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In situ monitoring is required to improve the understanding and increase the reliability of

additive manufacturing methods such as laser powder bed fusion (LPBF). Current diagnostic

methods for LPBF capture optical images, X-ray radiographs, or measure the emission of

thermal or acoustic signals from the component. Herein, a methodology based on the thermal

emission of electrons - thermionic emission - from the metal surface during LPBF is proposed

which can resolve laser-material interaction dynamics. The high sensitivity of thermionic

emission to surface temperature and surface morphology is revealed to enable precise

determination of the transition between conduction and keyhole mode melting regimes.

Increases in thermionic emission are correlated to laser scanning conditions that give rise to

pore formation and regions where surface defects are pronounced. The information pre-

sented here is a critical step in furthering our understanding and validation of laser-based

metal additive manufacturing.
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The market for additive manufacturing technologies has
grown exponentially in the past decade and is expected to
exceed $35 billion in 2024 with more than 40% growth

year-over-year1. This growth includes machine manufacturers,
component fabricators, and research and development activities
by large industry adopters. The quality and reproducibility of
additively manufactured components, especially those created for
performance critical applications in the aerospace and biomedical
industries, is crucial for increased adoption of additive manu-
facturing2. Today’s Industry 4.0 paradigm provides increased
confidence in fabricated components by creating a so called
‘digital thread’; a digital fingerprint of the component that con-
tains life-cycle information such as a computer-aided design
schematic, in-process monitoring data, post-processing inspec-
tion, and supply chain chronology3,4. Laser powder bed fusion
(LPBF) additive manufacturing of metals stands to greatly benefit
from such enhancements due to the existence of seemingly sto-
chastic events that lead to defects, which limit the performance of
fabricated components. Improved monitoring solutions have
proven useful in providing some heuristics for defect detection5

but many require special integration into the optical path of the
processing laser or require additional viewpoints of the powder
bed. These solutions are often inaccessible on commercial
machines and can be expensive, data intensive or over-
burdensome to a machine user.

The thermal history of a component fabricated by LPBF additive
manufacturing is one of the most important metrics for determining
the likelihood of realizing its performance specifications6. LPBF
fabricates components via a layer-by-layer strategy where a thin layer
of metal powder is spread on a solid metal substrate and then
selectively melted by a laser. The strategy proceeds by lowering the
workpiece and spreading of a new layer of powder, and is repeated
until the desired component is formed. The rapid heating and
cooling during solidification as well as the numerous thermal cycles
during processing introduce unique microstructural features that
directly affect part performance. Globally, if the thermal input is too
low, the powder layer will not fuse to the underlying component layer
and lack of fusion defects can occur. Conversely, if the thermal input
is too high, the molten metal evaporates vigorously and a combi-
nation of vapor recoil pressure and plasma can form, creating a local
depression with increased laser absorption, that is unstable and can
lead to porosity. Temperature measurements of the melt pool, which
can reach thousands of Kelvin are at the crux of the efforts to
describe these phenomena. State of the art in situ temperature
measurements rely on thermal imaging7,8. These techniques are
based on idealized black body thermal emission and are currently the
only methods with sufficient temporal and spatial resolutions to
capture the thermal dynamics of the process. Thermal gradients on
the order of 106 K s−1 and meter per second laser scan speed
necessitate kilohertz or greater temporal resolution, and laser beam
diameters on the order of 100 µm dictate spatial resolutions below
tens of microns. For LPBF additive manufacturing where the laser-
material interface is extremely dynamic and consisting of metal
vapor, liquid, powder and bulk solid, assumptions that emissivity
follow a well-known temperature development are inaccurate. This
challenge has limited precise optical temperature measurements to
regions with approximately constant emissivity, such as areas behind
the melt pool or the cooler solidified regions. Other in situ diagnostic
methods used for the probing dynamics during LPBF additive
manufacturing include X-ray radiography9–12, high-speed optical
imaging13,14, optical emission spectroscopy15, thermal imaging6,16,
scanning interferometry17, and acoustic spectroscopy18,19. These
methods have proven effective in resolving laser-induced dynamics
including melt pool flow, pore formation, surface morphology, vapor
plume generation, and powder denudation. By identifying the
dynamics that lead to the defects resulting in perturbations in

build quality these techniques have improved confidence in LPBF
fabricated components.

