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ABSTRACT

Laser powder bed fusion processes are driven by scanned, focused laser beams. Along with selectively melting the metal
powder, laser energy may be converted and transferred through physical mechanisms such as reflection from the metal
surface, heat absorption into the substrate, vaporization, spatter, ejection of heated particles, and heating of the metal
vapor/condensate plume that is generated by the laser-metal interaction. Reliable data on energy transfer can provide input
for process modeling, as well as help to validate computational models. Additionally, some related process signatures can
serve better process monitoring and optimization. Previous studies have shown that the proportion of the transfer
mechanisms depend on laser power, spot size, and scan speed. In the current investigation, the energy conservation
principle was used to validate our measurement of reflected energy, absorbed energy, and energy transfer by vaporization
on bare plates of Nickel Alloy 625 (IN625). Reflected energy was measured using an optical integrating hemisphere, and
heat absorbed into the substrate was measured by calorimetry. Transfer from vaporized mass loss was measured with a
precision balance and used to establish an upper bound on energy transfer by mass transfer. In addition to measurement of
total reflected energy, the reflected laser power was time-resolved at 50 kHz in the integrating hemisphere, which provided
insight into the process dynamics of conduction, transition, and keyhole modes.
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1. INTRODUCTION

Metal laser powder bed fusion (LPBF) uses selective laser melting of metal powder to additively manufacture a part layer
by layer. Complex physical phenomena occur at the laser-metal interaction area due to phase transitions, vapor pressure,
surface tension gradients, wetting effects, melt dynamics, and more!. The energy density applied to the material has a
strong effect on the physics that occur in the meltpool, and ultimately on the outcome of the laser melting process.

There are varying definitions of energy density reported in terms of energy divided by length, energy divided by volume,
etc., but for the purposes of the current discussion, a strict definition of energy density is not necessary*’. Regardless of
definition, it is qualitatively known that the energy density is proportional to applied power and inversely proportional to
scan velocity and beam spot size. Therefore, for a given spot size and scan velocity, decreased laser power decreases
meltpool width and depth®.

The energy density applied to the material is also related to the rate of metal vapor generation from the process. At process
conditions producing little to no vapor jet, “conduction mode” occurs. Conduction mode is associated with meltpool aspect
ratio (depth divided by % the width) of less than unity’. Among other defects, insufficient energy density is associated
with lack of fusion and balling defects in LPBF®. At higher energy densities that result in a high rate of vapor generation,
the process transitions into “keyhole mode,” in which the meltpool depth increases substantially and the aspect ratio can
become much greater than unity. A steep increase in laser power/energy absorption is associated with the transition from
conduction mode to keyhole mode due to multiple reflections in the deep cavity formed in the meltpool by the vapor recoil
pressure® !, Among other defects, excessive or unstable keyholing is associated with residual porosity and loss of volatile
alloy components!!3,

The ability to measure the power and energy transfer that occur in this complex physical process enhances understanding
of the process, aids in validation of computational models, and will ultimately help to improve the quality of parts built
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with LPBF. This preliminary investigation sought to measure the energy transfer of the laser melting process via
absorption, reflection, and vaporization. Heat energy absorbed by the substrate was measured via calorimetry and
evaporated energy was estimated by mass transfer. Reflected laser energy was measured as time-resolved reflected power
at 50 kHz, which provided an additional wealth of information about the dynamics of the process in conduction, transition,
and keyhole mode.

Measurement of light reflected from laser melting of metal is a very challenging application of reflectometry. The laser-
metal interaction area is a highly dynamic reflective surface, which may potentially cause loss of reflected light from the
reflectometer when reflected light propagates in the direction with a reduced throughput; the throughput is the ratio of the
flux reaching the detector to the input flux from the source. The incident and reflected light can also be scattered and
absorbed by the hot metal plume. At the current state of development, these two potentially important losses could not be
quantified, although possible avenues for minimizing and/or measuring those effects are in progress. Nevertheless, the
sum of the absorbed, reflected, and evaporated energy compared with the input laser energy places bounds on the combined
effects of reflected light or energy absorption by the plume.

Laser power reflectometry can complement thermographic measurements and provide additional insight into the complex
processes involved in building thin walls and overhangs. Full hemispherical capture of reflected light imposes significant
limitations on the process laser incident angles and can find only a limited use in multilayer builds, which will be discussed
in the following sections. As an additional benefit, reflected laser power also appears to be a highly useful process
monitoring signature for defect detection'®.

