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ARTICLE INFO ABSTRACT

During laser powder bed fusion additive manufacturing, laser power absorption is governed by a protean pool
of molten metal that can present as a highly reflective surface, a deeply absorbing cavity, or some amalgama-
tion thereof. These melt pool dynamics have been linked to defect creation, porosity, and surface finish quality.
Although these are therefore critical for determining final part quality, their instantaneous influence on laser ab-
sorption have only been explored through simulation. To date, direct real-time observations have been elusive
due to the locally extreme environment. In this work, we focus a laser on Ti-6A1-4V powder and bare plate while
quantifying the time-dependent, absolute energy absorption by monitoring omnidirectional backscattered laser
intensity. We also simultaneously record the projective melt pool geometries with high-speed synchrotron x-ray
imaging. We find that laser absorption strongly reflects the stability of the vapor depression over a wide range
of applied laser powers, oxygen content in the processing atmosphere, and with the presence of powder. During
laser scanning of a powder bed surface, we find a significant absorption reduction after 400 ps due to a dramatic
change in the vapor depression aspect ratio — an event known to create porosity. As several industrial scan strate-
gies necessitate thousands of these events during a build, their identification and control is of significant practical
importance. Lastly, a normalized enthalpy model is demonstrated to be effective in quantifying the relationship
between the laser absorption and cavity depth, even under transient conditions. In addition to providing vital
quantitative data for simulation calibration, the correlation of melt pool geometry with laser absorption during
realistic processing conditions suggests the use of a total backscattered light detection system for real-time process
control.
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1. Introduction

Cavity-enhanced optical absorption is a well-studied phenomenon
where a greater percentage of light can be absorbed by a cavity struc-
ture compared to a plane surface of the same material [1]. This is
true irrespective of the material forming the cavity as it is a geo-
metrical consequence whereby the cavity creates multiple absorption
events for the internally scattered light. This phenomenon has been ex-
ploited for increased radiant emission from conical cavities [2,3] and
for maximizing absorption in developing absolute radiometric calorime-
ters [4]. During laser-metal processing, cavities can form in the metal
melt pool that similarly affect the incident laser beam. As laser welding
and drilling was developed over 50 years ago, it was quickly understood
that the extraordinarily deep melt penetration and high energy effi-
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ciency was owed to the enhanced absorption from a molten metal cavity
[5]. More recently, in laser powder bed fusion (LPBF) additive manu-
facturing (AM), where a focused laser is used to selectively melt layers
of metal powder to build complex 3-dimensional shapes, cavities have
been found to play a major role as well [6,7]. Early analytical models
of these processes calculated the effects of simple cavity geometries on
laser absorption under idealized conditions [8-10]. More recent simu-
lations incorporate more complicated cavity shapes generated by simu-
lated fluid dynamics [11,12] or from experimental data [13].

In laser-metal processing, these cavities are generally referred to as
vapor depressions due to the physics of their formation. Intense irra-
diation of a metal surface creates a boiling, molten pool that is de-
pressed below its initial surface height due to a vaporization-induced re-
coil force. This is counteracted by a surface tension pressure that seeks to
minimize surface energy by closing the opening. At relatively high irra-
diances (> 1 MW/cm?), these vapor depressions can be especially deep
and narrow that are colloquially referred to as keyholes. LPBF AM typi-
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cally uses lower irradiances, which although form vapor depressions do
not necessarily develop into a deep keyhole [7]. As a result of the in-
nate relationship between laser power absorption and cavity shape, the
stability of the vapor depression is critically important.

