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ABSTRACT

We present a broadband infrared and optical study of the compositionally complex nickel-based superalloy Inconel-718, a common material used
in additive manufacturing using the direct metal laser sintering (DMLS) technique. We find a broad, featureless spectral emissivity, which is con-
sistent with dc transport measurements and contextualize the results against literature reports of disordered metals. We show that electronic struc-
ture calculations based on first-principles modeling can explain most of the spectral weight distribution and show that the peculiar infrared
optical properties in this class of materials can present challenges in accurately reporting remote temperature sensing in DMLS.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0006006

I. INTRODUCTION

The emerging additive manufacturing (AM) technique, direct
metal laser sintering (DMLS), is a complex process of layer-by-layer
fabrication of a three dimensional part. Through DMLS, metal
powder is spread across a powder bed in layers as thin as 20 um. A
high energy laser (>200 W) focuses onto the powder and scans the
surface with a defined raster pattern. When the laser interacts with
the powder, some of the energy is reflected and scattered into the
surrounding environment and between powder grains. The remain-
ing incident energy is absorbed, rapidly heating the powder above
the melting temperature T, to form a localized melt pool. As the
laser passes, the temperature decreases due to radiative, convective,
and conductive heat losses to the environment, the surrounding
powder, and through the build plate below (Fig. 1). Eventually, the
temperature decreases enough that the melt pool goes through the
liquid-to-solid phase transition and solidifies. The temperature
history through DMLS, specifically the liquid-to-solid phase transi-
tion time and the melt pool cooling rate, is the most important
factor in the microstructure and strength of the final product.’

The key component to evolving metal DMLS technology past
the prototype phase and into mass production rests primarily in
studying the melt pool heat transfer.”” Most studies attempting to
model DMLS assume only conductive heat transfer and ignore radia-
tive cooling.>> As DMLS is a high temperature process, radiative
cooling from the surface of the melt pool cannot be ignored.”” To
quantify the radiative cooling, we study the spectral emissivity e(w)
of the metal alloy. This intrinsic optical property determines how
much laser energy is absorbed, scattered, and radiated, processes
vital to the energy budget in DMLS. This study focuses on a particu-
lar metal often used in AM, the nickel-based superalloy Inconel-718;
however, the scientific approach can be applied to other alloys.

Il. METHODS

For the experimental investigation of Inconel-718, a
17 x 17 x 1.5mm® parallelepiped was manufactured in an EOS
M270 direct laser sintering system. The laser used to sinter the
Inconel-718 powder into the solid sample is an IPG-Photonics
200 W single mode Yb continuous wavelength fiber laser at a
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FIG. 1. An illustration of DMLS showing the energy transfer from the incident
beam to the powder bed, where the melt pool (MP) forms and cools to create a
manufactured metal. Powder in the surrounding regions, which is heated but not
melted, is referred to as the heat-effected zone. The black solid curve repre-
sents the instantaneous temperature profile along a cut through the center of
the melt pool and along the scan direction, indicating various regions of powder
heating and melting, followed by solidifying and cooling the manufactured metal.

energy of 1.15eV (1.07um). Following the manufacturing, the
sample was set in clear epoxy, polished flat using alumina suspen-
sion with a finest grit size of 0.05um, and finally buffed to pro-
duced a mirror-like surface free of visible scratches for the
experimental goal of obtaining the complex dielectric constant £(w)
of AM Inconel-718. To enable a meaningful extraction of the fun-
damental bulk optical quantities from our measurements, it is
essential that the material represents a half space with a surface flat
and smooth compared to the infrared wavelengths of interest.
Below, we discuss the implications of realistic surface finish of addi-
tively manufactured Inconel-718 in the context of DMLS.

We employed two experimental techniques, ellipsometry and
Fourier transform infrared (FTIR) spectroscopy, to access two sec-
tions of the energy spectrum at ambient temperature. Reflection
ellipsometry was performed on a variable angle spectroscopic
ellipsometry (VASE) rotating analyzer ellipsometer with an
AutoRetarder waveplate to control the incident light polarization
and captured both the real and imaginary parts of the dielectric
constant directly through the ratio of s and p polarized reflected
waves for the 1.25-3.5eV (0.35—1.0 um) range. To access the lower
energy range of £(w) and trend toward zero energy, we used the
capabilities of a Bruker Optics IFS 66V/S FTIR spectrometer.
Instead of direct £(w) measurement, FTIR spectroscopy utilizes a
Michelson interferometer for reflectivity R(w) information. Unlike
ellipsometry, FTIR spectroscopy requires a reference reflected spec-
trum for which we used a thermally evaporated gold layer over half
the polished Inconel-718. When not in use, the sample was stored
in vacuum to reduce surface oxidation. The ratios between reflected
spectra of Inconel and gold yielded Inconel reflectivity are on the
spectral range of 0.15-1.25eV (1.0—8.3 um).

