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The relationship between real powder distributions and optical coupling is a critical building block
for developing a deeper physical understanding of laser-additive manufacturing and for creating more
reliable and accurate models for predictable manufacturing. Laser-light absorption by a metal powder
is distinctly different from that of a solid material, as it is impacted by additional parameters, such as
particle size, shape distribution, and packing. Here, we use x-ray computed tomography to experimentally
determine these parameters in a thinly spread austenitic stainless-steel powder on a metal substrate, and we
combine these results with optical absorptance measurements during a 1 ms stationary laser-light exposure
to simulate the additive-manufacturing process. Within the thinly spread powder layer, the particle volume
fraction changes continuously from near zero at the powder surface to a peak value of 0.72 at a depth of
235 µm, with the most rapid increase taking place in the first 100 µm. The relationship between this
particle volume fraction gradient and optical absorptance is investigated using an analytical model, which
shows that depth-averaged absorptance measurements can measure the predicted average value, but will
fail to capture local effects that result from a changing powder density. The time-averaged absorptance
remains at levels between 0.67 and 0.80 across a two orders of magnitude range in laser power, which
is significantly higher than that observed in solid stainless-steel experiments. The dynamic behavior of
the absorptance, however, reveals physical phenomena, including oxidation, melting, and vapor cavity
(keyhole) formation, as well as quantifying the effect of these on the absorbed energy.

DOI: 10.1103/PhysRevApplied.13.024057

I. INTRODUCTION

The physical mechanism that underpins the initiation of
the laser powder-bed additive manufacturing (AM) pro-
cess is the interaction of an intense laser beam with a
thin layer of metal powder on a substrate. This interac-
tion is parameterized by the powder absorptance, which
relates the amount of delivered laser-light energy to the
amount of absorbed energy that can heat, melt, and even
vaporize the material. Because of these physical effects,
it is an inherently dynamic quantity, which is driven by
the transition from an unperturbed powder through melt-
ing and vapor cavity (keyhole [1]) formation. Accurate
measurements of absorptance are vital for thermophysi-
cal models that aim to understand and guide industrial
laser material processes [2]. Absorptance is defined by
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the Commission Internationale de l’Eclairage (Interna-
tional Commission on Illumination, CIE) as the “ratio of
the absorbed radiant flux or luminous flux to the incident
flux under specified condition [3].” Strictly speaking, it
is not an intrinsic material property, as it relies on the
external quantity of radiant flux [4]. The term absorptiv-
ity is described similarly mathematically and is commonly
found in the literature to describe the results of similar
measurements, but its definition is a thickness-dependent
property [3]. Therefore, we prefer absorptance for powder
layers, where powder layer thicknesses will influence the
result.

Laser absorption by metal powder beds is exten-
sively investigated with computational modeling. Most
approaches use some form of a ray-tracing algorithm, in
which the laser beam is treated as a collection of indi-
vidual rays being reflected and absorbed by a metal par-
ticle with bulk optical properties [5–9]. The aggregate
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of many rays is then used to calculate the net effect of
the interaction. The powder-bed substrate is also a vari-
able for these models, as the powder particle size [6,7,
10–12], distribution [5,7,8,10,11], and thickness [6,7,9]
will affect the optical absorption. Due the computational
complexity required in accounting for these parameters,
spherical particles are typically assumed. These models
are also used to investigate the effects of laser-power
distribution [7–9], wavelength [5,13], and scan speed
[14], as well as the effects of different solid absorp-
tances [6,7,9] and mixtures of dissimilar powder materials
[5,13,14].

Experimentally, absorptance in powder systems is mea-
sured using calorimetric [11,15–17] or optical [18–20]
methods. Calorimetry-based approaches are attractive
because measurements can be made under processing con-
ditions similar to the AM process environment [15,21,22].
They measure the temperature rise of a material follow-
ing a known amount of laser exposure, which is converted
into optical energy absorption through the heat capac-
ity that is typically estimated from literature values for
bulk materials. However, calorimetry has a slow response
time, and thus, only measures the average absorption,
and under high laser irradiances on solid-metal targets,
hot mass ejection can underestimate the absorbed energy
[23]. Previous research has shown that hot mass can be
ejected in powder systems as well [24,25], but its effects on
calorimetry have not yet been investigated. Optical tech-
niques measure reflected [18,20,26] or transmitted [19]
light from a powder distribution. These previous exper-
iments have mostly been performed with relatively low
powers (below particle melting point) [18–20,26] or using
powder targets that are not representative of those of cre-
ated during the powder-spreading process involved with
AM [18,19].