The tug-of-war between primarily vaporization and surface tension
induced forces means that the cavities are inherently metastable. For
LPBF AM, even constant processing conditions (laser power, scan speed,
etc.) do not guarantee stability as scan strategies and powder bed vari-
ations can locally affect cavity behavior. Vapor depression instability
can produce mechanically deleterious porosity that results from stochas-
tic events where gas bubbles are trapped by a fast-moving solidification
front in the wake of the scanned laser. Pore forming dynamics investi-
gated through simulation [12,14] reveal the intimate relationship be-
tween laser absorption and cavity geometry. In general, as a keyhole
grows deeper, laser energy absorption is highest at the bottom. For a
melt with negative temperature-dependent surface tension coefficient
[15], the resulting local rise in temperature increases the local recoil
pressure and reduces the surface tension. Meanwhile, the steep sidewalls
above the keyhole bottom are cooler because the laser light is mostly de-
flected deeper. Consequently, this region experiences a relative increase
in surface tension that overcomes the recoil force [14]. Together, these
events create a situation where the cavity pinches off the keyhole open-
ing and traps vapor at the bottom. Furthermore, during these events the
incoming laser absorption is reduced as it is momentarily incident to a
smaller cavity [16]. This entire pore-formation process occurs on the
scale of microseconds or less, depending on processing conditions.

Direct observation of the vapor depression geometry is becoming
commonplace due to recent advancements using high-speed synchrotron
x-ray imaging [7,17,18]. By employing high-flux, high-energy sources,
x-ray imaging can reveal the laser-induced keyhole dynamics with high
temporal and spatial resolutions. Time-resolved absorption measure-
ments, on the other hand, are possible by measuring the total backscat-
tered light during laser processing, typically with an integrating sphere
[19,20], and performing an energy balance calculation to determine
the amount of laser light absorbed by the material during processing.
Recently, integrating sphere radiometry (ISR) has been developed as a
metrology instrument for dynamic, absolute laser light coupling during
intense laser irradiation of solid metals [21] and metal powders [22]. In
this work, these two techniques are combined to provide unique, simul-
taneous measurements of laser absorption and keyhole cross-section so
that the causal relationship between them can be experimentally quan-
tified. So far, this relationship had been limited to multiphysics simula-
tions [11,13,23,24] and thus another goal of this research is to provide
first-of-their-kind data to calibrate and refine these simulations. In ad-
dition, the differences between absorption and cavity dynamics in bare
metal plate versus metal powders are explored as this is of interest to
both the AM and laser welding communities. Furthermore, this work re-
veals that measurements of total, relative backscattered light alone can
detect cavity instabilities known to result in defects in as-built parts.

In order to improve the repeatability and reliability of laser-based
AM, one needs a real-time, in situ process monitor capable of detecting
the generation of defects and also informing process control on-the-fly.
In situ monitoring is an active area of research in the field of AM and
yet no clear preferential monitoring technique has emerged [25-27].
Imaging techniques, whether they be visual [28], thermal [29], or
x-ray [30] have been demonstrated to be useful for monitoring key-
hole instabilities and have been correlated with porosity [31]. How-
ever, these techniques require a significant amount of instrumentation
and data processing making them ill-suited for large-scale deployment.
Lower dimension monitoring techniques such as ultrasound [32], pho-
todiodes [33], pyrometry [34], and spectroscopy [35,36] have also
been used for defect detection. Although data collected using these sen-

sors are more readily processed, their use to detect defect creation
events is typically only correlative and requires additional calibration by
complimentary techniques.

As an alternative, total backscattered laser light detection is appeal-
ing for real-world implementation for several reasons. First, it necessi-
tates only a single photodiode and is therefore capable of high time res-
olution (sub-nanosecond) at low cost while producing a computationally
preferred one-dimensional data stream. Second, unlike previous pho-
todiode-based monitoring systems that measure scattered light over a
small solid angle, an integrating sphere approach ensures that virtually
all scattered light is collected. As will be demonstrated here, this feature
enables the causal relationship between cavity geometry and laser ab-
sorption to be established. Third, calibration of the signal allows for the
absolute determination of absorbed laser power in real-time [21]. Al-
though not necessary for defect detection, this ability leads to a greater
connection between industrial process parameters and predictive models
that need to know the amount of absorbed energy. This is a stated goal
for “Industry 4.0” [37], which seeks to digitize the entire manufactur-
ing process by, for instance, creating a “digital twin” [38]. Lastly, total
backscattered light detection could be readily deployed since LPBF AM
build chambers could themselves become a light integrating apparatus
as demonstrated in a custom built, metrology-grade AM system [56].