The FTIR reflectivity and ellipsometry are transformed using a
Kramers-Kronig consistent analysis’ to derive the real and imagi-
nary parts of the dielectric function, &;(w) and &;(w), respectively.
Together, these quantities determine the complex index of refrac-
tion n(w) = ve1(w) + iez(w), which is related through Fresnel’s
equations to the reflectivity R(w) and the spectral emissivity
e(w) = 1 — R(w).

ARTICLE scitation.org/journalljap

In addition to measurements on additively manufactured
Inconel-718, first-principles studies are performed to investigate
the optical properties of Inconel-718 (Ni: 50.00-55.00, Cr: 17.00-
21.00, Fe: 16.00-25.00 wt. %). We model this alloy by considering a
Ni FCC supercell with 32 atoms where only the major alloy com-
ponents are included: Ni (60 wt. %, 19 Ni atoms), Cr (25 wt. %, 8
Cr atoms), and Fe (15 wt. %, 5 Fe atoms). The minority compo-
nents are assumed to play an insignificant role in derived properties
and hence are neglected. The Cr and Fe atoms are substituted in
the supercell by the appropriate number of Ni atoms (8 Cr atoms,
5 Fe atoms) in the FCC lattice site. Several random distributions of
Cr and Fe atoms were considered to compute the total energies.
The FCC supercell is constructed with an equilibrium lattice
parameter value of pure Ni (a = 3.517 A), which is in agreement
with the previous literature as well as experimental values.” The
energetically stable configuration is determined by optimizing the
configurations with several random distributions of Cr and Fe
atoms of Ni;oCrgFes.

The calculations are performed using the Vienna ab initio
Simulation Package.” The plane wave pseudopotentials are gener-
ated with the projector augmented wave (PAW) method."” The
geometry optimization is performed using the conjugate gradient
algorithm. The forces on each atom are minimized using an energy
convergence criteria of 1076 eV. The integration over the Brillouin
zone is performed with a 5 x 5 x 5 k-mesh. The generalized gradi-
ent approximation (GGA) is used for the exchange and correlation
functional and is parameterized by Perdew-Burke-Erzernhof."' We
compute the frequency-dependent £, and &,, which are determined
using the density functional perturbation theory'*'” or the linear
response theory within the independent particle approximation
and without including the effect of local fields."”

lll. RESULTS

Figure 2(b) shows the agreement between the FTIR measured
R(w) in the range of 0.15-1.25¢eV (1.0—8.3 um) and the computed
R(w) determined from ellipsometry data from 1.25 to 3.5eV
(0.35—1.0um), demonstrating the consistency of our approaches.
A complementary study by del Campo et al.'* focuses on spectral
emissivity of metals including Inconel-718 with different solid
surface treatments (wire-cut, sandblasted, and brushed) with
surface roughness in the range of several micrometers. Samples in
our current study are additively manufactured, polished, and much
smoother than these treated surfaces, and the results seem to align
with the trends in that work regarding the magnitude of the
emissivity.

The reflectivity in Fig. 2(b) appears broad and featureless from
the mid-infrared through the ultraviolet spectral ranges. Efforts to
fit the optical response functions with a one-band Drude model are
surprisingly effective over a broad spectral range. Our Drude fit
includes the high-frequency dielectric constant £, = 2.81, plasma
frequency Fw, =132eV (0.09um), and the scattering rate
I' =3.07eV (0.40um). The latter microscopic parameter, which
quantifies dissipation and scattering of free carriers, is quite large,
implying an extremely short relaxation time of order 1.3 fs.