Here, we measure the absorptance of a thin powder layer
prepared in a manner representative of laser powder-bed
fusion AM using an integrating sphere method that cal-
culates absorptance from the energy balance between the
incident light and the total scattered light [23]. The powder
is characterized with x-ray computed tomography (XCT)
to determine powder particle locations, size and shape dis-
tributions, and porosity. The absorptance is measured for
a single laser pulse with a duration similar to laser dwell
times used in AM. We combine the results of the pow-
der distribution with optical absorptance using the model
developed by Gusarov and Kruth [13], which shows that
the local absorptance drastically changes over the range of
particle volume fractions measured. Our study spans two
orders of magnitude of laser power, which allows for the
observation of oxidation, melting, and vapor cavity (key-
hole) formation and their absolute effects on laser-energy
absorption. Lastly, we discuss measurement uncertainty,
including a discussion of the possible effects of the vapor
plume on our measurements.

II. EXPERIMENTAL METHODS

A. Dispersed and as-spread powder measurement and
analysis

Argon-atomized 316L stainless-steel powder (LPW
Technology Limited, 316AR-AABA, lot UK80026) [27]
is used for all experiments. Its chemical composition is
measured at a certified testing laboratory (Luvak, Inc.) [27]
and the results are provided in Appendix A. Selected pow-
der samples are further analyzed using XCT to obtain the
powder size and shape distribution from a dispersed pow-
der and to determine the as-spread powder configuration
during optical measurements.

Determination of powder size distribution with XCT has
been described in detail elsewhere [28–30]. Briefly, a pow-
der is manually dispersed in a quick-setting epoxy, such
that the volume fraction of powder in the powder-epoxy
composite is approximately 10%, ensuring that powder
particles are not touching, yet there are still enough for
statistically valid analysis. The epoxy-powder mixture is
drawn into a 3-mm-diameter rigid plastic tube using a
small vacuum pump. After the epoxy has hardened, a
50-mm-long section is placed upright into a Zeiss Versa
XRM500 XCT system [30] and scanned using a cubic
voxel edge length of 0.8036 µm. Two fields of view (FOV)
are obtained with roughly one thousand images captured in
each (1000 × 1000 pixels) FOV.

Segmentation of the XCT reconstructed images into
binary images is performed using a single threshold, where
particles are white and the epoxy is black. Then, NIST-
developed software is used on each set of images to
identify individual particles. Only particles with a volume
of at least 512 voxels (8 voxels across the particle) are ana-
lyzed, as particle shape cannot be accurately determined at
smaller volumes [28,31]. Each analyzed particle is labeled
and stored in a database, along with its three-dimensional
(3D) image. Three-dimensional geometric information is
recorded for each particle, including volume, length L,
width W, and thickness T. A numerical search finds L,
which is the longest length across the particle; W is the next
longest length, but also perpendicular to L. Lastly, T is the
longest length that is perpendicular to both L and W [30].
By this construction, T ⊥ W ⊥ L and T ≤ W ≤ L. The three
aspect ratios, L/T, W/T, and L/W, are useful for general
particle classification, in particular, L/T. Using the val-
ues of L/T, along with visual inspection of the 3D images
for a subset of particles, particles are separated into two
classes: single nearly spherical (SnS) and highly nonspher-
ical (NS) particles. Most, but not all, of the NS particles are
smaller particles joined together [31]. When going through
the segmented images, the programs also determines each
particle’s porosity.

XCT is also used to determine the geometrical dis-
tribution of the powder bed prepared in a similar man-
ner to the “as-spread” condition used in the absorptance
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measurements. An aluminum sample holder with high x-
ray transparency is prepared, with a powder channel of
233.7 ± 8.6 µm deep and approximately 4.1 mm long
by 3.3 mm wide. The actual volume of this channel is
determined by high-resolution optical profilometry to be
(3.31 ± 0.06) mm3. Powder is spread using a metal blade,
so that the measured distribution is representative of that
used during the absorptance measurements. Although the
depth of this channel is nearly the same as that used in the
absorptance measurements, the other dimensions are much
smaller, which is necessary for adequate x-ray transmis-
sion. Since the length and depth are orders of magnitude
larger than that of the mean powder particle size, it is
large enough that edge effects on particle distribution are
negligible. For these measurements, the x-ray tube is set
to 160 kV, 10 W of power, and a high-pass filter blocks
lower energy x-rays to improve transmission. The instru-
ment takes an interior scan of the powder; the aluminum
walls are omitted in the reconstruction process. There is a
slight angle (1.75°) between the incident x-ray beam and
the base of the sample holder, which leads to a slope of the
measured powder surface of the same amount.

This technique produces images of 984 × 1010 pixel,
with a pixel and voxel size of 1.273 µm. There are 264
total XCT images for the entire powder-bed height. Figure
1(a) shows the original reconstructed XCT image near
the middle of the powder bed. Each image has a per-
fect circle fitting within the rectangular image, which cuts
through perimeter particles, that is a mathematical arti-
fact of the interior scan reconstruction algorithm. The gray
background between the particles is another artifact of the
scanning and reconstruction process; the space between
particles is air and should be nearly black. Since several
particles contain interior pores, all images are segmented,
so that only grayscale powder and black porosity are seen,
allowing for powder packing alone to be measured. A sim-
ple grayscale threshold does not work, as it leaves hole arti-
facts in the middle of particles. Therefore, we develop a 3D
watershed process [32] because commercially available
packages are only suitable for 2D images.

