater, but onlydetect one-third
of equivalently sized keyhole pores57.

Likewise, many studies investigate process monitoring in the MWIR
(mid-wave infrared).Mohr et al. consider time above a 700 K threshold as a
process signature and, while achieving qualitatively promising results,
particularlyhighlight that the locationof a componentflaw isnotnecessarily
coincident with the location of the process signature deviation that it
manifests58. Foster and coworkers apply the same approach to relate the
time-temperature history of Inconel 718 specimens to attributes of metal-
lurgical microstructure, but also report some ability to detect build failure59.
Meltpool length and cooling rate are extracted from high-speed video data
in ref. 60, showing that these signatures change when printing bridge-like
features.

Finally, work by Lough and colleagues monitors LPBF in the SWIR
(short-wave infrared)using timeabove threshold andmaximumradianceas
process signatures, and establishes positive correlations to component
attributes, including microhardness and porosity61. The instrument is cali-
brated to temperature in a follow-up report, where a rigorous statistical
approach is used to quantify the performance of time above threshold and
maximum temperature in predicting keyholing and lack-of-fusion
porosity62.

Off-axis imaging is also used in spectrally resolved imagingmodalities.
Mitchell and colleagues use an imaging two-color pyrometer wherein two
visible high-speed cameras are equipped with narrow bandwidth filters; the
authors report the ability to reliably detect 70 μm diameter pores from
temperature data collected therewith63. A similar strategy is employed by
Furumoto64, who use different channels of a high-speed camera with a color
sensor, and this idea is further investigated in ref. 65.

Cameras are also used on-axis in LPBF,where a dichroicmirror is used
to combine the laser path and monitoring path, upstream of the galvan-
ometermirrors.Accordingly, thefieldof viewof the camera is scannedalong
with the laser spot.An instrument comprising on-axis visible andNIR (near
infrared) cameras is described in ref. 66 and, using the summed values of the
visible sensor, correlations are established to applied laser energy and to
component porosities greater than 1%. A comparable limit is reported by
deWinton et al. whenusing a 100 kHz visible camera67. They extract process
signatures, includingmeltpoolmaximumand average radiance in counts, as
well as a rough estimate of a photodiode signal by summing pixels proximal
to the meltpool; however, the authors conclude that none of these process
signatures can qualify a part to better than 0.5% porosity. Microstructure
evolution of LPBF Ti-6Al-4V is studied with an on-axis CCD camera in
ref. 68, where pixel intensities are calibrated to temperature and used to
assess melt pool dimensions in turn. In another area of advancement,
Vasileska and coworkers use a high-speed, on-axis visible camera to mea-
sure themeltpool size, and apply the resultingdata for layerwise feedforward
control via adjustment of laser duty cycle69. Other applications of this
instrument topology are found in70,71.

Hooper, using two on-axis cameras in a two-color pyrometry setup,
measures maximum temperatures, thermal gradients, and cooling rates,
reported as 4000K, 20 K/μm, 40K/μs, respectively, as typical of LPBF of Ti-
6Al-4V72. Clearly, this substantiates the need for high dynamic range, fine
spatial, and high temporal resolution to resolve fusion process dynamics. In
a related endeavor,Ma and colleagues investigate themelt pool dynamics of
316 stainless steel and report similarly extreme values73. Finally, Vecchiato
et al. use imaging pyrometry to track solidification front velocity74. This is
shown to be a function of laser parameters and is presented as amechanism
for local control of component microstructure.

Fig. 1 | Comparison ofminimumdetectable pore size reported for various in-situ
monitoring techniques, compared to the minimum pore diameter capable of
nucleating a fatigue crack, for common LPBF materials. Data compiled from
refs. 13,36 −41,55,57,63,76,88,92.
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Off-axis application of a single pixel detector with a stationary field of
view is reported by Bisht et al., who use a germanium photodiode sampled
on a 20 μs period that observes radiance over the entire build area75. This
work inversely relates the number of transients per volume of fusedmaterial
to the ductility (elongation at break) of Ti-6Al-4V tensile test specimens.
Coeck and colleagues apply the same approach, albeit with two radiometers
disposed on opposite sides of the laser delivery optics that are sampled at
50 kHz76.With processing to reject false positives, 92% of pores are detected
with an effective diameter of approximately 160 μm or greater. An instru-
ment by Dunbar and Nassar also features two photodiodes, though con-
figured to measure a spectral line-to-continuum ratio77. This signature is
also roughly correlated to density.

To achieve some degree of spatially-resolved information, it is farmore
common that photodiode instruments are engineered to observe material
fusion along the same path as the laser.While not calibrated to temperature,
a two-color photodiode pyrometer is described in ref. 78, which shows
increasing heat accumulation as a series of six adjacent hatches are fused.
Follow-up work demonstrates that pyrometer signal levels additionally
change with hatch spacing, hatch distance, and powder layer thickness79,
indicating that process signatures are highly specific to the selected process
parameters.Work led byOkaro80 uses amachine learning approach on data
from two photodiodes (filtered to 700−1050 nm and 1100−1700 nm); they
are able to classify successful fabrication of tensile test specimens with 77%
accuracy, defined as an ultimate tensile strength of better than 1400MPa. In
relatedworkwith the same instrument and analysis approach, test cubes are
classified as greater or less than 99% dense with 93.5% accuracy against an
optical microscopy ground truth81. Closed-loop process control using on-
axis photodiode data is the subject of refs. 82,83. Results demonstrate
mitigation of overheating at sharp reversals in laser direction (i.e., at the end
of one hatch and beginning of the next). A finite-elementmodel is also used
to deduce feedforward commands, which are shown to further augment
controller performance. Finally, using a significantly more complex
instrument, work led by Lough uses a visible spectrometer that is analo-
gously integrated into an LPBFmachine61. Selective emissions in the plume
are shown to depend on laser power, cover gas, and pressure.

