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A B S T R A C T

Highly dynamic conditions experienced during metals processing using powder bed fusion (PBF) additive 
manufacturing (AM) arise from the interaction of multiple process variables. Chiefly amongst them is the energy 
source-material interaction, which results in abrupt, temporally changing thermal conditions at the melt-pool. 
The absorption of the energy from the source by the powder bed is complicated complex because this interac
tion is highly dynamic and occluded by process emissions including the plasma plume and spatter. Typical 
approaches for measuring absorption conditions have relied on intricate ex situ setups requiring extensive sample 
preparation. This work involved approximating the absorptivity for a nickel-base material from in situ obser
vations made using a multi-wavelength (MW) pyrometry sensor, while processing using electron-beam based 
powder bed fusion (PBF-EB/M). The prediction step involved fitting the spectral data captured by the MW sensor 
to then extrapolate values to shorter wavelengths. The approximation was done for wavelengths that are relevant 
for the PBF-LB/M process, where absorptivity of the laser energy is paramount. The results obtained provide a 
window into the behavior of this material as it transitions from powder to molten state, showing that the ab
sorptivity substantially decreases (~60% reduction) as the powder material changes phase induced by incipient 
melting. While this work focuses on a single material, the approach presented can help characterize the ab
sorptivity of other materials employed in PBF. This work helps support both experimental and modeling efforts 
that are helpful to increase our understanding and practice of fusion-based AM processes, and other 
manufacturing techniques.

Introduction

The thermal history plays an important role in any manufacturing 
involving phase transitions of matter. This is specifically relevant during 
powder bed fusion (PBF) additive manufacturing (AM) where the layer- 
by-layer fabrication induces continued thermal cycling of the material. 
Nevertheless, unlike conventional manufacturing, where the entire 
heating and cooling processing typically occurs in bulk, during fusion- 
based AM process the transitions that take place are highly localized 
since the energy source is scanned to achieve selective melting. This 
results in the development of a melt-pool –the interaction zone of the 
source with the material– transitioning through multiple phases 

(powder, liquid, and solidified material, or a mixture of these), each 
having distinct thermal radiative properties such as emissivity and 
absorptivity.

Under conditions of incident energy irradiation on a given material 
the thermal radiative behavior is characterized by its absorptivity (α), 
reflectivity (ρ) and transmissivity (τ). These optical radiative properties 
describe the energy absorbed, reflected and transmitted from the surface 
of the irradiated material adding to unity under a set of observation 
conditions defined spectrally and thermally. For opaque materials, only 
absorptivity and reflectivity remain since the transmissivity is consid
ered zero.

For the laser-based powder bed fusion (PBF-LB/M) additive 
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manufacturing (AM), absorption of the energy from the laser is critical 
during processing; the efficiency with which the laser energy is absorbed 
by the material directly influences the laser-material interactions and 
hence the stability of the process, ultimately impacting the mechanical 
performance of the built components. Typically, for a given material, the 
laser energy must be tuned within a controlled process parameter win
dow to remain in conduction, transition, or keyhole modes, and prevent 
the development of defects, including lack of fusion and porosity. While 
the process appears cleaner in the conduction mode, the stable keyhole 
mode is preferred as it allows for penetration into previously deposited 
layers, enhancing bonding and preventing issues such as delamination 
and lack of fusion [1]. However, processing under an unstable keyhole 
mode can lead to increased porosity creation and spatter ejection after 
the development of the well-studied keyhole effect [2–4].

Further, the absorption conditions are intrinsically linked to the 
scanning conditions; although not traditionally considered, the laser- 
material interactions are necessarily controlled by the absorptivity of 
the powder bed material, which evolves along with the dynamics of the 
PBF-LB/M process as the material is subjected to phase changes driven 
by the interaction of the energy source and the rest of the thermal 
environment [3,4].