The 3D algorithm used for image analysis of the as-
spread powder is adapted from that used for the dis-
persed powder images. In the dispersed powder, the 3D
microstructure is already binary, so the algorithm only
needs to find a single white powder voxel and then all
directly adjacent white powder voxels. In contrast, for
the as-spread powder, the algorithm starts on the outside
of the 3D image, in the black exterior voxels, and then
searches for all connected voxels that have a grayscale
less than or equal to a threshold value (G) defined by
the product of a parameter P, where 0 < P < 1, with the
maximum grayscale (Gmax) found in the entire image set
(G = PGmax). When this algorithm finds such a voxel, con-
nected to a previously found voxel, it changes its grayscale
to some arbitrary negative number. Once all voxels are

found, those with negative grayscales are turned black and
the remaining gray voxels represent packed particles. By
starting on the outside of the 3D image and working in,
the particle interiors remain unchanged, unless they have
perimeter grayscale values less than or equal to G. The
particle volume fraction (PVF), or the ratio of volume con-
taining metal versus the total volume, is defined inside a
cylinder, the diameter of which is slightly smaller than that
of the circular portion of Fig. 1(c). This is done to avoid
edge effects from particles artificially cut by the visualiza-
tion algorithm. Figure 1(b) shows the PVF achieved as a
function of P.

The appropriate value for P is determined by indepen-
dently measuring the apparent powder density (APD) of
the as-spread powder bed and dividing by the density of
bulk stainless steel. The APD is the mass of the as-spread
powder divided by the volume in which it is spread [33].
Other methods of measuring the APD, such as the Arnold
apparent density method [34] or the very high accuracy
method developed by Jacob et al. [35], use volumes with
much thicker powder layers than those we use here. As
a result, these APD values would not be representative
because gravity, mechanical vibration, and particle motion
lead to additional settling. The mass is carefully measured
in the sample XCT holder using a commercial scale with
1 µg readability (smallest detectable change in mass). This
result, combined with the sample holder volume deter-
mined previously, give an APD of (4.17 ± 0.11) g/cm3,
with the uncertainty due to the standard deviation from
more than 10 measurements. This APD divided by the
accepted room-temperature value for the density of 316L
stainless steel (7.95 g/cm3 [36]) yields a measured PVF
of 0.52 ± 0.01. We then choose P = 0.524, such that the
image-based analysis of PVF also results in a value of
0.52. If we estimate the uncertainty in P as ±0.01, then
the uncertainty in the image-based PVF is the slope of the
fitted line in Fig. 1(b) (2.97) multiplied by 0.01 to give
0.03. Therefore, the average image-based determination of
the PVF is 0.52 ± 0.03.

B. Integrating sphere measurements

The dynamic absorptance is measured using an inte-
grating sphere with calibrated photodetectors to record the
time-dependent reflectance (regular and diffuse [3]) during
the entire laser pulse. This method, and a complete descrip-
tion of the instrumentation used, is detailed in a previous
publication [23]. A schematic of the experiment is shown
in Fig. 2 and a brief description is given here. The pow-
der is spread with a metal blade in a stainless-steel sample
holder with a 1 cm wide and (195.8 ± 5.5) µm deep trench.
Figure 2 also shows a SEM micrograph of the top sur-
face of the as-spread powder before it is exposed to laser
irradiation.
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(a) (c)

(b) (d)

FIG. 1. XCT results of the spread powder. An original reconstructed image from roughly the middle of the powder volume is shown
in (a). The calculated powder volume fraction as a function of the processing parameter, P, is shown in (b). The processed version of
the image in (a) is shown in (c) with the appropriately chosen P. The image in (d) shows how these processed images are then stacked
vertically to generate a three-dimensional volume rendering of the spread powder.

The time-dependent absorbed power, Pabsorbed(t), is
computed by subtracting the measured absolute scattered
light from the incoming laser beam according to

Pabsorbed(t) = Plaser(t) − [Phead(t) + Psphere(t)]. (1)

The total scattered light is determined by adding the light
scattered within the integrating sphere [Psphere(t)] with
the light directly back-reflected towards the incident laser
beam [Phead(t)]. When these are integrated with respect
to time, the corresponding energies are calculated. For

instance, the time integration of Pabsorbed(t) is the total
absorbed energy (Eabsorbed). Therefore, an average cou-
pling efficiency, ηcoupling, is computed according to

ηcoupling = Elaser − (Ehead + Esphere)

Elaser
= Eabsorbed

Elaser
. (2)

The pulse energy, Elaser, is calculated from an average of 10
laser pulses, which have a standard deviation of between
0.1% and 0.2% for all energies used in this study. The laser
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FIG. 2. A schematic of the light-scattering apparatus and anal-
ysis used in these experiments.

power as a function of time, Plaser(t), is determined by sep-
arately measuring the laser-pulse temporal profile for every
power setting, then scaling the time integral of this pro-
file to equal the measured pulse energy, Elaser. The focused
laser-spot spatial profile is sharply that of a top hat with a
diameter (1/e2) measured previously at 303 µm [23].