2. Materials and methods
2.1. Metal samples

The Ti-6Al-4V plate samples were machined out of NIST Standard
Reference Material 654b [39] using wire electric discharge machin-
ing. These were thinned to approximately 300 um by polishing of the
sides to which the x-rays were incident. This thickness was necessary
for adequate x-ray transmission at the high frame rate (50,000 frames
per second) x-ray imaging used here. The polished sides also created a
highly specular surface which is necessary for good contrast of keyhole
and melt pool in the x-ray images. The laser incident surface was also
polished to a specular finish. For measurements involving powder, the
Ti-6Al-4V sample was sandwiched between two glassy carbon plates (1
mm thickness). The difference in height between these plates and the
metal substrate surface created a trough into which powder was spread.
The Ti-6Al-4V powder (Goodfellow Corporation, US, Grade 23 [40])
was gas-atomized (good sphericity) and had a maximum particle size of
45 pm.

2.2. Integrating sphere radiometry

The integrating sphere technique is generally the same as that used
in Ref. [21]. In brief, a calibrated integrating sphere was placed over
the sample to collect the backscattered laser light. The amount of ab-
sorbed laser power is then determined from an energy balance calcu-
lation between the measured input and scattered laser light (zero light
transmission). The sphere used in these measurements had an elongated
inlet aperture at the top to allow for a scanned process laser. A small
channel along the sphere base accommodated clear passage of the 2
mm wide x-ray beam. Fig. 1 shows a diagram of the integrating sphere
apparatus as it was implemented with the x-ray beam. The laser had
an angle of incidence of 7° relative to the sample surface normal. This
ensured that the strong backscattered light from the initially specular
surface would be captured within the sphere. The backscattered light
was measured by a photodiode that was fiber-coupled to the sphere
surface; it was bandpass filtered at 1070 nm. The photodiode voltage
was measured by a high-speed oscilloscope with a 1 % voltage uncer-
tainty and a 40 ns time resolution. A calibration procedure using a
well-characterized scattering surface in place of the experimental tar-
get produces a coefficient that converts the photodiode signal to an ab-
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Fig. 1. A conceptualization of the combined integrating sphere and synchrotron x-ray
imaging system. Additional information on the experimental design can be found in the
appendix.

solute amount of scattered light power [21]. This procedure was re-
peated between laser injections so that changes to the internal surface of
the sphere due to weld spatter could be accounted for.

Over the course of these experiments, the loss within the sphere
changed only slightly, increasing on average by 0.6 % per laser expo-
sure. The combined standard uncertainty in the absorption measure-
ment was 1.3 % (coverage factor of 1). This is nearly a threefold increase
in accuracy over previous efforts [21] due primarily to an improved un-
certainty in laser power measurement through calibration of the laser
power meter to a primary standard at the National Institute of Standards
and Technology. The dynamic absorptance is determined by calculat-
ing the difference between the backscattered and input laser powers and
then dividing by the input laser power. Normalizing this to 100 gives
the percent absorption.

2.3. High-speed X-ray imaging and analysis

All experiments were carried out at the 32-ID-B beamline of Ad-
vanced Photon Source at Argonne National Laboratory. The high-speed
x-ray imaging experiments were performed similar to those of Ref. [18].
All videos in this work were captured at 50,000 frames per second with
a 2.5 ps exposure time. Image analysis was performed according to the
procedure in Ref. [41], which included a procedure for automatically
detecting the keyhole and measuring its dimensions.