While rigorous research is being undertaken to understand and
measure the process history of an additive manufacturing fabri-
cated component, a thermally dependent signal, thermionic
emission, has seemingly been overlooked by the diagnostic
community. Thermionic emission detection leverages the phe-
nomena of temperature dependent liberation of electrons, where
valence electrons gain sufficient energy to overcome the work
function of the material and escape from the metal surface20. The
thermionic signal has a power-law dependence on the tempera-
ture and is described by the Richardson–Dushman equation,
J ¼ AGT

2e�
W
kBT , where J is the emission current density, T is the

temperature of the metal surface, W is the work function of the
material, kB is the Boltzmann constant, and AG is a material
specific correction factor20. The W of metals are typically greater
than 4 eV21 resulting in the requirement of very high tempera-
tures, >2000 K, for appreciable thermionic emission to occur.
Therefore, regions of highest temperature in the LPBF processes,
i.e., the melt pool region4,22, will dominate the measured signal
(Fig. 1a, b, and Supplementary Fig. 1). Thermionic emission
detection is therefore a promising technique to resolve tempera-
ture information during LPBF due to the nonlinear relationship
between current density and temperature. While the nature of
thermionic emission has been used for signal amplification,
electron generation, and electricity generation, to date a sensor of
this nature has not been implemented for measurement of metal
additive manufacturing processes. The technique does not rely on
detection of optical emissions from the surface like other tradi-
tional thermal measurement techniques applied to LPBF and is
based upon the flow of electrons as they are liberated from the
work surface.

In this article, a method to measure the total thermionic signal
generated during LPBF is described and used to resolve laser-
material interaction dynamics in stainless steel 316 L under LPBF
additive manufacturing relevant conditions. Based on the
experimental observations thermionic emission is shown to
resolve changes in surface temperature caused by changes to the
local energy density of the laser beam, surface morphology
changes due to transition from conduction to keyhole modes of
melting and the formation of a gas discharge at the substrate
surface. Correlation of the thermionic signal to surface defects
and regions where material overheating leads to pore formation
also shows the potential for thermionic emission as an in-process
monitoring diagnostic.

Results
Impact of energy density on the thermionic emission signal.
Thermionic emission signals were collected using a custom,
testbed LPBF system, which has a high level of control over laser
processing conditions23 and was modified to include electrical
current measurement devices (Fig. 1c). Measurements were
conducted such that the thermionic signal, laser parameters and
scan location were captured as a function of time so dynamics
could be directly correlated to processing conditions and mor-
phological features (Fig. 1d). The pre-build optimization and
identification of changes in the beam diameter due to drift and
thermal lensing in the focusing optics are critical to maximizing
process stability. A study of the thermionic signal as a function of
laser beam diameter in stainless steel 316 L was performed under
high vacuum (<10−5 Torr) and ~750 Torr of argon environments
(Fig. 2). Experiments were performed by varying the distance
between the substrate surface and the plano-convex spherical lens
used for beam focusing (see Supplementary Fig. 2). At each focus
position the corresponding laser beam diameter was used to
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determine the energy density for calculation of the normalized
enthalpy24,25, which compares the absorbed laser energy to the
amount required to melt the solid. Single laser tracks on bare
plate were formed under high vacuum using laser scan conditions
of 100W power, 1000 mm s−1 scan speed and a track length of
10 mm. Tracks in an argon environment were formed using laser
scan conditions of 100W power, 200 mm s−1 scan speed and a
track length of 5 mm. These irradiation parameters were chosen
as they were found to provide the optimal signal response under
the respective environmental conditions. Under high-vacuum
conditions a maximum in the thermionic signal of 60 µA was
realized by performing subsequent scan tracks with incremental
steps near and at the focus condition (Fig. 2a). The D4σ diameter
of the laser beam at focus was ~90 µm and increased to 98 and
108 µm at either side of the focus condition respectively. When
the mean thermionic signal is compared to the melt pool depth,
measured from metallographic cross sections, a direct correlation
is observed with the peak thermionic signal corresponding to the
maximum melt pool depth. The melt pool depth increases line-
arly as a function of beam diameter increasing from 14 to 18 µm,
or 29%. Over the same range the thermionic signal increases from
~20 to ~60 µA, or 3× increase. The rapid increase in thermionic
signal is ascribed to an increase in the surface temperature of the

metal substrate caused by the increase in the local energy density.
Asymmetry in the melt pool depth and thermionic signal as a
function of beam diameter is observed as the laser steps through
the focus condition and is ascribed to the convergent and
divergent nature of the laser beam. As the laser steps through the
focus condition, the focal plane is located above (divergent) or
below (convergent) the surface plane. A convergent beam will
produce a deeper melt pool than a divergent beam with the same
beam diameter26. Figure 2a shows that both the melt pool depth
and thermionic emission signal capture changes in focus condi-
tion and beam diameter.