The most common energy source employed in PBF-LB/M AM is a 
high-brightness monochromatic infrared (IR) laser having a typical 
Gaussian distribution (TEM00 mode). The reduced absorption of IR laser 
energy when processing materials with high reflectivity including pure 
copper and copper alloys has nevertheless been a challenge [5,6]. 
Recently, lasers emitting within the visible spectrum (lower than IR) 
have been proposed for addressing this challenge; laser frequencies that 
include green (typically at 532 nm or 515 nm) and blue (450 nm) have 
been reported [7–11]. The widespread applicability of these laser 
sources is hindered by an increased initial capital investment, as well as 
higher operating costs for green lasers, and the reduced brightness and 
control of the energy delivery through scanning devices at the required 
focus spot sizes for blue lasers [7]. Despite this, it appears IR lasers will 
remain as the preferred laser source for metals PBF-LB/M, as exempli
fied by recent developments such as beam shaping of the intensity 
profile [12–14], and the trend towards increased wattage of IR lasers 
that help overcome the reduced absorptivity issues experienced with 
highly reflective materials [15–17].

In-process measurements during PBF-LB/M are challenging given the 
various process effects including the plasma plume, spatter, and the 
denudation around the melt pool than can bias the obtained results 
[18–21]. The capture of process signatures to obtain thermal radiative 
properties such as absorptivity is subjected to the same process occlu
sions which has led the community to resort to the use of constant values 
for properties such as emissivity and absorptivity [22], or employ proxy 
measurements performed ex situ, for samples that have been extensively 
prepared. These experiments are typically done employing elaborate 
calorimetry or optical setups such as integrating spheres, using condi
tions that approximate PBF-LB/M such as single line scans on bare metal 
plates [5,23–25]. Integrating spheres are suitable devices for measure
ment of optical radiative properties such as reflectance and absorptance 
but their drawback is the inability to be used at elevated temperatures 
such as those observed during PBF AM [26]. Also, absorption effects 
within the coatings used in integrating spheres can skew the results 
obtained [27]. Simonds et al. compared the integrating sphere and the 
calorimetry methods and found the latter measures substantially less 
energy absorbed compared to the former [28]. Nevertheless, the ability 
to capture in-process emissions from which thermal radiative behavior 
or character can be established is actively being researched. For 
example, Trapp et al. carried out absorptivity measurements in situ for 
metallic powders employing a micro-calorimetry apparatus within a PBF 
system [29]. While this work presented data captured under conditions 
similar to those observed during the actual processing, the setup relied 
on single track scans, which might not fully represent a multi-layer build 
typical of the PBF-LB/M process. As identified by Rubenchick et al. [27], 

there is a need for pedigree data detailing the temperature dependence 
of absorptivity and in general of in situ absorptivity measurements. This 
knowledge can serve to inform experimental and modeling efforts aimed 
at increasing our understanding of the PBF process and in furthering the 
industrial adoption of PBF AM [30].

Recent works from our group employing a multi-wavelength (MW) 
pyrometry technique have shown the highly variable thermal emissive 
behavior both spectrally and temporally for materials during in-process 
conditions using electron beam-based powder bed fusion (PBF-EB/M), 
specifically in various phases of interest including powder, molten or 
liquid, and solidified material [31,32]. The MW technique employed in 
these prior works can provide emissivity-independent accurate tem
peratures and, using Planck’s distribution equation, a back calculated 
measure of the emissive power (emissivity or signal strength) of the 
target observed in a calibrated spectral range from spanning from 1080 - 
1637 nm [33]. Building upon these prior works, the following describes 
the application of energy balance to approximate the absorptivity con
ditions for an Inconel 625 material processed via PBF-EB/M [31]. In the 
current work, spectral data that was collected during PBF-EB/M pro
cessing of Inconel 625 was employed along with energy balance, to 
approximate the absorptivity conditions for the material at relevant 
process temperatures, and at frequencies of interest for PBF-LB/M.