2.4. Process laser and chamber

The process laser was a 1070 nm wavelength Yb-doped fiber laser
with a measured spot size of 49.5 um =+ 5 um (1/e? value). All mea-
surements were performed with the sample at the focal plane. A SCAN-
LAB intelliSCANq, 30 galvanometer scanner [40] that maintains normal
incidence of the process laser beam is used for controlling the laser du-
ration and scanning. The sample and integrating sphere apparatus were
placed in an inert gas chamber with two Kapton windows that allowed
for transmission of the x-ray beam. This chamber was vacuum pumped
and backfilled with argon unless otherwise specified.

3. Results and discussion
3.1. Correlations of keyhole geometry and laser absorption

During stationary and scanned laser exposures, vapor depressions
were formed under various applied laser powers on Ti-6Al-4V bare

plates and powders. For high-irradiance stationary exposures on bare
plates, a vapor depression detection algorithm was applied to each
full-field x-ray projection image. This procedure quantified the width,
depth, and cross-sectional area of the vapor depression as shown in
the inset of Fig. 2. For these data, a Spearman correlation coefficient
was calculated to determine the degree of correlation between a cav-
ity geometry parameter and laser absorption. A coefficient equal to 1.0
indicates perfect correlation and 0.0 means no correlation. These coef-
ficients are plotted in Fig. 2. Recently, laser absorption and keyhole
depth (measured using low-coherence interferometry) were found to
be highly correlative during laser spot welding [42]. However, the re-
sults here show that absorption correlates most strongly with cavity area
with depth just slightly lower, and width markedly lower. Also shown
in Fig. 2 on the right ordinate is the coupling efficiency calculated as
the time-integrated absorption during the entire 2.0 ms laser exposure.
These data are possible through a calibration process where the absolute
amount of backscattered light is determined [21]. It is worth noting that
we have decreased the standard combined uncertainty of these coupling
efficiency values to 1.3 %, nearly a factor of three lower than earlier
work [21]. Qualitatively, the step-function behavior is similar to that
found previously [21], but now x-ray images confirm in real time that
this step indicates a transition from conduction mode to vapor cavity
formation.

The coupling efficiency has been used to determine conditions for
keyhole formation [43]. For instance, although a vapor depression is
initially found at 96 W the coupling efficiency in Fig. 2 does not be-
gin to plateau until approximately 120 W, which could be considered
the onset of keyhole formation for a 2 ms laser exposure. The region be-
tween these power extremes where the average absorbed laser power
sharply increases is a transition region where the vapor cavity has not
yet developed into a deeper keyhole. The end of this region also marks
the point at which the correlation coefficients for all geometrical para-
meters starts to decrease, which is presumed to be the result of increas-
ing instability that accompanies deepening keyholes. This can be seen
directly in the full high-speed x-ray videos (see Supplementary Movies
1-2). The transition regime is important for LPFB AM as one is often op-
erating near it in order to maximize build speed while also minimizing
defects associated with keyhole formation. Unfortunately, this regime
is also prone to vapor cavity collapse [44] as will be explored below.
Later, we will also show that even at laser powers that ensure a contin-
uous keyhole presence, significant instability occurs which can lead to
pore formation. This underscores the importance of using time-resolved
laser scattering data for understanding melt pool dynamics.
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Fig. 2. The Spearman correlation coefficient is plotted on the left ordinate for cavity
depth, area, and width (defined in inset) versus laser power for stationary laser melting
of a bare Ti-6Al-4V plate. The right ordinate gives the coupling efficiency calculated by
time-integrating the dynamic absorption data given by the integrating sphere. Vertical
dashed lines mark the onset of vapor depression and keyhole formation.
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3.2. Vapor cavity collapse

For LPBF, vapor cavity stability is generally considered a prerequisite
for achieving a high-quality final part. Achieving the correct balance of
forces for metastability can be challenging though as slight changes to
the laser processing conditions (i.e. scan speed, laser power, beam size,
etc.) can have drastic effects. Here, for the purpose of study, instability
is created by increasing the amount of oxygen in the build chamber dur-
ing a stationary laser exposure. Oxygen is a surface active element that
alters the surface tension [45] and has been shown to contribute to de-
fect formation in LPBF [46].