Figure 2b shows the mean thermionic signal as a function of
laser beam diameter under an argon environment. Like high
vacuum, under an argon environment the signal is relatively low
at large beam diameters and low normalized enthalpy. As the
maximum energy density condition is approached, the signal
increases to a maximum of 80 pA and correlated to the maximum
melt pool depth. The melt pool depth generally decreases linearly
with increasing beam diameter, as has been observed in previous
normalized enthalpy studies11, but there is an apparent plateau in
the melt pool depth for beam diameters of 90 and 150 µm. The
thermionic signal is nominally zero at beam diameters > 150 µm
and increases superlinearly once the beam diameter approaches

Thermionic emission
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Fig. 1 Visualization of thermionic emission from the substrate surface and the experimental configuration used for signal detection during LPBF. A
snapshot from simulations performed using ALE3D of the a surface temperature and b thermionic emission profile. The simulations in a and b were
performed using a stainless steel substrate and laser conditions of 200W power, 91 µm D4σ diameter, and 1500mm s−1 scan speed laser. The red contour
line indicates the position of the melt pool boundary. c Simplified schematic of the thermionic emission process initiated by laser irradiation of stainless
steel 316 L and the detection scheme used for signal collection. The flow of electrons during LPBF was measured using a current preamplifier, which was
connected to the copper substrate holder. The substrate holder is electrically isolated from the surrounding chamber by a polytetrafluoroethylene (PTFE)
block. The current dependent output voltage from the preamplifier is recorded by a field-programmable gate array (FPGA) device. d Thermionic signal as a
function of time collected during irradiation of stainless steel under an argon environment using a 100W power, 91 µm D4σ diameter, 1000mm s−1 scan
speed laser and a scan pattern consisting of 5, 5 mm long lines with 50 µm spacing and full power at the turn points. Inset: Optical image of the laser
irradiated plate showing the start of track, end of track and turn point regions. The scale bar is 100 µm.
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the Rayleigh length where the D4σ beam diameter increases by
√2, ~128 µm. The magnitude of thermionic signal is dramatically
different between high vacuum (60 µA) and argon environments
(80 pA).

The difference in magnitude of the thermionic signal is
attributed to the interaction of emitted electrons with the argon
cover gas and subsequent plasma formation above the substrate
surface. In high vacuum, electrons are liberated from the substrate
and emitted into vacuum away from the substrate unimpeded by
gaseous species in the vacuum chamber. In the presence of an
ambient gas where the electron mean free path is relatively small
(1–10 µm), the electrons emitted from the surface will be locally
heated by the electric field of the laser. This can lead to strong local
amplification of the electron/ion densities and potentially trans-
form the gas near the surface into a plasma discharge. The local
ionization rate depends on the local reduced electric field, E/N,
where E can be estimated using the laser electric field amplitude
and N is the local gas density27. Assuming the local gas
temperature varies between 300 K and 3000 K, the local gas
number density range is 2.45 × 1019–2.45 × 1018 cm−3. E was
calculated as 4.81 × 104 V cm−1 assuming a laser power of 200W
and a D4σ beam diameter of 91 µm. This gives E/N values in the
range of 200–2000 Td, where Td= 10−17 V cm−2 and local
ionization rates (νi) exceeding 1010 Hz assuming an electron
energy of 7 eV27. The local dwell time (td) of the laser is
approximately 500 µs, where td= D4σ

u and u is the laser scan
speed25,26. Thus, the exponential amplification factor, Exp(νi td),
of an electron is Exp(5 × 106), and rapid formation of a plasma is
expected. The presence of a plasma above the surface in the argon
experiments can explain the large, six orders of magnitude
decrease in the measured current. Since no voltage is applied, the
plasma will be driven towards its natural floating potential with
respect to the metal substrate such that the net flux of ions and
electrons to the surface is balanced and there is no net current28,
effectively shielding electrons from escaping the metal surface. The
formation of a plasma sheath at the plasma-substrate interface
could also potentially explain the polarity switch and time-
dependent behavior of the current traces in an argon gas. This
hypothesis requires further examination and a detailed investiga-
tion is beyond the scope of this article. It is important to note that

at reduced pressures, the Clausius–Clapeyron equation shows a
reduced vaporization temperature as compared with typical
atmospheric pressure conditions typically seen in LPBF29,30. The
recoil pressure, the difference between the pressure exerted by the
laser plume on the melt pool and the ambient pressure, is also
reduced at atmospheric pressure13,29,30. Differences in recoil
pressure and ambient pressure under these two pressure regimes
(high vacuum and argon atmosphere) will affect the melt pool
morphology and surface temperature, and therefore the thermio-
nic signal. The changes induced by these mechanisms, however, is
not expected to be significant enough to explain the six orders of
magnitude difference in the measured signal.