Hybrid instruments that combine at least twoof the above approaches
are a common way to combine the benefits of high spatial and temporal
resolution. One particularly enduring instrument of this sort, comprising a
high-speed NIR CMOS camera and large-area silicon photodiode, by
Kruth and colleagues84. Therein, rudimentary control of laser power is
demonstrated to maintain constant radiance when transitioning from
printing fully-supportedmaterial to printing overhanging features, though
bandwidth is a noted limitation. Craeghs and coworkers apply this
instrument to a variety of tasks including: system identification in ref. 85;
mitigation of scanning of acute corners and entrainment of extra material
at the perimeter of a component in ref. 86; and a rigorous investigation of
the thermal effects of support features in ref. 87. An effort led by Clijsters
demonstrates the ability to correlate large (100 μm) porosities to a CT
baseline88. Further still, this instrument resurfaces as a commercial product
in work led by Kolb in refs. 89,90. The former study attempts to compare
both photodiode and camera signals to component porosity, yet concludes
“the commercial melt pool system is not capable of detecting geometrical
deviations or porosity precisely.” Nonetheless, the latter study is able to
correlate surface roughness and balling defects using just the camera data
stream. Another instrument in this class is described by Thombansen,
Gatej, and Pererira in refs. 91,92, who address the effects of chromatic
aberration in the optical path. Primarily, they demonstrate detection of
overheatingwhile scanning a powderless, grooved sample fromwhich they
estimate that detection of 400 μm-scale defects is plausible. Chivel and
Smurov use a combination of a high-speed CCD camera and a two-color,
InGaAs photodiode pyrometer to study overheating when printing over-
hanging material, as well as Rayleigh-Taylor (balling) meltpool
instabilities25,93. Finally, a sensor fusion algorithm by Goosens and Van
Hooreweder creates a virtual sensor that is comprised of both photodiode
and camera measurements, and validates the output of this virtual sensor

against ex-situmeasurement ofmeltpool depth94. Comparable instruments
are also found in refs. 46,95–97.

There are several frequently-identified impediments to reducing the
minimum LPBF flaw size detectable with optical process monitoring
techniques. For example, on-axis imaging is negatively impacted by the
innate characteristicsof the f-theta lens. Bydefinition, f-theta lenses generate
a high level of barrel distortion to linearize the f tan θ characteristic of
conventional (imaging) lenses98. The linear angle-position mapping sim-
plifies defining laser scan trajectories; however, images collected through an
f-theta lens are distorted86,91. Moreover, optical strategies for achieving the
requisite degree of distortion lead to poor focusing of wavelengths different
fromthedesignwavelength (i.e., they featurehigh chromatic aberration)91,98.
Thus, the wavelengths used for monitoring must be close to that of the
process laser, and not necessarily those optimal for process interrogation87.
Likewise, the off-axis approach necessarily induces prospective distortion,
which is ideally corrected in post-processing49 or via calibration50. Finite
depthof focus is additionally identified as a limitation to specimen sizewhen
using this approach3.

Results
We present aperture division multiplexing (ADM) as a novel strategy for
optical access to the LPBF process. Specifically, ADM is demonstrated for
MWIR microscopy, enabling the extraction of process signatures that are
quantitatively correlated to pores in the size range known to nucleate fatigue
cracks in LPBF components. Figure 2a schematically illustrates that there
are two optical paths through an ADM lens: a first path is dedicated to
directing and focusing the laser light to the build area of an LPBF machine,
and a second optical path uses a different portion of the lens to create an
optical relay for process monitoring. Combined with a high-speed MWIR
camera, low distortion and high resolution (50 μm) imaging is achieved,
alongwith the high light throughput necessary for high temporal resolution.
Proving this instrument in a production-relevant context using an LPBF
testbed, process signatures are extracted from video collected during fab-
rication of a metal test artifact. These are compared to ex-situ micro-CT
measurement of component density, and detection probabilities are deter-
mined for pores 4.3 μm and larger.

ADM Lens
The optical path dedicated to laser delivery achieves a clear aperture of
20mmdiameter anda laser damage threshold greater than500Wdistributed
over the clear aperture, while also bringing 1.07 μm light to a ≈ 70 μm dia-
meter spot. The imaging path is designed to operatewith previously obtained
MWIR camera equipment that is described below. It provides a 22 mm
diameter clear aperture and sets the focal length of the ADM lens as 125mm
to achieve a geometric resolution of 50 μm. Design wavelengths for this path
are nominally 1.2−2.4 + μm, yet optical materials are chosen to allow
monitoring at longer wavelengths with minimal redesign. The other half of
the imaging relay comprises a high-speed MWIR camera (IRCameras
IRC806HS) equipped with a 50mm, f/2.3 lens (Stingray Optics PN SR1936-
A01). The camera comprises a 640 × 512 px InSb (indium antimonide)
detector, sensitive from 1 to 5 μm. Pixels are 20 μm square and have a well
depth of approximately 7 million photoelectrons. An f/2.3 cold stop is
installed within the vacuum dewar, though a cold filter is not.