In Fig. 3, the top and middle rows were obtained with 90.0 W of
incident laser power for 5.0 ms on a bare Ti-6Al-4V plate in an ar-
gon atmosphere and in air, respectively. Since the x-ray imaging is un-
der-sampled compared to the light scattering experiments (50 kHz ver-
sus 25 MHz), synchronization of the two data sets is achieved by an elec-
tronic timing signal that allows for the temporal location of each indi-
vidual video frame to be determined. These are marked by blue squares
in Fig. 3(a), (d), and (g). The absorption data in Fig. 3(a) shows a
sharp transition from an average of 33% absorption in the first 2.4 ms
to 66% for the remainder of the total 5 ms laser exposure — a doubling
of the amount of absorbed laser power. From high-speed x-ray images,
this rise corresponds to the formation of a vapor cavity with represen-
tative images given in Fig. 3(b) and (c). In air however, keyhole for-
mation becomes more erratic. In an inert atmosphere (Ar), the keyhole
consistently formed at 2.4 ms (repeated 5 times), whereas in air keyhol-
ing always began sooner but with a varied formation time between 0.8
and 1.3 ms. Fig. 3(d), for example, shows two distinct keyhole regions
occurring in a single 5.0 ms laser exposure. The consistently faster key-
hole initiation could be the result of increased absorption due to oxide
formation at the surface [47].

Bare Plate,

|, Ar Atmosphere Regions

3]

Absorption (%)

Powder on Plate,
Ar Atmosphere

The presence of powder represents another contributor to cavity in-
stability as compared to bare plate. Fig. 3(g)-(i) shows results from a
stationary laser exposure (114 W, 2.0 ms) on a thin Ti-6Al-4V powder
layer (100 pum thickness) on a solid metal substrate in an Ar environ-
ment. These data do not reveal the clean, step-function behavior seen
in Fig. 3(a). Instead, an initially high absorption (> 50 %), typical for
powder surfaces [22], gives way to brief periods of cavity formation
identified by x-ray imaging (shaded regions in Fig. 3(g)). An x-ray im-
age from this region is shown in Fig. 3(i). Here, there is an increase in
absorption from 42 % to 66 %. In terms of scattered laser light intensity,
the formation of a keyhole reduces the measured signal by 41 % for a
powder bed surface and by about 50 % on a bare plate. These dramatic
changes are easily resolvable by ISR. And, since only the relative change
in scattered laser intensity is necessary for detecting these cavity forma-
tion and collapse events, one does not need to frequently perform the
sophisticated sensor calibration making this technique more practical as
a real-time monitoring tool for LPBF AM.

3.3. Real-time detection of keyhole-induced pore formation mechanism

In addition to observing vapor depression formation and collapse,
more subtle changes in backscattered light can reveal important dy-
namics during strong keyhole formation. At relatively high applied
laser powers, the average coupling efficiency plateaus at over 70% for
Ti-6Al-4V bare plate, which is attributed to deep keyhole formation
(see Fig. 2). However, rapid variations in the absorption signal and
supporting x-ray images indicate that during strong keyhole forming
conditions (high laser power), instability can lead to pore formation.
Fig. 4(a), shows absorption data from a stationary laser exposure of
2 ms at 201 W on bare plate. The sharp rise in absorption at 35 ps re-
sults from strong keyhole formation due to the relatively high irradi-
ance of 2.6 MW/cm?. Once the keyhole is formed, the average absorp-