The results presented in this work detail a decrease in the absorp
tivity for Inconel 625 from ~0.6 in the heated powder condition, to 
below ~0.2 as the material transitions into the molten or liquid state. 
While the measurements that will be presented in this work were done in 
the PBF-EB/M process, they can be applicable to PBF-LB/M because the 
exhibited thermal radiative behavior or character is independent of the 
irradiating source. The MW pyrometry technique resolves the emissivity 
spectrally within the calibrated range using the optics of the device [34], 
and by energy balance, the absorptivity can be inferred. Also, as dis
cussed in our prior works [31,35], the use of PBF-EB/M provide a 
pristine environment (i.e. vacuum), allowing for gathering spectral data 
at temperatures of interest (> 400 ◦C), and substantially reducing the 
process occlusions including plasma and high spatter that are typical of 
PBF-LB/M. The oxidation of samples, which is a common occurrence in 
other ex situ setups including integrating sphere reflectometer tech
niques, was also prevented by employing the PBF-EB/M platform. 
Finally, the irradiation using the electron beam eliminated the suscep
tibility for oversaturation of the sensors employed by the MW pyrometer 
at the IR frequencies typical of the lasers used in the PBF-LB/M process, 
which could have biased the temperature, tolerance, and signal strength 
calculations. Nevertheless, it is acknowledged that measurements from 
the PBF-LB/M process are required to consider specific process effects 
that occur in this process, that might lead to differences in the behavior 
of absorptivity measured and estimated here using PBF-EB/M, particu
larly during the development of keyholing, where absorptivity might 
locally increase, as shown recently in [36]. This is the subject of ongoing 
research.

Methodology

Experimental

The experimental setup employed [31] involved a commercial 
GE-Arcam A2X (GE Additive, US) PBF-EB/M system that was used to 
deposit a cylindrical part –serving as the target for observation and 
measurements– along with other multiple adjacent but separate rect
angular prismatic parts in an Inconel 625 powder bed. The dimensions 
of the target were 8 mm in diameter and 10 mm in height. The Inconel 
625 powder utilized for experiments had a particle size distribution from 
45–106μm, d50 of 70μm (Praxair, USA). Specifics of the Inconel 625 
feedstock are presented in greater detail in [32]. The surface of the 
target was tracked by employing an FMPI multi-wavelength pyrometer 
(FAR Associates, OH, USA) that was used with a custom optical design 
that prevented metallization of the glass elements in the optical path and 
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hence enabled continuous measurements through the various phase 
transitions experienced by the material as described previously by [35]. 
For this work, the monitored region of the target comprised a ~2.7 mm 
diameter spot. Also, a radiometric calibration was done for the FMPI 
using a conical IR-563 blackbody source (Infrared Systems Develop
ment, FL, USA) to a stabilized temperature of 1000 ◦C.

The FMPI captures the brightness or intensity values of a measured 
target that are subsequently corrected through the radiometric calibra
tion. Then, a mathematical approximation of Planck's distribution is 
produced which is used to calculate a matrix of temperatures from 
wavelength-intensity pairs. Next, the device performs some checks for 
consensus and corrections for the spectral intensity dependence (if 
detected). Finally, it computes the consensus temperature, the tolerance 
(a measure of the temperature accuracy), and the signal strength (the 
spectral emissivity modified by the optical environment). The FMPI was 
used with its factory settings for exposure time spanning from 4μs to 8s. 
Each measurement is reported in a log file with a corresponding file with 
the spectral data also stored. The spectral data captured was employed 
in this research to predict values for the signal strength at the 
1064–1070 nm wavelength range.

For the results to be presented in this work, the dataset consisted of 
measurements made during an experiment observing continuous depo
sition of several layers that underwent fresh powder recoating, pre
heating and melting of the Inconel 625 powder. The data was 
categorized by phase (preheating, melt scanning or cooldown), which 
allowed to observe the transitions from incipient melting into the liquid 
(molten) phase for several layers monitored. The data collected in this 
experiment involved the aggregated data for 18 consecutive layers. This 
aggregation of the data revealed the pattern or trend of the signal 
strength or emissivity during the melting excursions.

Mathematical formulation

Thermal radiation is emitted by matter above absolute zero (T > 0 K) 
having internal energy arising from atomic movement and interactions. 
Temperature is an indicator of this internal energy of matter, which can 
be related to the brightness or intensity emitted. Planck’s distribution 
law solved for the two-color pyrometry (Eq. (1)) and its solution for 
emissivity (Eq. (2)) are employed by the FMPI to compute the temper
ature and signal strength (emissivity) from the brightness measured for 
the target. 