III. RESULTS AND ANALYSIS

A. Powder-bed analysis

Figure 3 shows a 3D rendering of the as-spread powder
reconstructed from the XCT data depicted in Fig. 1(d). A
virtual vertical slice at the bottom of the image is made
to show the interior powder-bed structure. The 2D images

FIG. 3. Three-dimensional rendering of the powder bed from
XCT measurements and analysis. There is a vertical slice through
the bottom of the powder volume to reveal the powder particles
below the surface. The reconstruction also shows the Al base of
the powder holder.

FIG. 4. The PVF versus the distance from the powder sur-
face overlaid on a cross-sectional XCT image. The dashed line
indicated the average PVF determined from the image analysis
algorithm of the entire 3D structure.

used to create Fig. 3 can be found within the Supplemen-
tal Material [37]. In Fig. 4, we plot the PVF as a function
of distance from the powder surface overlaid on a repre-
sentative cross-section XCT image of approximately the
same dimension in depth. The dashed line represents the
volume-averaged PVF (0.52) determined using traditional
techniques. There is a drastic reduction in the PVF as one
approaches the powder surface, potentially caused by the
settling of smaller particles lower in the powder layer to fill
voids between larger particles. This is of particular impor-
tance for understanding laser-powder absorption, as this is
dominated by the first 100 µm [20], and a single averaged
value of the PVF will not accurately describe the powder
distribution on this length scale. The small decrease in PVF
near the substrate is due to a “wall effect,” where particles
cannot pack as efficiently near a surface (within a few par-
ticle diameters) [38]. Notably, in Fig. 4, the decrease in
PVF near the bottom surface starts at about 70 µm above
the surface, which represents about twice the average value
of the width, W (see Table I).

Table I summarizes the results from the dispersed pow-
der XCT measurements for the average, volume-weighted
dimensions and aspect ratios. The uncertainties on the L,
W, and T measurements are ±2 µm, due to both image
segmentation and the requirement that W, T, and L are per-
pendicular. Notably, most of the particles, 4426 out of 7208
(61%), are classified as SnS, while 39% are classified as
NS. Figure 5 shows the particle size distribution based on
the value of the 3D parameter W, which is chosen to repre-
sent particle “size,” as its value lies between those of L and
T [39]. (An exception to this is for strongly nonspherical
particles [40].) The y axis gives the volume fraction of the
total amount of particles in a given bin. Figure 5(a) shows
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TABLE I. Particle numbers, classifications, and average dimensional and aspect ratio data.

Particle Number of particles L (µm) W (µm) T (µm) L/T W/T L/W

SnS 4426 30 28 27 1.12 1.06 1.06
NS 2782 62 40 34 1.82 1.18 1.55
All 7208 50 35 31 1.56 1.14 1.37

the distribution of all particles, whereas Fig. 5(b) plots SnS
and NS particles separately, using similarly sized bins. For
all three histograms, the bin heights and areas sum to 1.0.

Figure 6 shows the volume-fraction-based distribution
of the L/T parameter using all particles. The long tail
in Fig. 6 past L/T = 1.3 is mainly composed of particles
consisting of two or more touching particles, with some
irregular single particles. By the weight in the histogram in
Fig. 6, there are clearly many of these particles by vol-
ume, in agreement with the results in Table I. Particle
porosity is also determined from the XCT measurements,
which are given in Appendix B, along with a comparison
of the XCT-determined particle sizes with those from other
measurements.

(a)

(b)

FIG. 5. Particle size distribution of particles using the width, W,
as a measure of the particle “size,” in micrometers: (a) all parti-
cles combined and (b) SnS and NS PSDs computed separately,
but displayed on the same graph.

B. Absorptance in the nonmelt regime

1. Integrating sphere results

The dynamic absorptance of a powder bed prepared in
a similar manner as those used for the XCT measurements
is measured optically with the integrating sphere appara-
tus. The lowest applied laser powers (region A in Fig. 9)
result in a powder surface that does not show any discern-
able melting following laser illumination. This is observed
with SEM imaging, as presented in Fig. 7(a) for the 11.7 W
exposure. The red dashed circle illustrates the relative size
of the focused laser-beam spot, but not necessarily its exact
location. Optical images (not shown) reveal a slight dis-
coloration at the powder surface at 11.7 W, but not at
1.93 W. Figure 7(b) shows Pabsorbed(t) for the two laser
powers of region A. The initial rise and final fall of the
signal follow that of the laser pulse. At 1.93 W, Pabsorbed(t)
is constant at 1.44 W or 74.2% of the average input power
(ηcoupling = 0.742). [Notably, the data presented in Fig. 7(b)
are multiplied by four, so that features are visible at this
scale.] At 11.7 W, after the initial steep rise that follows the
laser rise time, there is a slight positive slope in Pabsorbed(t)
of about 1 W/ms. Given that a slight discoloration in the
powder is observed at this power, this is most likely to be
due to increased absorption from oxidation during heating.