2. EXPERIMENTAL METHODS

The experiments reported here were performed in the National Institute of Standards and Technology (NIST) Additive
Manufacturing Metrology Testbed (AMMT)!>16, The AMMT is a custom LPBF research platform that was designed to
be highly configurable for measurement of all aspects of the LPBF process. The AMMT includes a removable carriage
that contains the build-well and a large metrology-well, both of which may be moved laterally within the large build
chamber. The laser is an Yb-doped fiber laser with emission wavelength of 1070 nm. Laser power delivery can be adjusted
from 20 W to more than 400 W, with a 4-sigma diameter (D4c, representing diameter within which about 95 % of the
Gaussian laser power profile is contained) spot size that is adjustable from 45 pm to more than 200 um. The laser spot can
be scanned with full control of the laser scan path/strategy at 100 kHz and laser power control at 50 kHz, with scan velocity
from 0 mm/s to more than 4000 mm/s.

In the current investigation, all scans were performed with a velocity of 500 mm/s, a D4c spot size of 65 um, and laser
power ranging from 50 W to 300W. The working material was rolled and annealed bare plates of Nickel Alloy 625
(IN625)° to avoid the measurement complications imposed by powder in this validation experiment. The manufacturer-
reported composition of the Alloy 625 material used in this investigation are shown in Table 1.

Table 1. Constituents by mass % of IN625 used in this investigation
Element | Ni Cr Mo | Fe Nb | Mn | Al Ti
Mass % | 60.6 | 21.98 | 8.4 | 438 | 3.44 | 035 | 0.21 0.21

Element | Si Cu C Co Ta P S
Mass % | 0.19 | 0.08 | 0 0.04 | 0.01 | 0.01 | 0.0001

The surfaces of the plates were ground with 400 grit silicon carbide paper. The samples were assured to be within £20 um
flatness and levelness of the build plane, resulting in an additional spot size uncertainty of +1.3 um due to the known
caustic (solid angle of convergence). The following three experimental subsections will describe the approaches used for
the three primary measurands: mass loss, laser energy absorption, and reflected laser power. It should be noted that the
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reflected power and absorbed energy experiments were done simultaneously, and the mass loss experiments were
performed separately on a larger workpiece.

2.1 Mass loss

For measurement of mass loss caused by liquid metal spatter and/or vaporization, IN625 samples with ground surfaces
were carefully cleaned with acetone and ethanol to remove debris. The samples were then stored in dry air for 24 hours to
remove adsorbed water. The samples were transported in air-tight containers and then weighed on a precision balance.
The laser melting process was performed with directional shield gas flow horizontal across the process at about 8 m/s,
which was assumed to transport all of the spattered or evaporated material off of the 25 mm x 25 mm x 3 mm sample.
After melting, the samples were carefully cleaned and dried again, then weighed.

The primary measurand was mass transfer, but an estimate of how much energy was transferred from the process due to
mass loss can also be obtained. The upper bound of energy transfer due to the mass loss is found by assuming that all of
the mass was evaporated. Any material that is evaporated absorbs heat energy through five modes in the transition from
room temperature solid to superheated vapor, as shown in Equation (1).

Eevap ~ Arn[cp,sol(Tm - Tr) + hfus + Cp,lig (Tb - Tm) + hvap + Cp,vap (Tmax - Tb)] (1)

Heat is first absorbed by the solid. The solid absorbs energy proportionally to the specific heat (cp, 50;) and the temperature
rises from room temperature (7;) to the to the melting temperature (7,,,). Heat is then absorbed as the latent heat of fusion
(hfys) in the phase change from solid to liquid. The material is next heated as a liquid (¢, ;;4) from the melting temperature
to the boiling temperature (Tj). The largest energy transition is in the phase change from liquid to vapor (A, ). Finally,
the vapor is heated from the boiling temperature (T},) to the maximum temperature the material reaches (T4 )-