Fig. 3. Simultaneous ISR and x-ray imaging data revealing stationary laser beam (90 W, 5 ms) melting of a bare Ti-6Al-4V plate in argon (a) and in air (d). Data is also shown for a
stationary beam (114 W, 2 ms) incident on a Ti-6Al-4V powder bed sample in argon (g). The ISR and x-ray imaging data were synchronized so that the under-sampled location of each
x-ray image could be identified (blue squares). Selected x-ray images are given with their temporal location indicated by the letters in (a), (d), and (g). All scale bars are 100 um. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Rapid instability demonstrated during a stationary laser exposure (201 W, 2 ms) on a Ti-6Al-4V bare plate. (a) The blue squares indicate the location of x-ray video frames. Specific
x-ray images are given in (b), (c), and (d) with their locations shown with letters in (a). The scale bars are 100 um.

tion is 84 % with a standard deviation of 6.6%. One can also notice sev-
eral brief reductions in absorption lasting less than 10 ps each, with ex-
amples identified by letters (b)-(d). The average absorption during these
events is 58.5%, well below the overall average.

The image inset in Fig. 4a shows a representative x-ray image when
the absorption is near the keyhole average (84%). In this dataset, three
of the events corresponding to the rapid drops in absorption were cap-
tured in the x-ray images shown in Fig. 4(b)-(d). At these points in
time, the keyhole opening has severely narrowed allowing significantly
less light to enter. From an understanding of cavity absorption involving
multiple reflections, we conclude that these sudden collapses are causal
to the drastic, momentary reduction of absorption. This is reinforced by
the fact that frames before and after show relatively open keyholes like
that shown in the inset of Fig. 4(a) (See Supplementary Movie 3). The
appearance and timescale of these features are consistent with dynam-
ics predicted to cause keyhole-induced porosity and defects [11,14,48].
Their correlation with momentary, yet drastic, reductions in laser ab-
sorption means that by monitoring the integrated backscattered laser
light, one is able to observe this behavior in real-time in the hopes of
developing feed-forward control system for reducing porosity.

3.4. Scanned laser vapor cavity dynamics

The results presented thus far have been for a stationary laser,
which although instructive for understanding the fundamentals of va-
por depression dynamics, is too far from realistic LPBF conditions to
be directly applicable. Therefore, scanned laser experiments were per-
formed to investigate vapor depression stability on bare plate and metal
powder under nominally consistent keyhole conditions. These condi-
tions were approximated from scaling laws for keyhole depth as a

function of laser scan speed, beam diameter, and material properties on
a bare metal plate [44]. These laws define a threshold power for key-
hole formation defined as a vapor depression with aspect ratio equal to 1
(see Eq. (11) in Ref. [44]), which for the scan speed (0.7 m/s) and spot
diameter (49.5 pm) used here should be roughly 100 W. The scaling law
also stipulate that a laser power of at least 1.7 times this value ensures
a consistent keyhole not prone to collapse. Fig. 5 shows results for the
scanned laser melting of Ti-6Al-4V plate and powder bed samples with
0.7 m/s scan speed and 201 W power. Example video frames are shown
in Fig. 5(b) and (c) with their approximate locations indicated in Fig.
5(a) (see also Supplementary Movie 4).

The data in Fig. 5(a)-(c) reveal an interesting phenomenon. Al-
though obtained under constant scan velocity where a “sky-write” scan
strategy is employed to ensure a constant laser dwell time, the x-ray im-
ages show an initial keyhole with a significantly higher aspect ratio than
that obtained at later times. Under these processing conditions, a steady
state is achieved after about 400 s of laser exposure. Qualitatively, sim-
ilar behavior is found when a 100 um thick powder bed is prepared on
a solid substrate as seen in Fig. 5(d)-(f) (see also Supplementary Movie
5). A subtle difference is that the initial absorption is higher in powder
than a solid surface due to increased light trapping from a porous sur-
face [49]. Variations in the powder packing fraction can affect the ini-
tial absorption [22,50], but only for the brief period of time before the
particles melt (< 20 ps here). To estimate this affect, a 20% change in
the initial powder absorption from 55% to 44% would amount to only a
0.14% reduction in total energy absorbed over the 2.0 ms laser exposure
in Fig. 5(d). Therefore, this would seem to be too small to have much
of an affect on melt pool dynamics much later in the exposure.
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Fig. 5. Laser absorption and cross-sectional x-ray imaging for bare metal (top row) and a 100 pm thick powder bed sample of Ti-6Al-4V (bottom). The blue squares indicate the specific
temporal location of high-speed x-ray frames. The location of the frames given in (b), (c), (e), and (f) are marked by letters in (a) and (d). The laser spot size is 49.5 pm, power is 201 W,

and scan speed is 0.7 m/s.