Following the method described in § 4.2.1, Zemax is used to simulta-
neously evaluate the performance of both optical paths for design optimi-
zation. The resulting ADM lens prescription is given in Table 1 and
performance metrics are summarized in Figs. 3 and 4. Laser spots for
representative fields are presented in Fig. 3a, showing uniformperformance
over the specified field of view. The data are alternatively presented as
encircled energy in Fig. 4a, fromwhich it can be seen that a D86 of 76 μm is
expected at the center of the field of view.Moreover, variation over the field
of view is minimal, essentially overlapping closely-clustered curves in faint
blue corresponding to each simulated radial field. Final imaging perfor-
mance is evaluated with a second optical model, where themodel described
in § 4.2.1 is reversed, the Stingray lens is added as a paraxial element of
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nominally identical parameters, and rays are traced from the build (object)
plane to the detector (image plane). Selected spots resulting from this
process are shown in Fig. 3b, where the RMS spot radii are expected to be an
order of magnitude smaller than the pixel dimensions and the design is
therefore expected to achieve high-quality imaging. While not used as an
optimization metric, the resolution of the complete optical relay is alter-
natively quantifiedusing themodulus of the optical transfer function (MTF)
in Fig. 4b. Practically, these curves consider contrast as a function of spatial
frequency or feature size and provide a more nuanced understanding of
system resolution than a simple computation of geometric magnification.
To explain in a different way, MTFs for the as-built system are deduced
using the slanted-edge test, in which an image of a razor blade is recorded
and systemperformance is deduced fromhowseverely the image of the edge
is blurred.

Figure 4b makes a number of comparisons using MTFs. Blue lines in
the plots are generated in Zemax using the nominal optical path, including
the ADM lens and Stingray lens (againmodeled as a paraxial element). The
orange curve is the MTF of the detector, which, due to its finite pixel size,

cannot resolve infinitely small features. It is simply computed as
MTFDET ¼ jsincðξwÞj, where ξ is spatial frequency and w is pixel pitch.
Much of the utility of these curves is that theMTFof a composite systemcan
be predicted by multiplying the MTFs of the individual parts. As such, the
green curves predict the performance of the combination of the modeled
optical path and detector.

Qualification. Due to the deliberate change in optical material described
in § S2.3, the physical ADM lens is not qualified against the nominal
models. Rather, a second pair of optical models uses the as-built
dimensions and materials (i.e., inspection report data and actual dis-
persion data for Corning 7980 fused silica99). Each path is evaluated
independently, and therefore, qualification of the as-built assembly
proceeds in two stages.

Performance of the laser path is quantified directly on the LPBF test-
bed. For this purpose, a board-level camera (The Imaging Source PNDMM
37UX226-ML with a Sony IMX226 sensor) is fixtured within the printer
such that the sensor lies in the nominal build plane. To reduce the laser

Fig. 2 | Laser powder bed fusion using an ADM optic. a Schematic illustration of
ADM, showing optical paths for both laser delivery and processmonitoring through
a common optic. b ADM lens and camera attached to the top of the LPBF testbed,
along with the laser boom (collimator, turning mirror, and galvanometers) entering

from the right. cOverlay of optical ray trace andmechanical CAD for the ADM lens,
showing lenses separated by brass spacers and secured in the lens tube with threaded
spacers. d Typical meltpool image collected during printing.
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power to a suitable level for the camera sensor, the turningmirror in the laser
head is replaced with a beam sampler (Thorlabs PN BSF20-C), and two
neutral density (ND) filters (Thorlabs PNs NDUV2R40A andNENIR40A)
are additionally inserted upstream of the galvanometer mirrors. Leveraging
the 1.85 μmpixel pitch of this sensor, the laser spot size can then be imaged
directly. Figure 4a shows the result of integrating a typical as-measured laser
spot as a function of distance from its centroid, arriving at a plot of encircled
energy comparable to those generated from the optical design software. The
measured D86 is 77 μm, closely matching the expected performance.

As mentioned above, resolution of the optical path is quantified by
measurement of the systemMTFusing the slanted-edgemethod. Returning
to Fig. 4b, the red curve is the MTF of the as-built Zemax model and
performs slightly worse than the nominal design as a result. Purple curves
give the results of the experimental system MTF measurements and are
most fairly compared to the red curves. These lag slightly below the theo-
retical performance for two reasons, namely, mechanical imperfection due
to themachined components in theADM lens assembly are not considered,
and the performance of the Stingray lens is over-approximated. While the
contrast needed to resolve a specific feature or phenomenon is somewhat
situation dependent, contrast is roughly 20% at the Nyquist limit (or the
highest spatial frequency directly resolvable with a detector of a given pixel
size in view of system magnification) and it is therefore expected that fea-
tures at the geometric resolution of 50 μm are resolvable.

Table 1 | ADM lens prescription.

Surface Radius Thickness Material Semi-Diameter

1A 190.794 13.034 CaF2 35.000

1B 193.933 13.034 CaF2 35.000

2 Infinity 19.420 - 35.000

3 -132.588 8.244 Fused Silica 35.000

4 -258.974 5.525 - 35.000

5 282.615 7.858 CaF2 35.000

6 -1097.974 82.634 - 35.000

7 123.936 12.645 CaF2 28.000

8 -102.040 4.725 - 28.000

9 -86.569 4.501 Fused Silica 28.000

10 -2352.203 3.517 - 28.000

11 92.640 12.645 CaF2 28.000

12 -403.854 5.000 - 28.000

13 Infinity 4.000 CaF2 38.100

14 Infinity 60.000 - 38.100

Surface 1A defines the D shaped lens used for optical monitoring, and Surface 1B defines the
equivalent surface for laser delivery.