All values for the material heat capacity and latent heat were taken as the conservatively high values found in available
literature. The solid specific heat is temperature dependent and was taken as the average value of about 0.6 J/g-K in the
temperature range between room temperature and the melting temperature!” of about 1300 °C. The latent heat of fusion is
highest at the slowest cooling rates and was taken as the conservatively high value!® of 290 J/g. Information on the heat
capacities of IN625 is sparse above the melting point, but using the properties of the majority constituent (Ni) is a
reasonable approximation'®. The liquid latent heat!® was taken to be 0.73 J/g'K up to Ni boiling point*® of 2913 °C.
Information on the specific heat of metal vapors is very sparse, so it was conservatively assumed that the vaporous specific
heat was equivalent to that of the liquid. Precise temperatures of superheated vapor are also unknown, so it was
conservatively assumed that the vapor temperatures reach up to 4500 °C. As stated previously, the phase transition from
liquid to vapor is the largest energy conversion in the heating process; indeed, this single energy conversion amounts to
about double the energy conversion of the solid-liquid phase change and other heating, combined.

Vaporization rates of liquid mixtures are dependent on the concentration of the constituents and the temperature difference
between the vaporization temperature of each constituent and the hottest local material. Therefore, additional information
is required to precisely calculate how much energy is converted by vaporization of IN625. Nevertheless, it is known that
the latent heat of vaporization of the constituents, comprising about 85 % of IN6252!, is within +5 % of 6.5 kJ/g. The
remaining constituents are refractory and trace elements, and so it is a reasonable assumption that the mass loss can be
converted to energy within a reasonable margin of uncertainty with this simplified approach. Uncertainty will be discussed
in the next subsection.

2.2 Mass loss uncertainty

The balance used to measure the mass loss has a resolution of 0.01 mg and reproducibility of 0.015 mg for a combined
mass uncertainty for a given measurement of 0.018 mg, and a mass change uncertainty of 0.025 mg. Estimating the
uncertainty of the energy transfer due to the mass loss is far less straightforward, and given the assumptions, an
conservative uncertainty of £30 % was applied. It will be shown in the results section that the energy transferred to mass
loss—with conservative assumptions and generous uncertainty assignment—was small compared to the uncertainty of the
absorbed energy and reflected energy, precluding the need for further refinement of this energy transfer calculation. The
next section will discuss the experimental methods used to measure energy absorbed into the workpiece.



2.3 Absorbed thermal energy

A small sample of about 3 mm X 3 mm x 8§ mm was used for the simple calorimetry approach employed here. After surface
preparation and attaching a calibrated thermistor, the sample was mounted on low thermal conductivity polymer pedestals.
For low laser powers, longer and/or more scan lines were applied to the workpiece and in all cases a temperature rise of
between 2.5 °C and 7.5 °C occurred in the workpiece. All scan tracks that were applied in immediate succession were
spaced at least 300 pm apart to assure minimal thermal or metallurgical interaction between adjacent scans. The maximum
scan time of 110 ms occurred at 50 W laser power. Three-dimensional finite element transient conduction simulations
were performed to determine the time required for the workpiece to reach a temperature uniformity within that of the
thermistor measurement uncertainty, which was a maximum of 10 s. The data after 10 s were then curve-fitted with
Equation (2).

T(t) =To+ (T, — To)e /" )

In Equation (2), T(t) is the fitted temperature function of the thermistor temperature, T, is the initial temperature, T, is the
equivalent uniform initial temperature of the workpiece, ¢ is time, and T is the fitted curve time constant. All curve fits of
the experimental data exhibited R? > 0.9999. Three-dimensional transient conduction simulations were also performed to
assure that there was not an inordinate difference in average workpiece temperature decay between the highly non-uniform
experimental surface temperature distribution in the initial 10 s and the ideal uniform workpiece surface temperature. The
difference was found to be negligible compared to the measurement uncertainty. The equivalent uniform workpiece
temperature (T, ) at 0 s was then used to find the absorbed laser energy (E ;) with Equation (3), in which m is the workpiece
mass and ¢, is the workpiece specific heat.

Eaps = mcy, (T, — Tp) 3)

2.4 Absorbed thermal energy uncertainty

The uncertainty caused by the heat generation of the thermistor and the uncertainty of the mass of the sample were found
to be negligible components of the uncertainty of the absorbed energy. The error in scan time is also believed to be
negligible in the current investigation, leaving the remaining components to be those due to the uncertainty in specific heat
and temperature rise of the workpiece. The temperature-dependent specific heat of IN625 was reported with standard
uncertainty (1c) of £1.5 % by Pawel and Williams?>. The uncertainty of the thermistor was 0.1 °C, resulting in a
temperature difference uncertainty of 0.14 °C. These values were then incorporated into the standard propagation of
uncertainty for each experiment. The next section will discuss the most challenging measurement of the current
investigation, which was measurement of time-resolved reflected power.