A similarly short relaxation time was reported by Ray and
Tauc in metallic glass FegoB,p, where, like Inconel-718, the
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FIG. 2. (a) Dielectric functions 1 (dashed) and &, (solid) of Inconel-718 at
300K obtained through the Kramer—Kronig analysis of the reflectivity (purple),
computed using density functional theory (DFT) (red), and a scaled computa-
tional result (black) showing excellent agreement with the experimental results.
The inset shows the 32-atom NitgCrgFes supercell configuration used for calcu-
lations, with blue atoms portraying Ni, brown atoms Cr, and red atoms Fe. (b)
Comparison of measured and calculated reflectivity at 300 K. The inset shows a
dashed line of the measured ppc for Inconel-718 along with our measured
reflectivity as a function of the square root of the photon energy fiw. (c) Effective
number of charges Ne derived from the partial f-sum rule” applied to &;.

reflectivity appears to follow a Drude model throughout the low
energy regime.'” This trend shows remarkable resemblance to the
work of Hauser et al on the optical response of amorphous
Au,;_,Si, metallic glass alloys. The pure gold limit x = 0 shows a
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clear Drude component with a narrow width separable from the 5d
to 6s and 6p interband transition onset near 2eV (620 nm).'°
Upon Si substitution of order x = 0.13, a dramatic broadening of
the Drude width T is observed, while these interband transitions
become broader and weaken. Above a concentration x > 0.30, the
entire spectrum appears as a broad featureless continuum.'”

In addition to the broadband reflectivity of Inconel-718, we
have also performed resistivity measurements'® using the van der
Pauw method on the same sample and determined that the sheet
resistance of our sample is 351 uQ2. When combined with the mea-
sured thickness of 3.3mm, we determine a bulk resistivity of
115uQ cm, fully consistent with prior reports.'” Within the Drude
formalism, frequencies @ < y define the Hagen-Rubens regime
where the reflectivity R(w) = 1 — 4,/7Z€cappc relates dc transport
properties with the long-wavelength optical response. The dashed
line in the inset of Fig. 2(b) shows this expectation based on the
Ppc measurement along with our measured reflectivity as a func-
tion of the square root of the photon energy fiw. The excellent
agreement implies that our measurements extend to sufficiently
low frequency to capture the static behavior.

Some time ago, Mooij*’ reported a systematic trend among
disordered alloys, which relates dpp/dT to the magnitude of the
resistivity ppc. Briefly, as p,. increases, dpp/dT decreases with a
sign change around ppc = 150uQcm.”>*" Our Inconel-718 dc
resistivity is remarkably close to this Mooij threshold value, and
indeed, most reports have a small 15% change in p from 400 to
1200 K."” Additively manufactured Inconel-718 has a well-defined
diffraction pattern dominated by the austenitic face-centered-cubic
matrix y phase,”” and the combination of secondary 7/, ¥”, and &
phases is vital to the precipitate strengthening effect and is likely an
important contributor to disorder.

We expect that the precipitate matrix limits the validity of
crystal momentum conservation in optical absorption processes
and propose that a more local description of the electronic proper-
ties may be appropriate. We anticipate that a complete analysis of
broadband excitations in the infrared should involve a large band-
width, hybridized 4s and 3p states as well as crystal-field split d
states with significant bandwidths of several eV. In order to assess
the placement of their optical spectral weight, we present a set of
density functional theory (DFT) calculations of the large 32-atom
Ni;9CrsFes supercell shown in the inset of Fig. 2(a). Optical prop-
erties were then calculated from the electronic band structure and
are presented in Fig. 2.

In Fig. 2(b), we compare the result of the calculation to the
measured reflectivity over a broad range. The calculation and experi-
ment appear to agree in the slope and smoothness throughout the
infrared and visible ranges but with a notable and systematic overes-
timate of the computed reflectivity throughout this spectral range.
Our zero-temperature DFT calculations do not include the effects of
electron-phonon coupling, but such effects are not likely to enhance
the spectral weight over experiments as observed. Systematic overesti-
mates of optical spectral weight in DFT calculations are, however,
well known and have been ascribed to fundamental limitations of
DFT in handling Coulomb repulsion in correlated systems and can
be used to estimate the degree of correlation in a particular system.”*
A detailed comparison of the spectral weight distribution in the
optical response is enabled using the effective number of charges per
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cell Noy through direct integration of £,” shown in Fig. 2(c). The
calculated and measured Ny are in excellent agreement after scaling
the computed Nz by 0.66, suggesting that Inconel is a moderately
correlated electron system.”