Fig. 3 | Spot diagrams for theADMlens design. a Spot diagram for three representative fields for laser light delivered to the build plane.Note that the spot sizes reported here
are RMS radius per Zemax convention and not as D86. b Spot diagram for three representative fields for light from the build plane imaged onto the camera sensor.
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Test Artifact
To demonstrate the performance of ADM, a simple cubic test artifact (5 ×
5 × 6 mm) is printed, shown in Fig. 5a. Its geometry is selected both to fit
within the best part of the ADM lens field-of-view and to enable a small
voxel sizewhenperformingmicro-CT.The 6mmdimension is the height of
the component, and provides a 1 mmmargin to allow the process to reach
steady-state through the first several layers. The figure also shows that a
1 × 1 mm chamfer is added along one vertical edge of the part. This feature
serves as a fiducial marker that is visible in both the camera and micro-CT
data; accordingly, the datasets can be unambiguously co-registered. Figure
2d shows a typical frame (image) recorded during itsmanufacture, using the
imaging approach described above.The large spot at the center is coincident
with the laser spot, and the rest of themeltpool is visible as a short tail to the
lower left. One additional bright spot is visible farther in this direction,
which is a location of overheating and perhaps a balling defect. Other bright
regions in the image are caused by spatter.

Process signatures
Figure 5c shows four process signatures that are extracted from the camera
dataset for each layer of the part: time above threshold, maximum radiance,
meltpool area, and cooling rate. Time above threshold is the simplest
computationally, where the number of radiance values above 4000 counts
along the temporal axis is tallied for each pixel. The 4000 count value was
chosen from a casual inspection of the video data, like many other para-
meters in these routines.

The remaining signatures rely on estimating the location of the melt-
pool via center-of-mass calculation. Maximum radiance for each pixel is
found by first determining the subset of radiance measurements where the
laser spot is within a 10 pixel radius of the pixel under consideration, then
selecting the maximum value of this subset. This step helps to reject clutter
from hot spatter particles. Meltpool area (at last estimated melting event)
uses the same clutter-rejection strategy to find the last time that a pixel
exceeded 5000 counts. At that time, the number of adjacent pixels that are
also above this threshold is tallied.

A proxy for cooling rate is the most complex metric extracted from
these data and begins with finding radiance maxima that satisfy three cri-
teria. First, the maxima must occur when the meltpool center is within 10

pixels of the pixel being assessed. Second, the peak must be at least 6000
counts. Third, the following two points after the peak must be at least 1200
counts to ensure genuine melting events are selected. Melting events are
truncated at 50 frames, except in cases where a subsequent melting event
occurs in that time, and they are truncated to when the second event begins
in this case.Next, themelting events are time-aligned and averaged to arrive
at an average cooling curve.An exponential equation of the form a ⋅ e−bt isfit
to the average cooling curve, where b is the cooling rate.

Dataset alignment
A dataspace transformation is used to project micro-CT voxels into the
process signature dataspace; mathematically, this mapping is performed
with a homogeneous transformation matrix (HTM) that performs three
functions. First, the HTM provides for three rotations, as the test artifact is
not rotated in precisely the same orientation in the micro-CT data as it is
seenby the cameraduringprinting. Second, it provides for three shifts, as the
test artifact is not perfectly centered in the micro-CT reconstruction, nor in
the field of view of the camera. Third, it accommodates the difference in
scale, where micro-CT voxels are 4.3 × 4.3 × 4.3 μm3 and process signature
voxels are taken to be 50 × 50 × 30 μm3 (the product of camera resolution
and layer thickness).

Optimizing the HTM from a rough starting point faces two compli-
cating factors. First, the functional relationship between process signature
values and component density values is unknown and reasonably expected
to be nonlinear. Alignment methods that assume a linear relationship
between such quantities, such as cross-correlation, generally performpoorly
in this circumstance100. Second, Fig. 5b and c show that the geometric
features are, for lackof a better term, blobby.Thismakes conventional image
alignment techniques that begin with feature extraction algorithms (e.g.,
Harris corner detector101 or SIFT102), ill-suited. In contrast, intensity-based
registration methods, while typically applied in niche applications, are an
excellent fit to the task at hand. Intensity-based methods function by opti-
mizing a statistical similarity measure, frequently mutual information (MI)
as is usedhere, across the values in all possible pairs of pixels (voxels)100,103,104.
Optimizationof theHTMcomponentsusingMIas anobjective function is a
delicate process; the Scipy implementation of Powell’s method is used (see
refs. 105,106).Derivativeless optimization routines like this one are typically

Fig. 4 | Comparison of simulated andmeasured ADM lens performance. a Plot of
encircled energy versus radius, per Zemax convention, where the dashed lines
indicate that 86% of the laser light is encircled in a 38.5 μm radius. In conventional

terms, this indicates a D86 spot size of 77 μm. bModulus of the optical transfer
function for the simulated ADM lens, detector, and composite system.
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preferred to their quasi-Newton counterparts, as to avoid problems arising
from ill-natured derivatives of themutual information objective function104.
Finally, it should benoted that themicro-CTdataset can be aligned to any of
the process signatures described in the previous section; however, a single
HTM determined using this approach and a sufficiently predictive process
signature (e.g., maximum radiance) can generally be used with any other
process signature without significant refinement.