The transition from an initially deep keyhole to a shallower one is
primarily the result of metal vaporization and fluid dynamics. This ob-
servation occurs at early timescales where vaporization dominates be-
fore the steady-state convective fluid flow is established. The initial key-
hole forms very rapidly (< 50 ps), and thus the vaporization-induced re-
coil force is highly localized. Once the keyhole forms, the scanning laser
is primarily incident to the front keyhole wall [44] making it the hottest
surface with the strongest vaporization. The metal vapor is released nor-
mal to this surface, but at early times is deflected upwards by the rear
keyhole wall [51] consequently driving the keyhole deeper. The vapor
creates a fricative force against the rear keyhole wall that eventually
acts to move molten metal away. Simultaneously, a strong Marangoni
convection develops near the rear keyhole wall that moves the hotter
molten metal towards the colder region, in the direction opposite to the
laser scan [11,52]. In time, these effects act together to lower the height
of the rear keyhole rim. Once this occurs, the vapor is no longer de-
flected straight upward and the keyhole depth is reduced. As the key-
hole opens and shallows, fewer multiple reflections occur which lowers
the total energy absorbed.

This sudden change in keyhole aspect ratio can cause the collapse
of keyhole walls, which must be mitigated to achieve a high quality
as-built part [48]. As we find that this change occurs shortly after
laser illumination begins (< 1 ms), scan strategies such as “island” and
“sky-write” techniques, which require thousands of laser starts and stops
throughout a build, would be most significantly affected. A drastic key-
hole morphological change is also seen in LPBF as a scanned laser beam
turns a corner, although in this case, due to a change in laser dwell time
as the scan speed slows and then accelerates creating so-called turn-
around pores [48]. Based on our findings, this sudden change in key-
hole aspect ratio should also be detectable by a total backscattered light
detection system allowing for the possibility of real-time detection.

3.5. Dynamic keyhole depth and absorption examined with a normalized
enthalpy model

The data presented thus far demonstrate the strong connection be-
tween relative changes to the backscattered light and changes in the va-
por depression aspect ratio. However, since our ISR was calibrated to
calculate absolute absorptance, a more quantitative assessment is also
possible. Recently, it has been demonstrated that the keyhole depth can

be estimated from the normalized enthalpy of the melt pool system
[6,24,53]. Rubenchik et al. show that the keyhole depth, d, normalized
by the thermal diffusion length, Ly, is linearly dependent on the total
enthalpy normalized by the enthalpy of melting, Hy, [53]. This model
has the intuitive interpretation that additional absorbed energy in ex-
cess of that required for melting is responsible for determining the melt
pool depth. This is a simplified model as it does not consider convec-
tive or evaporative energy losses, yet it has been shown to be universally
true for a wide range of materials including Ti-6Al-4V, stainless steel,
and nickel-based superalloy Inconel 625 [24,53]. In our experiments,
we test the validity of this model during a single laser exposure by cal-
culating the normalized enthalpy, f, as [24]

4P
nH,,\/ Dua?

b= @

where A is the laser absorptance, P is the laser power, D is the thermal
diffusivity, u is the scan speed, and a is the beam radius. The time de-
pendence of f is due to the temporal behavior of A, which is measured
directly with ISR.