T1,2 =

Cʹ
(

1
λ2
− 1

λ1

)

lnR − 5ln (λ2/λ1)
(1) 

ε(λ) =
Lλ5[ehc/λkBT − 1

]

2hc2 (2) 

In Eq. (1), C’ represents the second radiation constant, the λ terms are 
the two wavelengths (channels) chosen and R is the ratio of the 
brightness or intensities (I2/I1) measured at λ1 and λ2. For each mea
surement, the FMPI utilizes a process that effectively generates a 
multitude of virtual 2-color pyrometers each calculating a temperature 
that is later used to compute the consensus or final temperature reported 
[37] as detailed above. For Eq. (2), h is Planck’s constant, L is the ra
diation quantified, λ is the wavelength, ε the emissivity, c is the speed of 
light, and KB is Boltzmann’s constant.

Although process conditions are generally considered far-from- 
equilibrium for PBF AM, arguments can be made to support the 
assumption of local thermal equilibrium for the target being measured in 
this work; first, the target is surrounded by metal powder on its sides 
providing a high degree of thermal insulation. Also, whereas the pre
viously deposited and solidified metal provides a thermal conduction 
path, the validity of the thermal equilibrium is still applicable as the 
whole fabrication substrate sits on a powder bed which remains at 
elevated temperature throughout the fabrication process via preheating 

using scanning of the electron beam. Second, the exposed surface is in 
vacuum with a limited radiation interaction within the processing 
chamber; as shown by Fernandez et al., the enclosure temperatures in 
the Arcam A2X remain well below the threshold where they can have a 
meaningful impact or interaction with the target and hence the mea
surements of the MW pyrometer sensor [35]. Of particular interest is the 
data showing the transition from powder to liquid, as this is the regime 
where the absorption conditions are changing the most and have a direct 
effect on the processing and quality during metal deposition. Under this 
premise of thermal equilibrium and by energy balance, the absorptivity 
was approximated for the material in the phase change regime from 
incipient melting (i.e. scanning with the beam) and into the liquid or 
molten phase. This was done by invoking Kirchoff’s law of thermal ra
diation (Eq. (3)) which provides the equivalence of emissivity (ε) to 
absorptivity (α) for a given set of spectral and thermal conditions, as 
indicated in Eq. (3), with subscripts indicating the spectral (λ), and 
thermal (T) dependencies: 

ελ,T = αλ,T (3) 

Spectral data

The FMPI captures the intensity or brightness (L) of the target 
through its entire detector range but only reports calibrated spectral 
data for every measurement in the range from 1080–1637 nm, by 
separating the intensity or brightness observed through an optical 
grating. Nevertheless, the absorptivity data is of interest at the infrared 
(1064–1070 nm) frequencies typically employed by PBF-LB/M systems. 
To extrapolate to frequencies of interest, the spectral data for each 
measurement made was analyzed and used to predict the values of 
emissivity at these IR laser frequencies. This involved a polynomial 
regression fit followed by calculation of the 95 % confidence interval, 
and then the calculation, using the polynomial equation, of values ex
pected in the 1064 to 1070 nm range. For the regression fit, the data 
falling within the water absorption region 1315–1455 nm (indicated as a 
light blue box) was disregarded but is shown in plots in the results, for 
clarity.

Results

Temperature

Using the setup described in the experimental section, the FMPI was 
used to capture measurements during the deposition of consecutive 
layers. Fig. 1 shows the plot of temperature (in degrees ◦C) versus time 
(seconds) for the entire duration of the experiment. In this figure, hor
izontal lines indicate the range of temperatures for which Inconel 625 
undergoes incipient melting (1290–1350 ◦C). In this plot, the data shows 
relatively consistent behavior for measurements in each layer with slight 
differences in the maximum temperatures measured given variations in 
the direction of the scanning strategy, leading to potentially missing 
measurement of certain values, as was detailed in [35]. Nevertheless, 
the chart shows that the melting range (semitransparent orange region) 
is reached for all layers monitored. Also, as shown in Fig. 1B) the preheat 
phase is characterized by two sub-phases, one of them with values that 
oscillate in an approximate range from ~930 to ~1050 ◦C and spans for 
about 5 s while the second sub-phase raises temperature in the range 
from ~960 to 1085 ◦C and lasts ~7 s.