Thermionic signal as a function of laser power and scan speed.
To understand the dependence of laser parameters on the ther-
mionic signal, various laser power and speed combinations were
investigated in stainless steel 316 L bare plates under high vacuum
and argon environments (Fig. 3). The range of laser parameters
used are typical for LPBF of stainless steel 316L31,32. In high
vacuum, the polarity of the measured thermionic signal is nega-
tive meaning electrons are being emitted from the metal surface.
The thermionic signal increases in magnitude with increasing
laser power. At slower scan speed, 200 mm s−1, the signal at 50W
is minimal, <20 µA, and when the laser power increased to 150W
the signal magnitude increases greatly, approaching 100 µA
(Fig. 3a). At 150W the signal noise also increases significantly
compared to those at lower laser powers. When the power is
increased above 150W the magnitude of the signal does not
increase, however, while the noise of the signal increases sig-
nificantly. The cause of this increase in noise is ascribed to
transition from conduction to deep keyhole mode melting9 and is
discussed at length in the next results section. The signal at the
start and end of track is greater than the steady state scanning
condition and is caused by a decrease in the scan speed during
these phases of the track due acceleration and deceleration of the
galvanometer scanning mirrors11. Measurements performed at
1000 mm s−1 scan speed show an almost linear increase in the
magnitude of the thermionic signal with laser power until 300W
where the signal magnitude plateaus (Fig. 3b and Supplementary
Fig. 3). Inspection of optical images of cross sections under these
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laser power and scan speeds reveal that the 300W case is at the
onset of the keyhole mode melting transition and these transition
dynamics are ascribed to the observed change in the linear
response of the thermionic signal with laser power (see Supple-
mentary Fig. 3).

Laser irradiation under an argon environment results in a
thermionic signal with positive polarity (Fig. 3c). The positive
signal indicates that electrons are being absorbed by the metal
during laser heating under an argon environment. The flow of
electrons into the metal surface was unexpected and is ascribed to
a non-uniform distribution of free electrons and ions in a
plasma33. For measurements performed at 200 mm s−1 scan
speed, the argon results are similar to the high-vacuum case with
the irradiation performed at 50W laser power generating
minimal thermionic signal. Note, however, the six orders of
magnitude difference in thermionic signal between the two
environmental conditions under identical laser parameters. As
the laser power increases the signal increases in magnitude to
~500 pA. At higher laser power, the signal also possesses a plateau
and increase in noise. When the scan speed is increased to
1000 mm s−1 significant changes in thermionic signal are only
observed at the start and end of the track (Fig. 3d). Even at 300W
the signal during steady state scanning is only on the order of 50
pA. For the case of argon at high scan speeds the thermionic
signal therefore appears less responsive to changes in laser power

and more so to changes in scan speed. The parameter dependence
results show that the thermionic signal is responsive to changes
in-process parameters especially in vacuum where electrons can
freely escape the surface and the signal scales laser power until a
threshold is reached at the transition to keyhole mode melting.
The thermionic signal response in argon is more nuanced and is
greatly affected by the plasma formed in the argon shielding gas.

Thermionic signal response to keyhole transition. The increase
in noise of the thermionic signal with increasing laser power was
investigated using fast Fourier transform (FFT) analysis of the
dataset collected under an argon environment using 200 mm s−1

laser scan speed processing conditions (Fig. 4a, b). Figure 4a
shows the thermionic signal as a function of time for 5 mm long
tracks on bare plate produced at laser powers from 50 to 300W.
The noise in the thermionic signal was quantified using FFT
analysis to calculate the power as mean squared amplitude (MSA)
at lower frequencies, <100 kHz, in the Fourier domain of data
collected from the entire length of each respective track (Fig. 4b).
As shown in the inset of Fig. 4b the power as MSA at 15 kHz
increases sharply at laser powers >150W. The melt pool mor-
phology of each respective track was examined by cross sec-
tioning and optical imaging. The melt pool for the track produced
at 50W is very shallow and the width and depth of the melt pools
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increases at 100 and 150W laser power (Fig. 4c–e). These melt
pools display regular elliptical shapes and are in the conduction
mode of laser melting. For the tracks produced at 200, 250, and
300W the cross sections show the welds are in the keyhole mode
melting regime, possessing the characteristic chalice shape
(Fig. 4f–h). Comparing the depth of the melt pool as a function of
laser power and the FFT analysis, an abrupt increase in melt pool
depth occurs at the same laser power threshold as the increase
observed in power as MSA at 15 kHz (Fig. 4b). The increase in
power as MSA at 15 kHz is therefore attributed to the transition
from conduction mode to keyhole mode melting. This trend is
similar to that observed during in situ measurement of laser
energy absorption where the absorptivity and melt pool depth
sharply increases during the transition to keyhole mode melt-
ing34. The frequency response indicating keyhole mode instabil-
ities also matches previous observations using in situ X-ray
imaging10. The data reveals a direct correlation between the
transition to keyhole mode melting and the increase in ther-
mionic signal noise, providing a pathway for readily identifying
the transition in real-time during laser irradiation. The onset of
keyhole depression formation also corresponds to a plateau in the
measured thermionic signal, which could be explained by limiting
of the surface temperature due to boiling of the metal or reduced