Pore detection statistics
A pore-by-pore and alarm-by-alarm analysis is conducted on the (aligned)
density and signature datasets to evaluate the probability that pores of a
certain size are detected ormissed.While perhaps self-explanatory, a pore is
taken to be themaximal collection of adjacentmicro-CT voxels judged to be

void of material after thresholding. A pore may be any shape, and so our
analysis is simplified by considering only its equivalent diameter; this
computation is performed using the classic expression for the volume
sphere. There is a probability that such a pore is detected or missed. Like-
wise, an alarm is the maximal collection of adjacent voxels in the process
signaturematrix that lie outside of a threshold range taken to indicate stable
material fusion. There is a probability that an alarm is true, meaning it
positively identifies (overlaps with) a pore, or is false and indicates there is a
flaw at a location where the material is actually fully dense.

Two other features are used to refine this analysis. First, it is quite
typical that an alarm does not occur in the same location as the pore. For
example, a pore may be indicated as a hot spot in the next layer, as is
particularly evident in the overlaid dataset slices in Fig. 5d. This is studied by

Fig. 5 | Products resulting from the fabrication of the test artifact. a As-built
image of the test artifact prepared for micro-CT. b Representative slice of the micro-
CT dataset. c Process signatures extracted from the video data at approximately the
same location in the test artifact as b. The size scale bar applies to all images, and
color scales are qualitatively adjusted to clarify variation across the component

cross-section.dThresholded density and alarmdatasets, alongwith overlay (center),
showing that voids and corresponding alarms are not necessarily co-incident. These
images are not to scale due to the different vertical and horizontal resolutions of the
alarm datasets.
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dilating the thresholded process signature array. One dilation iteration
makes the 26 voxels surrounding an original alarmvoxel also alarmvoxels if
they are not already so, expanding the extent of the alarm 1 voxel in all
directions. Second, after dataset alignment, it is possible to identify a subset
of voids that do not share any process signature voxels with another void
that we call isolated or single voids. To clarify with a counter example, in the

case of a plurality of voidswithin oneprocess signature voxel, it is impossible
to know which void(s) generated the alarm. This subset of isolated voids,
then, arguably provides a more accurate sense of void detection
probabilities.

We first consider the performance of time above threshold as a process
signature to predict the presence of pores as identified by micro-CT.

Fig. 6 | Detection probabilities using time above
threshold as a process signature. aA low threshold
(≤8 ms) is applied to indicate alarms. In the left-
hand panels, the solid lines represent thresholds
without dilating the detections and the faint lines are
labeled with the number of dilations applied with
detection probability improving as a result.
b Identical to a, except that a high threshold
(≥64 ms) has been applied.
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Figure 6a summarizes pore detection probabilities when generating alarms
in locations of low time above threshold (i.e., less than 8ms). It is hypo-
thesized that a low time above threshold indicates porosity, either through
application of insufficient energy to fully melt the material or from rapid
dewetting of molten material during a balling event that exposes the
underlying (cooler) material. In the bottom left panel, the cumulative
detection probability for voids of a given size and larger is plotted as a
function of the equivalent diameter of the void. The solid lines show that the
probability of detecting all of the voids resolved in the micro-CT data is
around 36% and climbs as only increasingly large pores are considered.
Allowing for a slight difference in the position of the void and signature by
dilating the signature twice greatly improves performance: more than 80%
of all voids are detected. To provide cleaner insight, the upper left panel plots
the same curves considering only single voids (i.e., that do not overlap with
another void in any signature-space voxel). These curves are rougher,
particularly at large equivalent diameters where few voids contribute to the
statistic. Nonetheless, a similar pattern is observed, where the process sig-
nature performspoorlywhen expecting a 1-to-1 spatial correlation, butwith
two dilations again shows the ability to detect roughly 77% of the voids
resolved in the micro-CT ground truth. The final panel considers the
probability that an alarm is true (indicating that it overlaps with a void) or is
false (indicating a void where the component is fully dense). Clearly, a low
number of false alarms is desirable to avoid needlessly failing parts under-
going qualification and this is not the case if the signature is used directly
(i.e., with no dilation).With two dilations, the probability an alarm is false is
6%. Interestingly, the probability of a false alarm goes up if a third dilation is
applied for this signature. This is rationalized by noting that positive alarms
tend to be near each other, and therefore become fewer in number as they
coalesce, whereas the false alarms are farther apart on average.

Time above threshold is also one of the only signatures that, in the
present dataset, has significant predictive power when also used at the
opposite extreme.While not quite as effective as the prior case, Fig. 6b shows
that high time above threshold is also predictive of porosity and is char-
acteristic of the balling-type defects frequently observed in the test artifact.
Specifically, once this defect has occurred, the large ball is slow to cool. After

three dilations, 98.9%of pores are detectedwith a false-alarm rate of 14%. In
comparing this signature to the prior one, it should be noted that the
probability of detectingpores can be traded for a lower rate of false alarmsby
changing the thereshold applied to the process signature. For example, a
time threshold greater than the ≥64ms used here canmake the rate of false
detections equal to those seen in Fig. 6a. However, fine pores are also made
less likely to be detected in this case.

