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The current industry trend in metal additive manufacturing is towards greater real time process monitor-
ing capabilities during builds to ensure high quality parts. While the hardware implementations that
allow for real time monitoring of the melt pool have advanced significantly, the knowledge required to
correlate the generated data to useful metrics of interest are still lacking. This research presents promis-
ing results that aim to bridge this knowledge gap by determining a novel means to correlate easily
obtainable sensor data (thermal emission) to key melt pool size metrics (e.g., melt pool cross sectional
area).

� 2018 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction

The implementation of tools to monitor the melt pool in metal
additive manufacturing (AM) processes is widely considered
essential to the adoption of those processes for advanced compo-
nent production [1]. The fusion process is so variable that even
when nominal deposition parameters are implemented, flaws in
the resultant part are possible [2,3], making it essential to monitor
the process on the length and time scales needed to detect flaws.
Laser powder bed fusion (LPBF) is particularly difficult to monitor
because of the small length scales, with melt pools roughly 50
mm to 250 lm wide [4], and short time scales, with melt pool phe-
nomena occurring over roughly 10 ls to 100 ls [3,5]. The most
promising solution to reliably obtain melt pool scale information
in the LPBF process is to align sensors along the optical path of
the laser [6–8]. In doing so, spatial coordination of the sensors with
the melt pool is guaranteed, allowing for more targeted data
collection.

The majority of melt pool monitoring tools that are commer-
cially available utilize this coaxial monitoring technique [9–11].
The current hardware is capable of recording copious amounts of
data; however, the associated software packages rely on the user
to draw their own conclusions from those data. Picking out anoma-
lies or even understanding what information is important to con-
sider is difficult without an informed framework that ties sensor
outputs to part quality metrics. The current research aims to bridge
this knowledge gap by presenting a means to correlate readily
obtainable sensor data (thermal emission) to key melt pool size
metrics (e.g., melt pool cross sectional area). This correlation does
not rely on information about the melt pool geometry, as has prior
research [8,12], but instead looks only at the total in-band thermal
emission from each melt pool (further called ‘‘emission”).
2. Methods

Experiments were performed on the prototyping system (Fig. 1)
developed by the National Institute of Standards and Technology
(NIST), a precursor to NIST’s current Additive Manufacturing
Metrology Testbed (AMMT) [13,14]. The only notable modifica-
tions to the prototyping testbed were the addition of a hot plate
within the argon purge box and thermocouples welded to the
experiment plates. The material used in this research is Ti-6Al-4V
due to its popularity within the AM community [15].

A series of single bead, beam-on-plate experiments was con-
ducted at a wide range of plate temperatures, beam powers, and
beam velocities to generate a dense matrix of melt pools that span
the practical process parameter range of the AMMT prototyping
system. The thermal emission from each melt pool was imaged
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Fig. 1. A schematic of the AMMT prototyping system used in this research, courtesy of Lane et al. [14].
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Fig. 3. Curves of constant melt pool cross-cross section area measured ex-situ.
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by a high speed digital camera with a monochrome, 12 bit detector
and an 850 nm ± 20 nm optical filter. A frame rate of 50 kHz and an
integration time of 0.5 ms (set such that the camera images do not
saturate) was used for data collection. While no rigorous calcula-
tion of the spatial resolution of the camera system was yet com-
pleted [16], the instantaneous field of view of each pixel was
measured at approximately 15 mm � 15 lm. All camera settings
were held constant for all data collected. An example melt pool
top view image, cross sectional area image, and thermal emission
image can be seen in Fig. 2.

Emission was determined by adding up the values of all pixels
above a threshold of 20 (reported in ‘‘digital level”, or DL) in the
camera images and averaging over the available images for that
scan track. Therefore, all information about the melt pool geometry
from the emission data is lost. The threshold value was set 3r
above the average signal noise. After the experimental plate was
removed from the LPBF machine, each scan track was cross sec-
tioned normal to the track length and imaged to get the melt pool
cross sectional area (area). To generate process maps of constant
area or emission, experimental data taken at each plate tempera-
ture were piecewise linearly interpolated to find locations of a pre-
scribed metric in power-velocity space [17]. Those interpolated
locations are plotted in Figs. 3 and 4 as data points.
Fig. 2. All images are for the same scan track (P = 250 W, V = 600 mm/s, T = 25 �C) and
Microscope image of the cross sectional melt pool area (sectioned, polished, and etched
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3. Theory

When viewing thermal emission from a heat source, the rela-
tionship between camera signal and temperature will be highly
nonlinear [18]. By analyzing the camera signal values directly
instead of trying to convert those data to temperatures, the num-
ber of calibration steps needed to define the camera system are
at the same scale. (A) Microscope image of the top surface of the scan track. (B)
). (C) Example thermal emission image from the scan track.
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Fig. 4. Curves of constant melt pool emission obtained from in-situ melt pool
images.
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reduced [18]. The authors will show that though neither radiant
nor absolute temperatures are known, the thermal information
gathered from the camera system is still highly valuable for melt
pool monitoring applications.
4. Results and discussion

The process map for area can be seen in Fig. 3, with the corre-
sponding map for emission in Fig. 4. In both cases, it is clear from
the slope of the curves of constant metric in power-velocity space
as well as the shifts in those curves due to changes in plate temper-
ature that all three parameters tested (power, velocity, and plate
temperature) have significant effects on both area and emission.
Furthermore, each successive curve constitutes a 2X decrease in
the metric of interest, with the largest values chosen to start in
similar locations in process space: 6 000 lm2 at 25 �C in Fig. 3
and 40 000 DL at 25 �C in Fig. 4 (orange squares with dotted con-
necting lines).

The curves in Figs. 3 and 4 are similar, though with different
magnitudes of process variable changes necessary to create the
2X jumps between curves. This means that correlations based on
mapping of values between figures is possible, and therefore emis-
sion can be used as a metric for area, which is an important melt
pool characteristic [19] that is nearly impossible to measure
directly in-situ.

An example of a correlation that can be made is as follows. If
power is held at 200 W and plate temperature is held at 25 �C,
the curve of area vs. emission for the velocity range measured is
linear with a slope of roughly 7 DL/lm2.
5. Conclusions

Emission from the melt pool in LPBF has been shown to have
similar trends to area. Both metrics vary with beam power, beam
velocity, and plate temperature. The thermal information in this
research was obtained with a high speed camera, but no spatial
information was used in analyzing it, meaning that the thermal
information could have been obtained by a simple photodiode.
The multiple order of magnitude reduction in information
generation by a photodiode as opposed to a camera detector
Please cite this article in press as: Fisher BA et al. Toward determining melt poo
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makes the implementation of the correlations found in this
research applicable for real time feedback control systems.
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