efficiency for electrons escaping the substrate due to the surface
morphology. Note that space charge effects35 could also play a
role in the plateau; however, this cannot easily be predicted due to
the tangential nature of the electric field produced by the laser.
Until recently, when vapor depression dynamics were probed
using in situ X-ray imaging9, the characterization of conditions
prone to the formation of keyhole morphology depression were
based on indirect cross-sectional measurements. Keyhole
depressions form under high energy density conditions where a
large recoil pressure is generated resulting in the drilling of a deep
depression in the melted metal, forming a high-aspect-ratio metal
vapor filled cavity. During irradiation, the processing laser
interacts with the vapor depression’s surface where light is
absorbed or reflected generating localized perturbations within
the depression, which can lead to pore formation due to
entrapment of gas bubbles in the melt pool10,22,24 and oscillations
in the surface morphology10. Identifying keyhole mode melting is
therefore important for mitigating pore formation, which
degrades the fatigue life of LPBF fabricated components by acting
as crack initiators36.

Thermionic signal response during LPBF scan strategies.
Conditions replicating the LPBF additive manufacturing process
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were investigated using a thin layer of powder on the substrate
surface and hatched scanning patterns (Fig. 5). A series of
bidirectional hatches were produced on stainless steel 316 L with
varied hatch spacing. These hatches mimic a unit of the ‘island’ or
‘chess’ scan strategies in commercial LPBF systems. Three 5 mm
islands with 100, 200, and 500 µm hatch spacing were scanned
using a laser power of 100W and scan speed of 1000 mm s−1 to
observe the effect of turn point velocity and overheating on the
measured thermionic signal (Fig. 5a, b). With a hatch spacing of
100 µm the thermionic signal peaks at the start of track and laser

turn points, and multiple spikes in the signal are observed during
steady state scanning (Fig. 5a). The signal intensity at turn point
regions increases with decreasing hatch spacing. This is caused by
the laser scanning mirrors requiring a slower scan velocity at laser
turn points, which varies depending on the scan profile (see
Supplementary Fig. 4). For example, the turn point velocity
approaches a minimum of ~50 mm s−1 for the 100 um hatch
spacing irradiation. The change in velocity causes the process
laser to dwell at these points for substantially longer than in the
steady state scan regime resulting in an increase in the local
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of scan position in stainless steel 316 L performed under an argon environment using 100W, 1000mm s−1 laser parameters and 4, 5 mm long scan lines
with 100 µm hatch spacing. The arrow indicates the start of track position. Also shown is an optical image of the formed tracks. b Thermionic signal as a
function of time under the same laser conditions used in a with 100, 200, and 500 µm hatch spacing. c A two-dimensional kernel density plot consisting of
the thermionic signal measured from tracks shown in b during steady state scanning conditions and the local surface roughness determined from height
data collected ex situ using a laser scanning confocal microscope. Note the logarithmic color scale. d Electron current emitted from the metal surface, and
vapor depression and melt pool depth as a function of time during a single laser turn point simulated using an ALE3D based multi-physics model. The
steady state scan speed was 1500mm s−1 and reduced to 750mm s−1 during the turn. A constant laser power of 200W, a hatch spacing of 100 µm and a
D4σ beam diameter of 91 µm were used in the simulation. e Surface profiles captured during the simulation in d at 451.5 and 503.5 µs. The image is
colorized using a logarithmic scaling of the electron current density. The red contour line indicates the position of the melt pool boundary.
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energy density which causes overheating and unstable keyhole
mode melting11. Interestingly, the thermionic signal is at max-
imum intensity when the laser reaches the turn point and then
begins to decrease when the laser accelerates out of the turn point
(Fig. 5a). This signal change occurs during localized melt pool
transitions between conduction and keyhole mode melting and is
a major source of pore defects during LPBF11. While the max-
imum thermionic signal is apparent at the turn point regions,
local maxima along the steady state scanning regions appear to
correlate with surface inhomogeneities. These surface defects are
undesirable and can result in build defects such as porosity from
lack of fusion. To quantify this observation, analysis of the local
surface roughness (Sa) and thermionic signal was performed
using a two-dimensional kernel density plot to estimate the
probability distribution function (Fig. 5c). The plot shows that the
highest density of data points has a thermionic signal magnitude
on the order of ~15 pA and a surface roughness of ~2.5 µm.
Regions with a thermionic signal up to ~50 pA are much more
likely to possess a higher surface roughness than those >50 pA. As
the signal increases the surface roughness is generally smoother,
which likely arises from overheating and slower cooling of the
surface.