Figure 7 presents the equivalent analysis using areas of low cooling rate
to indicate porosity. Deviations in this process signature are hypothesized to
arise from one of two mechanisms. Like high time above threshold, balling
defects can be slow to cool due to the concentrated volume of hot material.
Alternatively, the rate of thermal conduction from the meltpool is reduced
by pores proximal thereto, and this can more subtly reduce the observed
cooling rate. In either case, performance of this process signature is com-
parable to low time above threshold, where after two dilations roughly 70%
of isolated pores are detectedwith a false alarm rate of 3% and thesemetrics
improve with a third dilation. In contrast to the time above threshold sig-
nature, it is interesting to note how rapidly the performance of low cooling
rate increases as a function of the number of dilations, particularly in
resolving pores smaller than approximately 40 μm in effective diameter.
This may indicate that this signature is comparatively sensitive to fine pores
lying under the meltpool.

Similar plots for maximum radiance and meltpool size at last melting
event are given in § S3. Maximum radiance gives similar results to time
above threshold, and this agrees with the notion that large amounts of
overheated material cause balling defects that cool slowly. Meltpool size at
last melting event is easily the worst-performing signature, which is not
surprising in view of its coarse resolution. However, it is most predictive of
porosity when very low, perhaps indicating process instability about a pre-
existing balling defect.

While these process signatures are compared here, two limitations to
these findings should be noted. First, inspection of themicro-CT data show
that balling is the predominant source of porosity in the present study, and
the efficacy of these signatures should be evaluated for keyholing and more
typical lack-of-fusion porosity in future research. Second, the LPBF process

Fig. 7 | Detection probabilities using rate as a low-
threshold (≤0.1 ms−1) process signature. Defini-
tion of each panel directly correspond to those in
Fig. 6a.
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parameters chosen are very near the edge of the process window, as evi-
denced by the frequency and nature of porosity present in the test artifact.
Close examination of Fig. 5d shows that pores predominately appear in the
left half of the test artifact, corresponding to the leading edge of the com-
ponent with respect to the powder spreading direction. Density in this
region is about 98.7%, lying below expectations for well-executed LPBF (it
should be noted that the density of the entire component is considerably
higher at 99.4% which is more typical of this process). We hypothesize that
LPBF with parameters better chosen for this specific geometry will generate
process signatures with lower baseline variability. Thus, deviations in the
process signatures associated with porosity are expected to bemore obvious
in a higher density component.

Discussion
Aperture division multiplexing (ADM) is fully demonstrated through the
design and validation of a lens for simultaneous laser delivery and in-situ
microscopy in LPBF, achieving high spatial resolution and high light col-
lection efficiency. Process signatures extracted from the camera data show
predictive power for voids as small as 4.3 μmdiameter, or at the limit of the
micro-CT reconstruction resolution, in a provisional LPBF test artifact. This
characteristic dimension is small as compared to the minimum pore sizes
that are capable of nucleating a fatigue crack, proving the viability of this
concept in-situ. Future research will provide the statistically-robust detec-
tion thresholds necessary for ADM-based optical process monitoring to
certify LPBF component fatigue life.

These developmentsmay be directly used to achieve higher spatial and
temporal resolution.Two routes exist todecreasing theminimumresolvable
feature size with the present ADM optic, namely using a camera detector
with finer pixel size and increasing the focal length of the lens affixed to the
camera (i.e., replacing the 50mmStingray lens). TheMTFanalysis of Fig. 4b
suggests that resolving features on the order of 10 μm is possible with such a
change. Temporal resolution may also be increased, most directly by sub-
framing (trading field of view for increased frame rate at the same net data
rate). The 0.7 μs exposure time used here places a theoretical upper limit of
≈1.4MHzon frame rate,whichall but ensures cameradata bandwidth is the
practical bound.

The success of this reference design also justifies a future iteration to
improve ADM lens performance, where one of the greatest impediments to
the present design is the nature of the chromatic aberration (or the lack
thereof) thatmust be engineered into the lens. Relieving this design pressure
via one of the following options makes more optical surfaces available for
correcting achromatic aberrations, critical to expanding the field of view, at
the same level of system complexity. One option is a change of optical
materials. At the present wavelengths, combinations of zinc selenide, zinc
sulfide, and KRS5 (thallium bromo-iodide) appear promising, where the
higher refractive index of these materials enables lower spherical aberration
for surfaces of equivalent power98. Further still, a change in laser and
monitoring wavelengths could enable use of silicon and germanium as
optical materials and this high-index combination is recognized as effective
for achromatic lens designs at these wavelengths98. The final option is a
mirror-based system, which is inherently free of chromatic aberration98,107,
perhaps following theoff-axis, three-mirror anastigmatdesignsofKorsch108.

Further, the process signatures and alarm criteria extracted here
represent only a handful of the ways in which the video data can be reduced
to process signatures or alarms. It may be that a combination of process
signatures features higher predictive power than any individual process
signature. This is particularly motivated by a qualitative reading of Fig. 5c,
where the different signatures appear sensitive to different aspects of the
process (i.e., the process signatures are linearly independent). There is also
considerable room for investigating alternative process signatures. Inspira-
tion may be found, for example, using the clustering and principle com-
ponent analysis techniques applied to detecting spatter events in3,109 and the
spectral graph theory of 95 . Likewise, machine learning techniques such as
neural networks have already shown promise67,80,81. Finally, the process input
is well-defined via the scan file, and these data may be used to help interpret

the camera data. Inspiration for this this direction is found in nonlinear
system identification techniques, such as the NARMAX model (see, e.g.110

and the many references therein). Other nonlinear analysis methods are also
promising, including our preliminary investigation of recurrence analy-
sis in111.