Fig. 6 shows the normalized keyhole depth (d/Ly) versus normal-
ized enthalpy for the scan in Fig. 5(a)-(c). Thermal properties of L,
H,, D for Ti-6Al-4V are taken from Ref. [24] and references therein.
In previous studies using this model, the laser absorption was treated
as a constant and the linear relationship was demonstrated for a range
of applied laser powers and material properties necessitating dozens
of separate experiments. Here, however, the simultaneously measured,
real-time absorptance and keyhole depth during a constant laser irradia-
tion are compared, and interestingly, a linear dependence is also found.
The bare plate data (black, closed squares) shows a strong linear rela-
tionship with a Pearson correlation coefficient of 0.98. The powder data
(red, open squares) have more noise, but is still reasonably linear with
a correlation coefficient of 0.70. A linear fit of the bare plate data re-
veals a slope of 0.42, which is close to the value of 0.60 found by Ye
et al. [24] Potential reasons for the discrepancy are that Ye et al. cal-
culated g from the time-averaged absorption as opposed to a real-time
value, and they determined the depth from cross-sections of the solidi-
fied melt pools instead of the keyhole bottom as done here. As for the
powder sample, the slope determined from the linear fit is 0.31 (red
line), whose deviation from the bare plate could be due to the differ-
ences in thermophysical property values between plate and powder.
These experiments were repeated but at a slightly higher laser power



B.J. Simonds et al. / Applied Materials Today xxx (xxxx) 101049 7

" m 201 W, bare plate|
O 201 W, powder

Normalized Depth (d/L,)
W

0 Ll I I
14 16 18 20 22 24 26

Normalized Enthalpy (B)

Fig. 6. Normalized keyhole depth versus the normalized enthalpy that is a function of the
simultaneously measured absorptance during the scanned laser melting (201 W, 0.7 m/s)
of Ti-6Al-4V plotted. The solid squares are from a bare plate sample and the open squares
are from a powder bed sample. The solid lines are linear fits to the data.

(261 W) with results presented in the Supplementary Fig. S1. At this
power, similar behavior is found, albeit with slightly more noise due to
increased keyhole instability.

The observation that the normalized enthalpy model is applicable
during a single laser exposure at a time resolution of 20 ps is impor-
tant for understanding the basic physics of the LPBF process, but it also
leads to a practical application. Under transient LPBF conditions where
the keyhole rapidly changes, if one knows the instantaneous absorbed
laser power the keyhole depth can be estimated using this model. These
results demonstrate the feasibility of leveraging calibrated backscattered
laser light detection for real-time monitoring of this critical dimension
under constant laser settings. This is critical for assuring the reliability
of as-built complex structures using LPBF, in which keyhole morphology
and laser absorption can be substantially different across the build such
as at the end of tracks, thin walls, edges, corners, and laser turn points.

4, Conclusions

This work quantifies the relationship between laser power absorp-
tion and melt pool cavity geometry at a level that has not been previ-
ously available. Prior measurements of laser absorption have either been
time-averaged [43,54], and thus incapable of real-time correlation, or
time-resolved but only related to solidified melt pools characterized ex
situ [21]. The closest to date has been Allen et al. who combined ISR and
inline coherent imaging but were limited to stationary laser measure-
ments on solid samples and only one-dimension geometry data [42,55].
Therefore, this work represents a significant advancement that allows
for testing the fundamental relationship like that expressed in the nor-
malized enthalpy model and as a resource for validating multiphysics
simulations.

Qualitatively, the correlation of sharp changes to the backscattered
light signal with pore-defect-creating mechanisms demonstrates the util-
ity of this technique for a simple, real-time, in situ process monitor.
Recently, researchers put forth process recommendations for reducing
porosity related to changes in keyhole aspect ratio [48] and keyhole in-
stability [14]. However, the diagnostic techniques used in these stud-
ies cannot be readily incorporated into a manufacturing environment.
Our results demonstrate that measurements of total backscattered light
are not only capable of real-time detection of keyhole collapses, aspect

ratio deviations, and instabilities, but do so in a manner that is readily
applicable to industrial laser processes.
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