2.5 Time-resolved reflected power

An ideal integrating sphere would capture all the light emanating from a source within the sphere, regardless of the
direction, collimation, or transient nature of the light. Although an ideal integrating sphere is not possible in practice,
appropriate provisions allow for highly efficient capture and measurement of the intensity of integrated light, regardless
of how it is emanated. In the current application, the laser power reflected from the laser-melting process was measured.

The design of the integrating apparatus was constrained by the size of the build chamber, the necessary gas flow provisions
for laser-metal interaction, and fabrication limitations. Use of a hemisphere instead of a full sphere allowed for a small
laser-entrance port size and sample port size, relative to the total integration area, while fitting within the height of the
build chamber of the AMMT. The integrating hemisphere was designed using as many best-practices as possible for
isotropic throughput®*. A cross-section view of a computer aided design model of the integrating hemisphere is shown
in Figure 1, below. As shown, integration is facilitated by a diffuse, barium sulfate coating and with a specular, polished
aluminum base. The focused laser light is directed through an elongated port on the top of the hemisphere, about §° from
vertical. The design allows scans to be done in an area of about 3 mm x 20 mm.

Another design constraint is the inert gas atmosphere required for laser melting to reduce detrimental oxidation®. Previous
studies have shown that directional and inert shield gas flow is essential to facilitate continuous, consistent beam delivery
by removing process biproducts that can distort, scatter, and obstruct beam delivery?*-2%, The base of the hemisphere was
designed to be 6.7 mm thick due to an incorporated directional shield gas flow and oxygen sampling provision, shown in



Figure 1. In the current investigation, laser scanning occurred in the direction perpendicular to the image plane of Figure
1, perpendicular to the directional shield gas flow.

Upon reaching the sample, some of the laser light is absorbed, causing melting, and some is reflected. The thickness of
the base of the dome acts as a baffle and results in a reflected light capture angle of about 135°, as shown in Figure 1. The
photodetectors (PD’s) were located as close as possible to the equator of the hemisphere. At this location, the base thickness
has a beneficial baffle-effect, and prevents deleterious direct viewing of reflected light by the PD’s, which would
circumvent integration. The base thickness, though, causes a loss of light in the remaining 45° of the hemisphere, which
is not integrated. In practice, reflections from the laser-metal interaction at an angle less than 22° from the horizontal are
unlikely, but possible, and the associated measurement uncertainty will be discussed in the uncertainty section. The
fabricated base, hemisphere interior, and assembled integrating hemisphere are shown in Figure 2.

Base thickness  Ar flow Sample O, sampling

Sample port

Figure 1. Cross-section view of a computer aided design model of the integrating hemisphere

(©
Figure 2. Images of the fabricated integrating hemisphere (a) specular base, (b) barium sulfate coated hemisphere interior,
(c) assembled apparatus in build chamber.

The reflected power captured by the integrating hemisphere reflectometer was measured at a rate of 50 kHz. The PD signal
was calibrated with a reflectance standard with reflectance of 0.98 at 1070 nm. The heating laser was defocused and



directed onto the specular standard in order to correlate the PD signal with applied power. To convert the transient power
measurements into total reflected energy from the process, the power was simply integrated in time, as shown in
Equation (4).

Erer = JPref(t) dt (4)
2.6 Time-resolved reflected power uncertainty

The light loss due to the laser port and base thickness on the first reflection from the sample were measured by comparing
the measured signal with a specular silver standard and a diffuse gold standard. On the first reflection, a specular sample
does not result in any port loss or high angle loss. In contrast, a perfectly diffuse sample results in both high angle and port
losses. After accounting for the reflectivity of the samples, it was found that the discrepancy was 2.5 % in intensity.
Combined with the applied power (calibration) uncertainty of 2.5 %, the resulting reflected power uncertainty is 3.5 %.
This value is taken as the estimated (Type B) standard uncertainty for the reflected power?.