Emissive behavior during melting

The aggregated data for 18 layers during melting excursions (i.e. 
scanning leading to increases in temperature within the melting range) 
is shown on Fig. 2 for the median calibrated wavelength value of 1500 
nm. The melting range is indicated by a semitransparent orange box and 
limits as vertical lines with temperature values.
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Fig. 1. A) Temperature as a function of time (seconds) showing the total layers monitored, and B) profile of temperature vs time for a single layer.

Fig. 2. Signal strength (@ 1500 nm) versus Temperature showing melt scan excursions. Aggregated data for 18 layers. Color of markers indicates phase: preheat 
(yellow), melt scanning (red), cooldown (blue).
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In Fig. 2, the preheat and cooldown regions are shown with faded 
color (yellow and blue, respectively) while measurements in the melt 
scanning region are prominently shown with red circle markers for 
emphasis, as this is the phase transition of primary interest for this work 
and in general for understanding absorptivity conditions in PBF AM. For 
context, during the melt excursions, the data observes a trend of 
increasing temperature (from maximum values attained during pre
heating at ~1185 ◦C, to values well within or exceeding the melting 
range) with a corresponding decrease in signal strength, from average 
values ~0.6 at the beginning of the melt scanning to <0.2 at the molten 
state. In this figure, the occurrence and trend of the melting excursions 
are emphasized by the faded red arrow.

Absorptivity approximation

Following the process detailed in the methods section above, the 
fitting of the spectral data (in the 1080–1637 nm range) was done for 
each datapoint that was assigned to the melt scanning phase (red 
datapoints in Fig. 2). Then, expected or predicted values in the range 
from 1064–1070 nm were computed using the fitted equation. Fig. 3
shows the fit analysis and calculation of the predicted values for two 
data points of interest indicated by dark arrows in Fig. 2. These plots in 
Fig. 3 show the spectral data captured by the FMPI for a single datapoint 
with the fitted polynomial (red solid line) and 95 % CI limits (dashed 
black lines). Then, the extrapolated values within the range from 1064 - 
1070 nm are shown as green asterisks. As has been discussed previously, 

Fig. 3. Spectral data analysis for datapoints of interest selected in Fig. 2. Note that increasing the limits from 0 to 1 for the y-axis, shows the linearity (gray behavior) 
of spectral data (insets).
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the values were predicted in the wavelength range from 1064–1070 nm 
as these are the typical frequencies employed by near IR lasers that are 
the most commonly used source for the PBF-LB/M process.

Once the spectral calculations were done for each datapoint identi
fied in the melt scanning phase, the back calculated signal strength 
versus temperature plot was obtained for wavelengths of 1064 nm and 
1070 nm. Fig. 4 shows the comparison (superimposed datasets) of signal 
strength measurements reported by the FMPI at 1500 nm (red circles), 
versus the calculated values for emissivity (or by equivalence absorp
tivity) at 1064 nm (green squares), and 1070 nm (light blue diamonds). 
Alpha or transparency values for the markers in the plot were set to 50 % 
to enhance visibility.

Discussion

The data in Fig. 4 shows that there is minor variability when 
comparing the measured values for the signal strength at the reported 
wavelength of 1500 nm and those predicted by our approach for shorter 
wavelengths of 1064 nm and 1070 nm. Although the extrapolated signal 
strength values (i.e. 1070 nm and 1064 nm) are slightly higher than 
measured values at 1500 nm obtained from the pyrometer, such 
declining trend is consistent with the general observation that as the 
wavelength increases, the emissivity for metals typically exhibits a 
monotonically decreasing trend, as detailed in the Thermal Radiative 
Properties (TPRC) compendium [38] and observed for our data in Fig. 3. 
This decreasing behavior is not directly appreciable in Fig. 4, but it is 
more apparent in the spectral plots in Fig. 3 with the values declining 
from short to long wavelengths (i.e. overall decreasing trend but more 
specifically from 1100 nm to 1300 nm). It is also instructive to mention 
that while the behavior shown in the plots in Fig. 3 appears to show a 
drastic decrease, this is only because of the default limits for the signal 
strength axis (y axis). Rearranging these limits to the nominal values 
from 0 to 1 reveal that the spectral measurements indicate graybody 
behavior as the emissivity is nearly spectrally constant (as more clearly 
seen in the insets in Fig. 3).