The observed agreement between the spectral weight distri-
bution throughout the mid-infrared is remarkable given the sim-
plicity of the approach. Because radiative transfer is determined
through thermal averaging of the emissivity, knowledge of the dis-
tribution of electronic weight and the gross features of the infra-
red response are adequate to address these properties. Such a
connection may enable computational searches for new materials
optimized for the manufacturing conditions of AM, which
accounts for the optical contributions to radiative cooling. Such
an approach would also fit recent efforts related to computational
materials science as applied to manufacturing processes. More
broadly, materials’ data infrastructure may be employed for rapid
screening of potential alloys given a particular set of processing
conditions.”””°

IV. DISCUSSION

The dielectric function over the infrared energy range gives
vital information as to how incident electromagnetic waves interact
with the material. In the context of AM, the high energy source is
incident on the layer of metal powder on the build plate, and the
interaction of the source causes the metal powder to absorb as well
as scatter the electromagnetic source waves. DMLS is a dynamic
and complex non-equilibrium process presenting experimental
challenges to the assessment of heat transfer mechanisms behind
cooling and solidification of the melt pool, and the relative impor-
tance of convection, conduction, and radiative transfer is a topic of
some debate.”” In conventional laser welding,28 the thermal
Marangoni effect or the mass flow responsive to a temperature-
induced surface tension gradient at the liquid-gas interface plays
an active role in melt pool heat distributions at the local level.
These circulatory flow patterns do not transfer heat outside of the
liquidus region and, therefore, transfer heat only within and to the
edges of the melt pool. Direct surface convection into the sur-
rounding inert gas is estimated”’ with a convective coefficient of
~10 W/m” K, permitting an estimate of the cooling due to surface
convection at 7(0.3 #m)*10 W/m” K ~ 3nW, small in comparison
with the incident power >200 W.

Direct heat conduction into the powder bed is likely important
because within Fourier’s Law, gco,g ¢ VT and large thermal gradi-
ents are expected in the vicinity of the melt pool. Despite the pres-
ence of convection and conduction modes of heat transfer, the
strong temperature dependence expected for radiative heat transfer
(T* for a blackbody e = 1) indicates that at the high superalloy
melting temperatures T,, > 1600 K, heat losses from the free sur-
faces of the molten region likely include a significant radiative com-
ponent.’”*" Promoppatum et al.”> compares a finite element model
including radiative heat transfer to an analytical model, which
treats conduction but ignores surface heat losses. Through compar-
ison of the model that includes radiative cooling contributions to
the one that is based solely on cooling through conduction, the
report concludes that for the energy density above 0.4 J/mm, the
two diverge significantly.”” This suggests that radiative cooling is
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important in typical process parameter regimes. We explore here
the consequences of our measurements on radiative cooling at ele-
vated temperatures.

While the melt pool cools, energy is emitted in the form of
electromagnetic waves spanning the energy spectrum and peaked at
an energy determined by the temperature of the melt pool. For
Inconel-718, the blackbody peak is around 0.4 eV (3.10um) near
the melting temperature [Fig. 3(a)]. The radiated intensity per unit
wavelength per unit solid angle is e(4, 6, T)Byy(4, T), where
B;p(4, T) is the spectral radiance given by PlancK’s law,

2hc?

Blb(ﬂ«) T) = /’1’45(8115/1(317‘ — 1) >

(1)

and the total power emitted per unit surface area A is

2 (/2
P_ J J J e(i, 0, T)Byy(4, T)cos @ sin0dOdddi.  (2)
A

A $=0 Jo—o
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FIG. 3. (a) Emissivity comparison of Inconel-718 to the DFT calculated
Ni1gCrgFes alloy and to the emissivity of a gray body emitter with e = 0.25,
suggestive of the variation in optical properties, which directly affect, respec-
tively, radiative heating and cooling rates during the DMLS process. Dotted
curves show spectral radiance given by Planck’s law from below and above the
melting point of Inconel-718. (b) The ratio of the total radiated power to that of
an ideal blackbody is equal to the total hemispherical emissivity, shown here for
measured Inconel-718, modeled NijgCrgFes, and a gray body emitter. The red
region indicates temperatures above the melting temperature T,, = 1600K.
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Here, e(A, 0, T) is material dependent and is influenced by elec-
tronic structures and surface morphologies. In general, the spectral
emissivity increases with rougher surface finishes as shown by the
work of del Campo et al."*

For the limiting case e =1, Eq. (2) recovers the Stefan-
Boltzmann law oT%, where o is the Stefan-Boltzmann constant.
Common practice assumes e is a constant, independent of both T
and A, which is referred to as the graybody approximation. In the
case of Inconel 718, we have shown that e is a strong function of 4,
consistent with other work.'* Broadband temperature-dependent
emissivity has been reported over a limited range of temperatures
<600°C'* where minute <5% changes are observed near the
blackbody peak, suggesting the dominant contribution to the radi-
ated power is from By;(4, T) and justifying in part an approxima-
tion to the spectral emissivity e(4, 6, T) ~ e(A, 6) within the solid
phase.