Throughput mapping of the inside of the hemisphere was performed to assure that, aside from the known losses, the relative
location-dependent throughput of the integrating surface was uniform. The throughput is the ratio of the flux reaching the
detector to the input flux from the source. Throughput mapping was performed with illumination around the equator of
the hemisphere via 36 LED’s at 850 nm wavelength. The reflectance of barium sulfate is expected to be similar in value
at the LED and laser wavelengths. A photodetector was then placed at the entrance port and a gimbal-mounted mirror was
mounted at the sample port. The mirror was aimed at a representative number of locations across the inside of the
hemisphere. Although the mapping is not a perfect representation of the actual application, it is a good representation
because of the similarity of reflectance at the LED and laser wavelengths and the known reciprocity of directional-
hemispherical and hemispherical-directional measurements. Therefore, the measurements assure that there are no
significant, unforeseen non-uniformities on the integrating surface.

As shown in Figure 3, the throughput uniformity of the surface is within +1 % across the majority of the surface. It should
be kept in mind that due to the Mercator projection; the corresponding true surface area is reduced by the cosine of the
vertical angle. Thus, the entrance port area appears significantly greater than its true relative surface area. As was
anticipated, significant losses and errors occur at a vertical angle of less than 22°.
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Figure 3. Relative throughput of the hemispherical integrating surface, shown in a Mercator projection.

At the current state of development, there are some significant unknowns about the character of the reflection from the
laser-metal interaction. Depending on the applied energy density, the laser incident surface may be steeply inclined, and
can reflect light forward along the scan direction, upward, or opposite to the scan direction®*3!. The laser melting process
is also highly dynamic, causing the reflective surface to rapidly change in time.



Further complicating matters, suspended vapor/condensate plume directly above the workpiece surface may also scatter
and absorb both the incident and reflected laser light’2. Incident laser light absorbed by the plume does not reach the
workpiece and would not be measured by either calorimetry or reflectometry, which means that the fidelity of neither
calorimetry nor reflectometry is compromised by incident laser light absorbed by the plume. Fidelity is retained because
the energy reaching the workpiece is reduced and that would be accurately measured. However, plume absorption may
affect the laser energy density applied to the surface, and thereby affect the melt pool formation and characteristics.

Incident laser light scattered by the plume may potentially be integrated and registered as light reflected from the
workpiece, causing an erroneously high reflected light measurement. Laser light reflected from the workpiece that is then
absorbed by the plume may cause an erroneously low measurement of the reflected power. Finally, laser light reflected
from the workpiece that is then scattered by the plume would aid in integration, and therefore, not affect reflected power
measurement. In summary, incident laser light scattering and reflected light absorption have counteracting erroneous
effects on reflectometry, which are not yet well understood.

Therefore, with reflectometry alone, a significant portion of the reflected laser light could be lost or detected as erroneous
reflection. Hence, the current investigation has sought to measure the sum of the measured reflected laser energy, the heat
absorbed by the substrate, and the energy transfer to vaporization as a preliminary investigation into the magnitude of the
combined measurement error and process energy loss to the plume.

The results of mass and energy transfer by vaporization or spatter, time-resolved reflected laser power, calorimetry, and
combined energy balance will be presented in the following sections. It should be noted that the results shown in the “time-
resolved reflected power” section were obtained with a more rudimentary experimental reflectometer setup than was
described in this section, so the absolute values of normalized reflected power have greater uncertainty and port loss than
the rest of the results. Nevertheless, the results are used to demonstrate the wealth of data that can be obtained with time-
resolved non-contact reflectometry at 50 kHz.

3. RESULTS AND DISCUSSION

Examples of the melt tracks generated from the combined absorption and reflected power experiments are shown first,
followed by the results of the mass and energy transfer due to vaporization. Then, time-resolved reflected power
measurements with 20 mm long tracks with examples in conduction, transition, and keyhole mode are shown. And finally,
the primary result of this effort, the combined energy balance obtained with the three forms of measurement, are discussed.