2. Relationship between particle packing and
absorptance

Theoretical investigations of absorbed laser light by a
powder-bed surface begin with either an assumed particle

FIG. 6. Volume-fraction based L/T histogram for all particles
combined.
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(a)

(b)

FIG. 7. (a) SEM micrograph after exposure to 11.7 W laser
light for 1 ms. There is no visible melting, but some slight dis-
coloration seen in optical images (not shown). (b) Absorbed laser
power for very low powers (1.93 and 11.7 W), with the lowest
power data multiplied by four, so that details are visible on this
scale.

distribution based on a particular packing order [11,41]
or a modeled distribution resulting from dropped particles
[5,9,10,12]. In either case, the models typically use a single
PVF value and assume spherical particles. The XCT mea-
surements presented above show that our as-spread powder
system has a rapidly changing PVF, especially over the
first 100 µm, and many nonspherical particles. Therefore,
most theoretical models that have been developed are not
directly applicable to our system. One exception, however,
is the study by Gusarov and Kruth [13], which numerically
solved the radiation transfer equation for laser light inci-
dent to a thin powder layer on a reflecting substrate. This
model is attractive for analyzing our results because it does
not a priori assume spherical particles and is instead sensi-
tive only to the powder layer porosity and the surface area
of the powder particles facing these pores, both of which
can be derived from the XCT measurements.

According to their model, the absorptance of a powder
layer on a substrate is determined by the dimensionless
optical thickness parameter, λ = (1/4)SL, where L is the
depth of the powder layer. S is the specific powder sur-
face area per unit pore volume, given as S = δ (1 − ε)Uε,

Absorptance

FIG. 8. The calculated optical thickness (blue line) and absorp-
tance (green circles) plotted versus depth using the porosity (red
crosses) measured at that depth for a 100 µm powder-bed layer.

where δ is the density of the bulk powder material (δ = 0.7)
and ε is the porosity of the powder layer. Notably, ε

is not the individual particle porosity (discussed within
the Supplemental Material [37]), but rather the ratio of
empty space to the total volume of the powder layer or
(1 − PVF). U is the specific surface area or total surface
area of particles per unit mass. The total particle surface
area, Apore, can be determined by analyzing each slice of
the 3D XCT reconstruction [Fig. 1(d)] for the number of
pixels at powder-pore interfaces and multiplying by the
square of the pixel size, d. A correction factor of 4/6 is

FIG. 9. Average coupling efficiencies of the stainless-steel
powder and the bare machined substrate holder. The horizontal
axis represents both the total energy in the laser pulse (mJ) and
the average laser power (W). This equivalence comes from the
injection duration of 1.000 ms.
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(a) (b)

(c) (d)

FIG. 10. SEM micrographs for laser powers that produce the onset of powder melting.

applied to Apore that results when the surface area is deter-
mined from a pixelated volume [42,43]. The unit mass is
the number of pixels containing a powder particle times a
cubic voxel or the PVF times the total number of pixels in
the slice, N pix. With these definitions, we find that the opti-
cal thickness as a function of as-spread powder depth is

λ(z) =
(

L
4

) [
Apore(z)
Npixd

]
[1 − PVF(z)]. (3)

This definition can then be used to calculate the absorp-
tance as a function of depth, according to Eq. (45) in
Ref. [13] (or Eq. (21) in Ref. [44]). The measured poros-
ity and calculated optical thickness and absorptance are
shown in Fig. 8 for L = 100 µm, which is a more typ-
ical AM powder-bed thickness. It is important to note
that this is not an absorption profile through the powder
layer, but rather the absorptance calculated with the PVF
measured at each depth. As such, this illustrates how the
calculated absorptance would change if the actual PVF
at a particular depth were used. In addition, Ref. [13]
showed that, as the thickness of the powder layer increases,
the absorptance asymptotes to a single value, which is
known as a deep powder-bed limit. In our calculations,

the absorptance asymptotes to 0.77, which is close to our
experimentally determined value of ηcoupling = 0.742 mea-
sured at the lowest laser power. The asymptotic behavior
suggests that depth-averaged absorptance measurements of
metallic powders can measure the correct average value,
but will fail to capture local effects resulting from the gra-
dient in powder density. For accurate calculations of local
energy deposition, a model incorporating this more com-
plex reality is necessary. Of course, for AM, this is only
relevant for the initial time period of light-powder inter-
action because the melting powder presents an entirely
different surface to the incoming laser beam.