Residual stress and microstructure are also affected by the complex and
spatially varying time-temperature history inherent to LPBF29,30,112–114;
accordingly, it is expected that a correlation may be found from the present
process signatures to these material attributes as well. Neutron diffraction is
sometimes used map residual stress tensors in this context115–117 among other
options for obtaining ground truth including synchrotron X-ray diffraction,
hole drilling, and sectioning techniques118. Likewise, microstructure data can
be obtained with a variety of methods, including light microscopy after
etching, microindentation, and electron imaging techniques like scanning
electron microscopy (SEM) and electron backscatter diffraction (EBSD)119.

Finally, while not investigated in this work, there is interest in using
synchronizedmotionof two lasers tomanipulate temperature profiles about
thematerial being fused. This can be done to beneficially alter the build rate,
quality, microstructure, and residual stress (see, e.g.120–128). The difficulty to
achieving these aims with conventional LPBF equipment is that the scan
area of an f-theta lens can be comparable to the dimensions of the lens itself.
In this case, the achievable overlapping area for two lasers is only a narrow
stripe as noted directly in120 and, while not explicitly discussed, is evidenced
in125 and126. An alternate implementation of ADM can enable coordinated
multi-laser processing to be applied across the full extent of the build area.

Methods
LPBF Testbed
This work utilizes a bespoke LPBF testbed designed to enable the ADM-
basedmonitoring strategy. Perhaps themost critical constraint is a limitation
to the distance between the main plate and enclosure lid to no more than
60mm.On one hand, this sets a lower bound on theworking distance of any
optics used in laser delivery or process monitoring. On the other hand, this
distance must be sufficient to accommodate a powder spreading (recoating)
mechanism. A second, related design requirement is that the top of the build
enclosure need not be removed to operate the machine. The optical equip-
ment described herein attaches to mounting features on the lid and, as its
installation requires a considerable effort in focusing andalignment steps, it is
desirable to operate the testbed without removing them. This is met through
the unconventional design explained in § S1, wherein build plate installation
and part removal occur from the front of the machine. Otherwise, this
instrument replicates the functionality of commercial equivalents, and has a
build piston, piston-fed powder supply, and compliant-blade recoating
mechanism, all actuated with industrial-automation-grade servo motors.

The top of the enclosure of the LPBF testbed is visible in Fig. 2b, along
with the laser scanhead that is suspended on a boomabove it. This assembly
delivers the laser light (the reader is referred to129–132 for additional design
details) from a 500W, 1.07μm fiber laser (redPOWERqube, SPI). The laser
is a single-mode fiber laser with a beam divergence of 82 mrad and, in
conjunction with a 250 mm collimator (Coherent PN 106402X01), pro-
duces a beamwith a diameter of d = 2 ×NA × f or 19.5 mm. The figure also
shows that light from the collimator is redirected by a turningmirror before
a galvanometer set (Thorlabs PN QS20XY) that performs laser scanning.

All machine functions are automated with an NI-cRIO-9039. A layer
cycle begins with a powder spreading operation and, once complete, a gas
knife is enabled two seconds prior to beginning layer fusion. Next, the cRIO
synchronously operates the laser and galvanometer mirrors by issuing
commands on a 10 μs timebase. Once fusion of a layer concludes, the gas
knife is operated for an additional two seconds before the next recoating
operationbegins. This control signal is alsoused to trigger the camera for the
same time period.

Aperture division multiplexing lens
APetzval-inspired design, with each optical path decentered by 17.5mm, is
used as a starting point to meet the present objectives. Traditionally, these
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comprise two pairs of achromatic doublets, where each bends the axial ray
by the same amount (i.e., optical power is split roughly evenly)98. In our
design, positive focusing power comes from the calcium fluoride elements
and chromatic aberration is controlled with the negative fused silica ele-
ments (see additional notes on optical materials and coatings in § S2). In a
two-doublet design, however, achieving the required optical power with
calcium fluoride requires strongly-curved surfaces due to the low refractive
index of this material. As such, the positive elements are split and placed on
opposite sides of the negative elements in the present design, making two
three-element groups. Distributing the positive optical power across four
elements instead of two implies lower radii of curvature and, hence, lower
aberration.

Design Optimization. A merit function is used to evaluate and com-
putationally optimize the ADM lens design in Zemax software, starting
from this initial form, where the laser path and imaging path are
simultaneously considered using two corresponding model configura-
tions. Performance metrics for both paths are specified on a 6 mm dia-
meter field-of-view (this, in effect, results in lower-yet-sufficient
performance over a ≈ 10 mm diameter field-of-view) in the build plane.
The laser path is evaluated directly, where light is collimated in the
simulated object plane and comes to a focus in the image plane. Evalu-
ating the imaging path at the same time is more complex because it is
most-straightforward to consider light propagating in the same direction
in bothmodel configurations (i.e., in the reverse direction as compared to
how this path is used in the physical optic). Therefore, a pupil-matching
strategy is used to define the rays traced in this model configuration in
this reverse direction, in view of the nominal performance metrics of the
Stingray lens. Geometric considerations are also included to ensure the
manufacturability of the elements comprising the ADM lens. In general,
performance metrics of the imaging path and satisfying geometric con-
straints are weightedmore heavily, as the other LPBF process parameters
(namely laser power and scan speed) can be tailored to compensate for
considerable variation in the as-built laser spot size. A summary of merit
function objectives is given in § S2. After optimization, a tolerance
analysis is performed (also described in § S2) for predicting as-built
performance. This is met, in part, using a lens tube strategy (depicted in
Fig. 2c) to constrain the optical elements that make up the ADM lens.