3.1 Melt tracks from reflectometer and calorimetry experiments

Examples of the melt tracks generated from the combined absorption and reflected power experiments are shown in
Figure 4. The laser power at which the tracks were scanned are labeled. The tracks at each power were scanned from left
to right and the track succession is from top to bottom. The lines at each laser power were scanned in immediate succession
while the temperature of the workpiece was measured. In other words, each set of tracks labeled by applied laser power in
Figure 4 represents an energy input that caused a temperature rise in the workpiece that was recorded until the workpiece
cooled back to room temperature. It may be observed that the tracks of, for example, 50 W and 100 W are “interleaved,”
which was simply for convenience. Approximately equivalent energy (about 2 J) was input at each laser power, hence
three tracks at 100 W were applied for equivalent energy input to a single 300 W track, and the three 50 W tracks are twice
as long as the 100 W tracks. The track length ranged from 3 mm to 7 mm and the spacing between immediately successive
tracks was at least 300 pm.

Cross-sections of the tracks formed for this study were not made, but the modes of laser-metal interaction are known from
cross-sections performed by previous researchers under comparable conditions, as well as the characteristic changes in
absorption'?. The 60 W laser power resulted in conduction mode. At this power, the melt tracks were narrow and the
solidified end of track shapes were short. In transition mode, at 100 W, the melt tracks are significantly wider and the
solidified track ends were an elongated teardrop shape. At 300 W in keyhole mode, the melt track is the widest and the
solidified track end was a highly elongated teardrop. In all cases, the melt tracks were visibly uniform and repeatable.



300 W

Figure 4. Melt tracks generated in the combined absorption and reflected power experiments with applied laser power
pointing to tracks scanned in immediate succession

3.2 Mass and energy transfer due to vaporization

The measured mass transfer divided by distance for three laser powers and the estimated upper bound of normalized energy
transfer from that mass are shown in Figure 5. Starting with 50 W, it can be observed that any mass loss was below the
measurable limit, and therefore, energy transfer was also below the measurable limit. The mass loss divided by distance
increased approximately linearly from no measured amount at 50 W, up to a value of 0.67 mg/m at 300 W.

The mass loss is about three times greater at 300 W compared to 100 W, causing the normalized estimated energy loss in
transition mode and keyhole mode to be in close proximity. With the conservative estimate that all of the mass was
transferred by vaporization and with an estimated uncertainty of 30 %, the total energy portion converted by mass loss was
still less than 0.015 of the input energy. Therefore, because this transfer of energy was on the same order as the
measurement uncertainty of both absorbed and reflected energy, energy loss due to mass transfer was taken as an additional
1.5 % uncertainty in the total energy balance for this preliminary investigation.
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3.3 Time-resolved reflected power

The reflected power results were obtained with 20 mm long tracks under the same process parameters (spot size, scan
speed, surface finish, etc.) as the rest of the results in this investigation, but with slightly greater uncertainty than the
remainder of the results. Nevertheless, the results demonstrate the wealth of data that can be obtained with time-resolved
non-contact reflectometry at 50 kHz, as shown in shown in Figure 6. In these results, three tracks were scanned in
immediate succession and spaced 0.5 mm apart to avoid thermal and metallurgical interaction.

The reflected power from applied laser powers of 50 W, 100 W, and 200 W are shown in Figure 6 a, b, and c, respectively.
Starting with Figure 6 a, about 0.50 of the laser power was reflected during each of the three scans. At the initiation of
each 50 W track there is a slight overshoot with higher reflected laser power portion, up to 0.53 after the initial rise time.
Overall, the conduction mode tracks exhibited very low variability along the length of the track.

In Figure 6 b, the 100 W tracks are in transition mode and show very high variability in reflected power along the length
of the tracks. This high variability of reflected light in transition mode was observed in all experiments in this investigation
and appears to be related to establishment of the vapor depression. The tracks exhibit nearly a 60 % difference in the
reflected light portion at initiation of the track compared with the constant value of about 0.27 reached after the first § mm
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Figure 6. Time-resolved reflected power normalized by applied power. Each scan consists of three 20 mm long tracks
scanned at (a) 50 W, (b) 100 W, and (c) 200 W



of the track. It is currently unknown whether the apparent increase in track establishment length with each track is
systematic or stochastic and will be investigated in the future.

Finally, in Figure 6 c, the 200 W tracks are in keyhole mode. At initiation of the track, the reflected light portion overshoots
to 0.18 after the short initial rise time, then reaches an average value of about 0.125. In keyhole mode, the reflected light
portion showed what appears to be a periodic fluctuation between 0.11 and 0.14 along the length of each scan. The
frequency of such periodic fluctuations may be reported in the future.