C. Dynamic high-power absorptance

1. Average coupling efficiency

Coupling efficiencies, ηcoupling, are plotted in Fig. 9 for
the stainless-steel powder and, for comparison, the bare
machined substrate averaged over the 1 ms laser pulse.
The “laser power” referred to in Fig. 9 is that of measured
Elaser divided by 0.001 s, which is reasonably close to the
asymptotic value of Plaser(t) given that the laser pulse is
temporally square with a short 30 µs rise time to the 95%
level. At low average power, the substrate has an average
coupling efficiency between 0.2 and 0.3, which then rises
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(a)

(b)

FIG. 11. Absorbed laser power (a) and directly reflected laser
power (b) for incident laser powers that cause the onset of
powder melting.

by almost a factor of two as the laser power goes from 300
to 400 W. This behavior was shown previously to indi-
cate the formation of a recoil pressure-induced cavity (a
keyhole) [23], which leads to increased absorption through
multiple reflections. In contrast, the stainless-steel powder
does not experience such a dramatic shift in coupling effi-
ciency and remains between 0.67 and 0.80 over the entire
power range.

These data are separated into four regions based on a
physical interpretation of the dynamic absorptance. Region
A is nonmelting, B is the onset of melting, C is full melt
penetration, and D is where keyholing occurs. Also shown
for the powder data are shaded regions, which indicate
both the standard deviation and the full uncertainty of our
measurements. The error bars for the machined substrate
represent the full uncertainty.

2. The onset of melting

Region B in Fig. 9 is characterized by the appearance
of a mass of large particles created by powder melting and
solidification and which grows in size with increasing laser
power to approximately that of the focused laser beam, as
shown in Figs. 10(a)–10(d). Again, the red dashed circles
indicate the relative size and approximate location of the
incident laser beam. In Fig. 10(a), there are three particles

(a)

(b)

FIG. 12. (a) A confocal optical image of powder melted with
221.5 W laser light, with a sketch of the approximate surface
profile determined by scanning the focal plane vertically. (b) A
SEM micrograph of powder melted at 371.2 W.

that are much larger than the mean particle size and are pre-
sumed to be from particle agglomeration following melting
and solidification. These are distributed over several hun-
dreds of micrometers, which suggests that they result from
an ejection process. Furthermore, it appears that there is a
depression in the powder surface near the circled feature,
which is further evidence of a dispersive force. As the laser
power increases, the size of the metal bead also increases.
In Fig. 10(b), a large depression in the powder surface is
present near the bead, and in Figs. 10(c) and 10(d), the bead
is concentric with the depression.

Pabsorbed(t) and Phead(t) over this power range are
given in Figs. 11(a) and 11(b), respectively. Interestingly,
the dynamic absorbed power is relatively constant with
only small variations. The onset of melting seen in the
SEM images is accompanied by increased variability in
Pabsorbed(t), as compared with that in Fig. 7. Furthermore,
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there is additional evidence of melting in Phead(t), which
now has a resolvable signal, albeit one with an absolute
power that is significantly lower than Psphere(t). The sharp
increase in Phead(t) is a clear indication of melting, as the
molten metal is much more reflective than the bare pow-
der. Also telling is that the rapid rise in Phead(t) occurs
at increasingly earlier times, as the applied laser power is
increased. These interpretations, and those to follow, are
consistent with the analysis from solid stainless steel [23].

3. Full melt penetration

Region C in Fig. 9 shows a subtle decline in the cou-
pling efficiency, since the laser beam is mostly incident to a
reflective molten metal pool for most of the 1 ms exposure.
Visual observations of the processed surface show that the
diameter of the metal bead does not grow much beyond the
approximate size of the focused laser-beam spot (Fig. 12).
However, these metal beads remain welded to the substrate
once the powder is gently removed from the holder. This is
not true for the beads formed in region B. Figure 12(a) is an
optical microscope image of a bead formed with 221.5 W,
which has a shallow depth of focus. Therefore, it is a useful
image for determining the relative height of the observed
features. In this image, the surface of the untouched pow-
der is at the focal plane and the out of focus areas are either
above or below. By translating the microscope objective
through the focal plane, we find that the surface of the bead
is above the surface of the powder and the out-of-focus
annular ring around the bead is below. The dark solid line
at the top of the image in Fig. 9(a) approximates this topol-
ogy. This is believed to be a result of denudation, which has
been widely reported for AM processes [45,46]. A SEM
micrograph taken at 371.2 W is given in Fig. 12(b).

Another feature of note in Fig. 12(a) is the presence of
colored oxidized powder beads directly around the large
central bead. The different colors result from varying thick-
nesses of oxide and appear not to have melted, as they
are roughly the same diameter as that of the original pow-
der particles. [This premelt oxidation is the cause of the
slight increase in Pabsorbed(t) seen in the sample treated with
11.7 W in Fig. 7.] As these oxidized particles reached very
high, but still sub-melting, temperatures, some are presum-
ably ejected by the metal gas vapor creating the denuded
zone [45].

Figure 13 shows Pabsorbed(t) and Phead(t) for the data in
region C. Pabsorbed(t) shows increased variability, but with a
slight downward trend over the duration of laser exposure
due to the increase in reflectivity of the melted powder. For
example, measured from the peak value in the 383.8 W
curve, Pabsorbed(t) has a slope of −20.9 W/ms. When inte-
grated to find the average coupling efficiency, this negative
slope helps to create the slight downward trend seen in Fig.
9, region C. Furthermore, Phead(t) continues the trend from
the previous region, where the onset of sharp signal spikes

(a)

(b)

FIG. 13. Absorbed laser power (a) and directly reflected laser
power (b) for incident laser powers that show melting and full
powder penetration.

occurs at increasingly earlier times to indicate of the onset
of melting.