Two other aspects of our ADM lens optimization should be noted.
First, an optical window is required to protect the ADM lens from the build
environment and to maintain the atmosphere in the LPBF testbed. It is
specified as a 4 mm thick, 76.2 mm diameter piece of calcium fluoride
(ultimately surfaces 13 and 14 in Table 1), with the bottom-most surface
placed 60 mm above the build plate (co-planar with the bottom surface of
the LPBF testbed enclosure lid). This bounds the working distance of the
ADM lens. To respect this geometry, the values associated with the window
definition are not made variable in the optimization. Second, an additional
requirement is the ability to independently adjust the laser focus sizewithout
affecting the imaging performance. For this purpose, the first optical ele-
ment of theADM lens design is split such that the radii of the first surface in
each optical path can be independently optimized.

Camera Fixture. Figure 2b also shows the relative position where the
camera is fixured with respect to the ADM lens. Thorlabs optical posts
(PNs RS2 and RS3 to reach 5 in. total length) are used to interface
mounting features on the LPBF testbed environmental enclosure to a
fixturing plate. Because the MWIR camera features a pour-filled liquid
nitrogen dewar, it is necessary to fold the optical path such that the
camera remains upright while effectively looking downwards. A gold-
coated turning prism is used for this purpose (Edmond Optics PN 47-
031). To provide mounting features, the prism is adhesively bonded to a
two-part assembly that interfaces it with a 2 axis goniometer (Thorlabs
PNGN2). The stationary side of the goniometer interfaces with the same
plate used to fixture the camera by a second machined component and
Thorlabs optical posts (PN RS4). Accordingly, adjustment of the

goiniometer rotates the prism with respect to the camera and thereby
moves its field of view relative to the center of the build area.

Camera Parameters
The camera is interfaced with a PC separate from the rest of the printer
infrastructure via twin Camera-Link cables and a NI PCIE-1433 frame
grabber. It is configured to observe a trigger signal in its operational software
(IRCameras WinIRC), as previously mentioned, to avoid collecting
meaningless data during the recoating cycle. This is accomplished by
splitting the gas knife enable signal, connecting it to an optoisolator
(SparkFun PN BOB-09118) that provides signal level shifting and protec-
tion, and finally to the BNC trigger IO port of the camera. To adjust the
remaining imaging parameters before starting a print, themachine code for
the first layer of the part is manually scanned on the bare build plate. From
these data, the exposure time is set as a balance between avoiding saturation
under typical conditions and making optimal use of the dynamic range of
the detector. An extremely short exposure time of 0.7 μs is made possible
using theADM lens, and is useful here to prevent rapid changes in the scene
from causing a burring effect. Windowing is also applied, where only a
subset of the pixels are read out, in view of the combination of system
resolution, field of view, and test artifact dimensions. This is desirable pri-
marily as it allows the frame rate to be increased, making transient or short-
duration meltpool disturbances resolvable. As set here, capturing the entire
cross section of the test artifact allows a frame rate of 1250Hz versus the 475
Hz rate possible if the entire camera sensor is used.

Build planning and printing
AutodeskNetfabb software isused forprintplanning.Apart isfirst slicedona
30 μminterval and the perimeter of each slice is offest in the inward direction
by 35 μm, or roughly half the laser spot size. These slices are first used to
bound the start and end points of the infill hatches, each separated by 30 μm,
and are all scanned in the samedirection.Thehatchdirection is rotated by 67∘

every layer. Finally, a copy of the offset perimeter is placed at the end of the
hatch command list for scanning the perimeter of the part, such that these
commands can be exported as a .cli in that order. Machine code generation
follows, usinga .cli interpreterPython script. Thefinal scanparameters are set
here, including a scan speed of 250 mm/s and laser power of 100W that are
both used for the infill hatches and perimeter (polyline) commands. A 0.175
radian (≈10∘) rotation is also applied, such that the recoater does not
encounter the entire leading edge of the component at the same instant.

Final print parameters arranged at runtime. 316 stainless steel powder
(Carpenter Technology, 15−45 μm) is used as the feedstock. To prevent
print failure from a powder short-feed, the powder piston set to express
enough powder for a 50 μm layer despite the 30 μm layer height specified.
Ultra-high purity argon (Airgas, 99.999%) is used as the purge gas.

Density Characterization
Micro-CT (computed tomography) is used to provide ground truth of
component density. Micro-CT is performed using a Zeiss Xradia 620 Versa
CTmachine. Source settings include a tubepotential of 160keV,powerof 25
W, and to apply a filter (HE6). The imaging procedure collects 1601 pro-
jections, using the 0.4 × detector set to a 6 s exposure time. In sum, the
resulting reconstruction is provided at 4.3 μm resolution (voxel size). This
sets a lower bound on the pore sizes are considered in the following results,
although careful future work may prove finer pores are detectable. One
challenge to reconstructing the density of a specimen via computed
tomography is beam hardening; unresolved, this complicates the following
dataset alignment and pore identification tasks. A slightly modified version
of Otsu’smethod133 is applied to remove this reconstruction defect from the
dataset by binary thresholding.

Data availability
The datasets generated and/or analyzed during the current study are not
publicly available due to their considerable size but are available from the
corresponding author on reasonable request.
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Code availability
The underlying code for this study is not publicly available butmay bemade
available to qualified researchers on reasonable request from the corre-
sponding author.
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