3.4 Energy sum

The normalized reflected laser energy, absorbed heat energy, and their sum are shown as a function of applied laser power
in Figure 7, with vaporization energy based on mass loss measurements added as a 1.5 % uncertainty component of the
energy sum uncertainty. The energy values normalized by the applied laser energy indicate the relative proportion of
reflected and absorbed energy, which would ideally sum to unity if all of the input energy were measured. It should be
noted that the dotted lines in Figure 7 are not curve fits, but simply reference lines to guide the eye.

The trend and values of normalized absorbed energy are consistent with previous results under comparable conditions®!°.
At 50 W laser power the absorbed energy portion is about 0.34, increasing to only 0.40 at 80 W. Then, the absorbed energy
portion jumps to about 0.60 at 100 W and increases steadily to about 0.90 at 300 W. This jump in absorption at 100 W is
associated with transition mode, while the low absorption is associated with conduction mode and the high absorption is
associated with keyhole mode. The largest discrepancy between tests performed with the same laser power occurred in
transition mode at 100 W, which appears to be related to the highly dynamic nature of absorption on the bare plates in
transition mode, as was shown in Figure 6. Conversely to the portion of absorbed energy, the normalized reflected energy
portion starts at 0.60 at 50 W, drops to about 0.30 at 100 W, and then the reflected energy portion falls to 0.07 at 300 W.

Turning now to the non-melting tests performed with an approximately 300 pm defocused laser spot under the same
conditions, it can be seen from Figure 7 that a portion of 0.97 of the ideal energy sum was measured with 4.5 % uncertainty.
The uncertainty is reported with 1o confidence, indicating 68 % certainty that the measured value lies within the error
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Figure 7. Reflected energy, absorbed energy, and the measured energy sum as a function of applied laser power. The
dotted lines are to guide the eye along each data locus. Vertical and horizontal error bars indicate the combined standard
uncertainty representing approximately 68 % confidence



bars. Therefore, the ideal energy balance was measured within the uncertainty under non-melting conditions, that likely
generate a specular reflection.

In tests that caused melting, the error bars (which include energy transfer due to mass loss as an uncertainty) are within
1.5 % or less of the ideal energy balance, indicating that essentially all of the energy was measured at 50 W and 300 W.
The maximum discrepancy between the ideal energy balance occurred at 80 W, at which between 7 % to 16 % of the
applied energy was left unmeasured. In the current state of development, it is unclear whether this unmeasured energy is
due to losses from the reflectometer (port losses or high-angle losses), or if a larger portion of the energy is converted to
heating the ambient gas above the process in transition mode.

4. CONCLUSIONS

We are reporting the first known to us measurements of time-resolved reflected laser power from laser-matter interaction
under conditions of interest for LBPF, which was accompanied by measurements of mass loss and absorbed laser energy.
These three measurements performed together are meant to offer the modeling community a comprehensive set of data
related to the laser-matter interaction processes. The measurement process can be streamlined so that such data sets can
be developed for multiple materials and process parameters of interest.

In this investigation, tracks were laser melted into bare plates of IN625 with process conditions of interest for LPBF. The
scan speed was 500 mm/s, the D46 spot size was 65 um, and the laser power was varied from 50 W to 300 W. Under the
conditions tested, it was found that less than 1.5 % of the input energy was converted to vaporization. With time-resolved
(50 kHz) reflected laser power measurements, it was observed that laser coupling is highly dynamic in transition mode,
and periodic fluctuations in coupling were observed in keyhole mode.

Conservation of energy was confirmed to be measured in non-melting tests with a defocused beam. In tests with melting,
conservation of energy was measured to be within 1.5 % or less of the 16 error bars at the lowest and highest laser power.
The maximum discrepancy between the measured and ideal energy balance occurred in transition mode, at which between
7 % to 16 % of the applied energy was left unmeasured. In the current state of development, it is unclear whether this
unmeasured energy is due to port losses or high-angle losses in the integrating hemisphere, or if a larger portion of the
energy is converted to heating the ambient gas/vapor/condensate above the process in transition mode.

Further developments depend on the interest of the community and can be directed either toward perfection of the reported
measurements (such as reducing the uncertainties), expanding the functionality (e.g. measuring in the multilayer build
condition with a powder layer), or connecting these measurands with the process outcomes.
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