4. Keyhole formation

As the average laser power is increased further, the aver-
age coupling efficiency becomes constant across region
D. Again, however, dynamic Pabsorbed(t) reveals additional
information. The trends in Pabsorbed(t) and Phead(t) can be
seen in Figs. 14(a) and 14(b), respectively. With increas-
ing laser power, the slight downward trend in Pabsorbed(t)
seen in Fig. 13(a) is reversed, until a clear increase in
Pabsorbed(t) appears. In fact, the time-dependent behavior
of Pabsorbed(t) at the highest applied power of 637.1 W is
qualitatively similar to that seen in a solid metal when a
keyhole is formed [23]. Thus, in powder, there is an ini-
tial peak in Pabsorbed(t) due to solid-state heating, followed
by a decrease due to melting with a longer-term increase
representing keyhole formation and growth.

5. Uncertainty analysis and discussion

The full uncertainty in the average coupling efficiency
is presented as the wider shaded region in Fig. 9 and rep-
resents a complete analysis of the systematic uncertainties
associated with our measurement. Complete details of how
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(a)

(b)

FIG. 14. Absorbed laser power (a) and directly reflected laser
power (b) for incident laser powers that show signs of keyhole
formation.

this is determined can be found in a previous publica-
tion [23]. The largest source of systematic uncertainty is
from the laser power measurement device (3%), which
will be a limitation common to any similar technique
where the energy balance is determined by laser power
measurements. Random uncertainties are determined by
calculating the standard deviation associated with repeated
measurements, which are shown as the narrow shaded
region in Fig. 9. As an example, Fig. 15 shows repeated
measurements at 221.5 W average laser power on fresh
spots of the bare powder. Figure 15(a) gives Pabsorbed(t) and
Fig. 15(b) shows the directly back-reflected laser power,
Phead(t). There is variability with respect to the timing of
specific features, but they are qualitatively similar. Due to
the time integration involved in determining ηcoupling, this
variability has a minimal effect, and the standard deviation
of ηcoupling is only 1.2%, relatively.

Our calculations currently neglect the effects of the
vapor plume. Ultimately, these will be difficult to quan-
tify due to its complicated and time-dependent nature, but
we can estimate its effect on our measurements with the
following analysis. We consider that the vapor plume con-
sists primarily of molten metal droplets [24], entrained
solid powder particles [45], and neutral atomic metal vapor
[47]. In our analysis, we neglect the presence of a plasma,

(a)

(b)

FIG. 15. Repeated measurements of (a) Pabsorbed(t) (multicol-
ored curves) and the laser pulse profile, Plaser(t) (black), and (b)
Phead(t) to show the repeatability of the measurement technique.

as there is substantial evidence that ionized atoms do
not exist in an appreciable amount to cause significant
inverse Bremsstrahlung absorption at the 1 µm wavelength
[47–51], and spectral measurements during AM processes
show only neutral atomic spectral lines [52–55]. These
data suggest that the bright light observed during laser
welding or AM is largely a result of incandescence from a
hot metal gas. On a timescale relevant to this work, atomic
metal atoms (iron) are seen in the vapor plume with laser-
induced fluorescence during intense laser irradiation of
stainless steel [56]. Metal atoms will only absorb incoming
laser light if those atoms have an allowed optical resonant
transition in the wavelength range of the laser. For reso-
nances between 1065 and 1075 nm, there are no allowed
optical transitions for the major atomic constituents in
316L stainless steel (Fe, Cr, Ni, Mo, Mn) [57].

Furthermore, many studies have shown that the vapor
contains metal particles over a very large size distribu-
tion. The interaction of the laser beam with particles is
explained by Mie theory and can be absorptive, reflective,
or both, as determined by the particle size [48]. The largest
particles considered here are the molten metal droplets
and entrained powder particles that have dimensions on
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the order of 10 µm. As this is large with respect to the
laser wavelength (1.070 µm), these particles are mainly
reflective. This scattered laser light will contribute to the
measured sphere signal [Psphere(t)] as unabsorbed radia-
tion and is therefore accounted for. (This contrasts with
calorimetric methods, for instance, where this contribution
would be completely unaccounted for.)