Under the assumption made for local thermal equilibrium, by 
Kirchoff’s law, the equivalence of the signal strength and absorptivity 
was established. Hence, the values of absorptivity in the melting regime 

were approximated to span from ~0.5 right after the onset of melt 
scanning (following preheating), reaching minimum values of 0.1692 
and 0.1690 at 1064 nm and 1070 nm, respectively. This trend is 
consistent across the data for the 18 layers measured.

Typical reported values for absorptivity at increasing laser powers 
that induce keyholing show an increasing trend as power also increases 
[2,29]; this is the case for PBF-LB/M since during keyholing, laser re
flections locally enhance and increase the absorption [39]. More spe
cifically, absorptivity values reported in literature for various materials 
are typically in the range from 0.5–0.7. For example, Trapp et al., re
ported in situ absorptivity values for 316 L powder exhibiting an 
increasing trend in the range from 0.35 to ~0.70 at increasing laser 
powers [29]. In the work by Brandau et al., a setup involving coaxial 
multispectral imaging was employed in a PBF-LB/M system in the 
determination of absorbance of the powder bed for various materials in a 
spectral range from 350–950 nm [40]. In their results, most powder 
materials exhibited a monotonic decrease in percent absorbance as 
wavelength increased, and the specific values for Inconel 718 
(50–100μm powder size distribution) were in the vicinity of 0.65 at 950 
nm. This result is akin to the measurements performed in the current 
work for preheated powder (yellow region in Fig. 2), although not the 
specific focus reported here. Following up, absorptivity values for pol
ished metal substrates and powder samples were presented by Kromer 
et al. [25]. Their technique involved the Ulbricht method using irradi
ation of samples with a YB:YAG laser (1.03µ m) within an integrating 
sphere. The powder samples of various thicknesses (50–300μm range) 
exhibited percent absorptivity values ranging from 0.72 % for Cu to ~65 
% for Gr. 5 titanium alloy TA6V under irradiation with a spot size of 2 
mm. Their results for irradiation with a spot size of 0.2 mm for 100 ms 
indicated a decreasing trend during a transition phase (involving sin
tering after ~1 ms) for both AlSi10Mg and TA6V. The results obtained in 
the study by Kromer et al., are consistent with the observations seen in 
the current work showing a decreasing trend of absorptivity as the 
melting (i.e. increasing temperatures) ensued. Computationally calcu
lated values for the absorptivity of laser light for various materials 
including 316L were reported by Boley et al. in [41]. Their analysis 
employed ray tracing and a comprehensive absorption model for mono- 
and multi-size packed spheres forming powder beds under simulated 

Fig. 4. Signal strength versus temperature during melt scanning for measured (1500 nm, red markers) versus approximated (1064 and 1070 nm, green squares and 
blue diamonds, respectively). Aggregated data for 18 layers. Markers differentiate wavelengths.
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irradiation of a 1μm laser perpendicular to the powder bed. Their study 
showed that multiple scattering of the laser light enhanced the absorp
tion coefficient for the simulated powder beds. Their absorptivity values 
for 316L were calculated at ~0.60 for various arrays of simulated par
ticle sizes. Similarly, absorptivity values for various powders were pre
sented by Rubenchik et al. from a calorimetry-based experiment using a 
simple flat-top irradiating beam of 1µ m wavelength [27]. Their results 
showed a nearly constant absorptivity for Ti6Al4V (~0.7), 316L (~0.6) 
and AlSi10Mg (~0.5) in the temperature range from 50–500 ◦C. The 
study also reported noticeable effects from oxidation at temperatures 
above 500 ◦C, suggesting the need for measurements at these and higher 
temperatures. The study by Li et al., described modeling of several 
variables for the PBF-LB/M for a titanium alloy, where their model 
predicted an increase in the absorptivity of the material as power 
increased [42]. Measurements of absorptivity for Inconel 718 and 
Inconel 738LC samples were presented by Honda and Watanabe [43] 
also employing a calorimetric method adapted within a commercial 
PBF-LB/M system purged in Argon where the samples were irradiated 
with the system’s 1070 nm gaussian laser beam. Their results showed 
essentially constant values of absorptivity of ~0.6 for both alloys within 
the temperature range from 150–400 ◦C.