High-fidelity multi-physics simulations were used to identify
key relationships between thermionic emission and melt pool
dynamics during a laser turn point (Fig. 5d and see Supplemen-
tary Movies 1–3). The simulation was performed at 200W laser
power, a steady state scan speed of 1500mm s−1, a turn point
speed of 750 mm s−1, and a hatch spacing of 100 µm. Only
relative changes were compared between experiment and
simulation due to the uncertainty in the value of the material
specific constants, AG and W, with temperature21 and the
physical state of the material37. The simulated emission current is
approximately 103 orders of magnitude larger during steady state
scanning compared to experiment, 100 mA versus 100 µA. The
experimental collection efficiency of emitted electrons from the
surface could also contribute to the difference in signal. An
increase in thermionic emission current is observed when the
laser reaches the turn point, reaches a maximum ~75 µs later and
then decreases in ~150 µs as the laser accelerates out of the turn.
This response and the asymmetric profile of the thermionic signal
closely matches the experimental observations. When the melt
pool response is compared to the thermionic emission signal it
can be noted that the maximum thermionic signal precedes the
maximum melt pool and depression depth by ~150 µs. This is
because the response of the melt flow to the local maximum in
recoil pressure is delayed by the liquid’s inertia, but electron
emission responds almost instantaneously relative to the
temperature increase. The simulations also reveal another change
in melt pool morphology which correlates to changes in the
thermionic signal. A local maximum in the thermionic signal at
~500 µs corresponds to the formation of a liquid droplet ejecta
(Fig. 5e), which is also a potential source of defects during LPBF
additive manufacturing38. As the ejecta forms, the melt pool
elongates into a bow wave-like shape before ejection39, increasing
the surface area of the highest temperature region at the front wall
where the laser couples to the surface. The results from
experiments replicating LPBF additive manufacturing and
accompanying multi-physics simulations show that overheating
and changes in melt pool morphology during in laser irradiation,
such as at laser turn points and during liquid droplet ejection can
be readily identified via detection of the thermionic emission
signal. The observation of thermal changes at the substrate
surface with a method such as thermionic emission detection
using electron current measurement devices could lead to real-
time methods for defect identification and ultimately increased
confidence fabricated components.