At the melting transition, Cagran et al.”” and Pottlacher
et al.”* both report an abrupt emissivity decrease at a single wave-
length of 684.5 nm of 10% upon melting through T, = 1600 K fol-
lowed by a gradual linear increase with increasing temperature. In
the liquid phase, however, the surface finish will be different from
that of the solid phase, and therefore, the drop in emissivity at
684.5 nm is likely influenced by the surface changes upon melting.
These emissivity trends are reported for a single wavelength,
common practice due to the practical difficulties of experimentally
determining broadband spectral emissivity at elevated temperatures.
We cannot, therefore, assume that the shift is uniform across all
wavelengths of interest. Furthermore, rigorous integral optical sum
rules strongly constrain shifts in the optical response across wave-
lengths, and in many material systems, increases in some spectral
regions are compensated by decreases in others, even crossing
phase transitions characterized by strong electronic in electronic
structures.”””* We have indicated the region above T, in Fig. 3(b)
where the temperature dependence of emissivity over all wave-
lengths is undetermined and for which the surface finish of
Inconel-718 may shift the emissivity. Despite the possible bulk
emissivity shift at T > T,,, at these extremely high temperatures,
the spectral radiance contribution will dominate the T dependence
of the thermal emissions.

As shown in Fig. 3(a), the emissivity of metal systems can
vary quite a bit near the relevant wavelength region, depending on
details of the electronic structure and associated optical transitions
in the mid-infrared regime. Specifically, we expect that in the high
temperature limit of DMLS, the simple T* law of radiative heat
transfer will be significantly modified, providing a means to control
cooling rates and, therefore, microstructural features of the manu-
factured metal part. To quantify the radiation emitted from the
laser-sintered melt pool, we compare the computed emitted power
per unit area with that of a perfect blackbody emitter n = iLT/},
which defines the total hemispherical emissivity.”” To determine
the 6 dependence of the emissivity, e in Eq. (2), we utilized the
polarization-averaged reflectivity given by the Fresnel’s equations.

Using the experimentally determined spectral emissivity of
Inconel-718, Fig. 3(b) shows calculations of the total hemispherical
emissivity alongside those of the DFT-modeled supercells. For ref-
erence, the horizontal dashed line shows 7 resulting from a gray-
body approximation with e =0.25, and the strong deviation
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illustrates the breakdown. Notably, this total hemispherical emissiv-
ity is a rather strong function of temperature in all cases, demon-
strating that the common graybody approximation e(1) = constant
is rather poor, and a strongly A dependent e(1) o< \/pp/A is more
appropriate for Inconel 718.

In situ process monitoring of metal AM presents significant
new technical challenges, as the spatial (80 um) and temporal scales
(<1us) are not well suited for most existing pyrometry approaches.
As the state of the art in this area advances, thermal-emission
based remote sensing technologies are likely to play a key role and
will likely benefit from the availability of advanced optical materials
as well as high speed detectors and electronics. As efforts to
develop these approaches come to fruition, our results showing the
strong wavelength dependence of Inconel-718 emissivity will
benefit the associated temperature calibration relevant to in situ
monitoring of metal AM.

V. CONCLUSION

We have presented a study of the broadband infrared properties
of the nickel-based superalloy Inconel-718 using Kramers-Kronig
transformations and find agreement with ab initio calculations based
on a local picture of the electronic structure. The broad, featureless
spectral reflectivity and emissivity are consistent with a Drude
model and its long-wavelength Hagen-Rubens limit as well as the
measured dc resistivity. We contextualize these results against prior
literature reports in other disordered metals as well as applied
physics work on Inconel-718 with different surface treatments and
crossing the solid-liquid phase boundary. We find that the strong
wavelength dependence of the optical properties of Inconel-718
limits the efficacy of certain common approximations related to
DMLS pyrometry.
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