As can be seen, the values approximated in this work for Inconel 625 
show general agreement with values in literature obtained through 
calorimetry or reflectivity measurements for other powder materials. 
Particularly for the results presented by [43] for similar nickel-base al
loys. Nevertheless, a subtle difference is the fact that the findings pre
sented here indicate that absorptivity decreases to values below 0.2 
while in the molten state. This difference is explained by the fact that, 
compared to the studies surveyed in literature, the results presented in 
our work are for substantially more elevated temperatures as the mea
surements originated from the PBF-EB/M process, which is generally 
carried out with powder beds that are at higher temperatures compared 
to PBF-LB/M. For example, the data presented by Honda and Watanabe 
is only for maximum temperatures in the range from ~450–500 ◦C 
whereas our data ranges slightly over the melting range of the material 
at nearly 1400 ◦C. In the study by Kwon et al. using an integrating sphere 
with irradiation using 1.07μm and 10.6μm laser sources showed a 
thermal dependence of the absorptivity, up to the melting point for Al, 
304 stainless steel and titanium [44]. Their results showed increasing 
absorptivity, for example from 30 % to about 50 % for 304, but the study 
did not control the oxidation at elevated temperatures and the samples 
consisted of polished plates rather than powder, which might also 
explain the discrepancy with the results presented here.

The absorptivity data presented can support modeling and experi
mental works aimed at increasing our understanding of PBF AM. For 
example, a method was recently described to reduce spatter generation 
during PBF-LB/M in [45]. Spatter, which can indicate non-optimal 
processing and perhaps the undesired generation of defects [46,47], is 
generally associated with the scanning conditions and the absorptivity 
of the laser energy, which changes according to the vectors during 
scanning. The method in [45], while not directly informed by in situ 
absorptivity values, reduced spatter by controlling the power at the start 
and end of scanned vectors, effectively compensating for the changing 
absorption conditions of the laser. In this context, the use of the data we 
have presented in this work can help to implement similar approaches, 
informed by in situ absorptivity data, to control scanning conditions and 
minimize defects in PBF-LB/M.

Conclusion

The data and analysis presented elucidates the behavior or trend of 
absorptivity at elevated temperatures (over 1000 ◦C) as the Inconel 625 
material transitioned from heated powder to the molten state, which has 
direct implications for understanding of the material deposition process 
during PBF. While the absorptivity values approximated here compare 
with some of the results in the relevant literature, there is also a contrast 

as our method was capable of measuring this material response directly 
during scanning conditions whereas most works report only for ex situ 
conditions that not fully represent the fusion process, and for samples 
that often require careful and extensive preparation. Hence, our tech
nique has the capability to capture in-process measurements, providing 
a window into the material behavior not available through other means. 
A further difference is the fact that our results include measurements at 
much higher temperatures compared to values reported elsewhere since 
measurements were made on the PBF-EB/M platform. Nevertheless, the 
study presented here is not completely representative of the conditions 
observed during the PBF-LB/M process, in which process variables 
including the inert gas purge and flow, the development of process ef
fects such as the plasma plume, or the development of the keyhole mode 
cavities –leading to different absorption conditions for the laser energy– 
need full consideration. The implementation of a similar setup for 
measurements within a PBF/LB/M system is precisely one of the di
rections to be pursued as future work.

The results presented in this work are relevant since the data pre
sented can help increase the accuracy of models used for simulation of 
metal processing methods in AM while also increasing understanding of 
powder bed fusion processes and leading to the implementation of so
lutions that can improve and further their commercial application. Our 
future work also concentrates on these issues; employing data (such as 
absorptivity) informed approaches to control scanning strategies that 
improve the processing of metal AM techniques to further the level of 
trust and utilization of these techniques for various applications.
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