Discussion
In summary, we have uncovered the generation of thermionic
emission during LPBF additive manufacturing and used the
signal to identify dynamics caused by laser-metal interactions.
Thermionic emission was resolved in a common LPBF additive
manufacturing material, stainless steel 316 L, under various laser
scanning conditions by measuring the flow of electrons between
the metal surface and the local chamber environment using a
current preamplifier. Variation of the laser beam diameter shows
that the thermionic emission signal exponentially increases with
the local energy density, and the melt pool depth increases lin-
early over the same range. These relationships reveal the critical
dependence of surface temperature on the thermionic emission
signal and the applicability for using the signal as a methodology
for rapid optimization of laser focus in LPBF additive manu-
facturing systems. The thermionic signal increases linearly with
laser power under high-vacuum conditions until the keyhole
mode melting regime is realized. The signal response under
argon at high laser scan speeds is more dependent on changes in
surface morphology and signal maxima are caused by changes in
laser scan speed at the start and end of track. The measurement
of a positive current polarity in argon and the six orders of
magnitude difference between high vacuum and argon envir-
onments was entirely unexpected. These observations point to
the role of plasma formation being a key phenomenon associated
with the measured signal. The positive polarity is caused by
electrons flowing from the plasma plume into the metal sub-
strate. Our current hypothesis is that this is related to the
dynamic formation of a plasma sheath at the plasma-substrate
interface. The observation of thermionic emission reveals that
the formation of plasma during LPBF additive manufacturing
previously ascribed to ionization of vaporized metal by the laser
beam, could also be caused by liberation of electrons from the
surface of the metal into the argon cover gas and subsequent
interaction with the large electric field of the laser. Analysis of the
thermionic signal using FFT can identify the transition of laser
melting dynamics from conductive to keyhole mode melting by
observing a sharp rise in the noise component at frequencies
<30 kHz. The identification of this transition is desirable as
keyhole formation results in pore formation due to its unstable
nature and importantly, unlike other in situ techniques such as
X-ray imaging, thermionic emission can resolve this transition in
bulk material. Locations of overheating due to poorly configured
processing conditions and stochastically formed surface defects
were identified during hatched scan patterning of a powder
covered substrate using the thermionic signal for in-process
monitoring. State of the art multi-physics simulations corrobo-
rate the relationship between increased melt depression depth
and thermionic signal including perturbations in the melt pool
that lead to material ejection (i.e., spatter) and increased signal.
The simulations also reveal fundamental differences in the
hydrodynamic and electrical response to changes in surface
temperature, which is ascribed to the time required for the
increased recoil pressure to overcome the melt pool’s inertia. The
results demonstrate that the collected thermionic signals can be
incorporated into conventional data collection schemes and
processing methods including FFT and signal threshold analysis.
Understanding the response of diagnostic signals to laser-
material interactions during LPBF processing and identifying
regimes where defects may arise is a key step for developing
confidence in additively manufactured components. The results
presented here illustrate the potential for thermionic emission
detection to provide detection of laser driven phenomena and
improve our knowledge of the LPBF additive manufacturing
process whilst also complimenting existing diagnostic
capabilities.
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Methods
Experimental design. Laser-induced thermionic emission signals were collected
for a series of single laser tracks and hatches on stainless steel 316 L substrates as a
function of chamber pressure, laser beam diameter, laser power and laser scan
speed. 6.35-mm thick stainless steel 316 L substrates (SS316L, Rolled Alloys Inc.,
see Supplementary Table 1 for material composition details) were investigated with
and without a thin layer of stainless steel 316L powder (50–65 µm layer thickness,
15–45 µm diameter powder size distribution, Concept Laser) on the surface.
Experiments performed under an ~750 Torr argon environment were conducted
by flowing ultra-high purity argon gas via a mass flow controller (Smart-Trak 100,
Sierra Instruments) at ~0.7 standard liters per minute while actively evacuating the
chamber with a diaphragm pump. Prior to flowing argon, the chamber was
evacuated to <10−3 Torr to ensure removal of oxygen and nitrogen from the
chamber. High-vacuum experimental conditions (<10−5 Torr) were realized using
a turbo molecular pump based system (HiCube80, Pfeiffer Vacuum). The chamber
pressure was determined using a gas species-independent pressure transducer (910
DualTrans, MKS Instruments). The concentration of oxygen in the chamber was
monitored by an oxygen vacuum probe (XS22, ZIROX Sensoren und Elektronik
GmbH) and was <10 parts per million (ppm) for all experiments. Reducing the
oxygen concentration is essential as oxygen alters the melt pool geometry during
irradiation30, changes the gaseous composition of the plasma and can result in
formation of metal oxides that tend to have higher work functions than their
elemental metals40. At near atmospheric concentrations of oxygen (100,000 ppm)
the thermionic signal was found to be erratic with large deviations from the
nominal average. The magnitude of the thermionic signal as a function of oxygen
concentration was minimum at concentrations <~10 ppm, therefore this upper
threshold was used for all experiments (see Supplementary Fig. 5).

Experiments were performed using a custom built, testbed LPBF system23. This
customizable, vacuum chamber-based system was built to mimic typical laser
scanning conditions found in a commercial LPBF platform while including a
flexible laser optical pathway and advanced diagnostic instrumentation. A single-
mode, 1070 nm, 500W, continuous wave fiber laser (YLR-500-WC, IPG
Photonics) was used in all experiments as the primary energy source. A modified 3-
axis galvanometer scanning mirror system (3XB Scan Head, Nutfield Technology)
was used to scan the laser across the substrate. The laser focusing optics consisted
of an 85 mm focal length collimator (D25-F85 AC, IPG Photonics) and a 600 mm
focal length plano-convex spherical lens (CVI Laser, LLC). The D4σ diameter of
the Gaussian beam at the sample plane was ~90 µm (see Supplementary Fig. 2)
which was determined using a custom beam profiling unit and a 3.69 µm per pixel
monochrome camera (Grasshopper3, FLIR Systems). The substrate holder
assembly was supported by two closed-loop piezo-based stages (Attocube Systems
AG), which provided precise vertical and horizontal motion. Vertical motion was
used to position the substrate surface relative to the laser focal point.

Detection of thermionic emission and signal processing. Thermionic emission
was detected using a programmable current amplifier (CA5350, NF Corporation)
electrically connected to the metal substrate via a copper substrate holder, BNC
type vacuum feedthrough and cabling. The thermionic signal collected is the total,
spatially integrated current emitted from the surface. The copper substrate holder,
and therefore the signal collection circuitry, was electrically isolated from the
chamber, including the stage, using a nonconductive PTFE block (Accu-Glass
Products, Inc.). The current preamplifier was operated at ground potential for all
measurements, i.e., there was no potential difference between the substrate and the
vacuum chamber. To reduce signal noise during data collection the cables used for
signal collection were shielded and electrical shielding, including BNC cable
shielding, connected to the vacuum chamber, which was at ground potential. The
noise floor of the current preamplifier was <10 pA at 109 V A−1 gain (see Sup-
plementary Fig. 6 for measurement of the noise floor of the current preamplifier).
Investigations were undertaken to locate spurious sources of noise. Notably the
noise floor was not affected by the laser or galvanometer scanning mirrors, but the
mass flow controller and vacuum gauges had measurable influence if positioned in
line of sight of the substrate. The signal measured by the current amplifier, laser
power and laser scan position were recorded using a FPGA based data acquisition
system operating at ~526 kHz (USB-7856, National Instruments). This allowed
direct correlation of the thermionic signal and laser parameters to metallographic
features. The current amplifier settings were optimized for collection under high
vacuum (gain 104 V A−1, low-pass filter rise time 0 µs, signal rise time 0.7 µs) and
argon (gain 109 V A−1, low-pass filter rise time 30 µs, signal rise time 30.41 µs)
chamber environments. The signals collected by the FPGA were post processed by
smoothing the data over 11 discrete data points (~48 kHz). FFT analysis was
performed using the Origin Pro software package (version 9.6).

Material characterization. Ex situ optical imaging of scanned hatch patterns on
the substrate surface was performed using a Keyence VR-3000 wide-area 3D
measurement system or a Keyence VK-X100 laser scanning confocal microscope.
Substrates were cross sectioned using a water cooled, low-speed diamond cutoff
saw, and then mounted in epoxy. The substrates were then ground using SiC paper
down to 1200 grit, and polished using 3 and 1 μm polycrystalline diamond sus-
pension. Final vibratory polishing was performed using 0.05 μm colloidal silica.

The substrate was etched electrolytically using a 10% oxalic acid solution at 6 V and
imaged with a Keyence VHX-6000 optical microscope.

Surface height data of the laser tracks were collected ex situ using a Keyence
VK-X100 laser scanning confocal microscope. Surface roughness, referred to as Sa,
as a function thermionic signal was determined using the collected surface height
data by applying the arithmetic mean roughness method to discrete 64 × 64 µm2

regions along the center line of the laser tracks. Correlation between the thermionic
signal and position on the laser tracks was enabled by measurement of the
galvanometer scanning mirror positions as a function of time during irradiation.
Regions 650 µm from the start, end or turn points of the laser tracks where
excluded from the analysis to ensure only steady state scan conditions were
analyzed. A region size of a 64 × 64 µm2 was selected for the Sa calculation to
ensure the region was within the 91 µm laser beam diameter. The two-dimensional
kernel density plot was produced by the Origin Pro software package using a
bivariate kernel density estimator bandwidth method.

Thermal simulations. Simulation of the surface temperature and melt pool
response during a single laser turn point irradiation was performed using the
ALE3D multi-physics software tool, which is described in detail elsewhere4,11,22.
The simulation was performed using a 1000 × 300 × 200 μm3 bare substrate using
the material properties of stainless steel 316 L. Powder was not included in the
simulation as it significantly increases the physical complexity. Laser parameters of
200W power, 1500 mm s−1 steady state scan speed, 100 µm hatch spacing and
91 µm D4σ beam diameter were used in the simulation. During the laser turn point
the scan speed was reduced to 750 mm s−1 and the laser power remained constant
(for laser scan path information see Supplementary Fig. 7). The higher scan speeds
used in the simulation compared to experiments were necessary due to the
exhaustive computational requirements. The thermionic emission profile was cal-
culated by applying the Richardson–Dushman equation to the simulated surface
temperature profile, using the typical AG value (60 A cm−2 K−2), which is half of
the upper theoretical limit41 and theW (4.34 eV) value for stainless steel 30421. The
material specific constants W and AG vary with temperature21 and physical state of
the material37; however, the values were assumed constant for this calculation due
to uncertainty in the values at these high temperatures.

The normalized enthalpy term was calculated using AP
πρCTm

ffiffiffiffiffiffiffiffi

Dua3
p , where A is the

absorptivity of the material (assumed to be 0.4 under all conditions), P is the laser
power, ρ is the density (7.950 g cm−3), C is the specific heat capacity (0.79 J g−1

K−1), Tm is the melting temperature (1658 K), D is thermal diffusivity of the
molten material (0.0538 cm2 s−1), u is the laser scan speed and a is the 1

e radius of

the laser beam (a ¼ σ
ffiffiffi

2
p

)24.
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Code availability
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