Studies during laser welding have found that the
plume can contain smaller nanoparticles in the range of
10–100 nm [49,58,59]. The smaller size of these particles
means that absorptive processes can be much more sig-
nificant. Measurements of attenuation of the laser by the
plume during the AM process are scarce; instead, several
studies have been performed during laser welding. How-
ever, these studies occur under orders of magnitude higher
irradiances (>1 MW/cm2) and much longer laser dwell
times than are typical for AM. An early work by Greses
et al. reported attenuation as high as 40% during continu-
ous 8 kW laser welding [49], which remains considerably
higher than that of subsequent reports. Under extremely
high irradiation of 20 kW, Shcheglov et al. later reported
a high laser-beam attenuation of 12% [51]. Zou et al.
calculated that the absorption of the plume produced by
7 MW/cm2 illumination was a strong function of plume
height and that plumes on the order of millimeters (like
those in our experiments) should only absorb about 1% of
the incoming laser light [59]. Katayama et al. measured a
3% attenuation of a probe beam, but this was reached only
after 1 s of laser exposure [60]. A high-speed video of their
plume shows that after 2 ms of laser exposure the plume is
significantly smaller than that at later times.

Similarly, Scholz et al. found that multiple probe beams
through a laser welding plume were not attenuated until
several milliseconds after illumination began, suggesting
a rate of nanoparticle formation in the plume that was
longer than that of the 1 ms exposure of our experiments
[58]. Furthermore, in our experiment, an absorption by
metal vapor amounts to subtracting Elaser in Eq. (2) by the
amount of energy absorbed by the plume. If we were to
conservatively assume 3% absorption of the incident laser
light when the integrating sphere measured that 30% of
the incident light was scattered, the absolute effect on the
calculated coupling efficiency would be an overestimation
of 0.9%. Therefore, although we cannot definitively claim
that the metal vapor plume is not absorbing some of the
incoming laser light, we believe that its effect is small (less
than 1%) because of the very short duration of the pulses,
the lower irradiances used, and the relatively modest plume
heights under our experimental conditions.

IV. CONCLUSIONS

We measure the dynamic absorptance of focused laser
light incident to a metal powder-bed surface, the geome-
try of which is determined using XCT. The reconstructed

XCT data provide a three-dimensional analysis of the
spread powder, in terms of powder particle location, size
and shape distribution, and porosity. This gives the ini-
tial preirradiated condition of the spread powder, on which
the absorptance measurements are performed. These mea-
surements reveal that the particle volume fraction changes
significantly over the depth of interest (<100 µm) for
light absorption. Furthermore, by applying the results of
a numerical model for the absorptance, we find that,
over this depth range, the absorptance is strongly deter-
mined by the particle volume fraction. Therefore, the local
energy absorption at particle surfaces will be affected, even
though the measured depth-averaged value agrees with that
predicted. The dynamic absorptance measurements also
observe physical changes to the powder system, such as
oxidation, melting, and keyhole formation, while the time-
integrated coupling efficiency changed little as a function
of incident laser power. This underscores the importance
of using time-dependent energy-coupling values for high-
fidelity AM model validation that aim to predict defects
due to changes in melt pool behavior, as these features are
only apparent dynamically.
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APPENDIX A: POWDER COMPOSITION

Table II shows the elemental composition of the stain-
less steel powder used in these experiments and compares
the manufacturer’s specification with separate results from
inductively coupled plasma measurements.

APPENDIX B: PARTICLE SIZES AND POROSITY

We compare the results of L, W, and T analysis
to other powder distribution measurements made with

TABLE II. Powder composition from manufacturer and induc-
tively coupled plasma (ICP) measurements [61].

Element Manufacturer specifications ICP measurements

Fe Balance Balance
Cr 16.92 16.25
Ni 12.06 11.45
Mn 1.21 1.15
Si 0.63 0.56
Mo 2.50 2.40
C <0.01 0.009
S 0.005 0.005
N 0.01 0.01
P <0.005 0.005
O 0.05 0.05
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TABLE III. Values of D10, D50, and D90 for laser-diffraction,
L, W, T, and VESD measurements.

Size measurement D10 (µm) D50 (µm) D90 (µm)

Laser diffraction 20.1 32.4 51.3
L 21.0 44.2 86.5
W 18.9 33.4 53.2
T 17.3 30.1 46.0
VESD 18.2 32.4 49.2

laser-diffraction particle size measurements [61,62]. The
simplest comparison is with the values of Dn, where n
is 10, 50, and 90. Dn is the particle size at which n% of
the particles, by mass or volume, have sizes smaller than
that of Dn. Previous laser-diffraction particle size distri-
bution measurements [61] give a range of particle sizes
in terms of sphere diameters, with a certain volume frac-
tion per size bin, that give equivalent light scattering to
the real particles. The volume equivalent sphere diame-
ter (VESD) is the sphere diameter resulting in a volume
equivalent to that of the measured nonspherical particle.
We determine L, W, T, and VESD for the particles, and
thus, we can compute D10, D50, and D90 for each size
measurement. The results are given in Table III, where
there is no precise agreement among the four parameters
derived from XCT measurements and the laser-diffraction
results. The values of D10, L, W, and VESD agree with
the laser-diffraction results within the XCT uncertainties,
±2 µm. However, only W and VESD agree with the laser-
diffraction results within the uncertainty for D50 and D90.
This is because laser-diffraction analysis assumes spheri-
cal particles, which XCT reveals to be largely not true. To
be clear, the spherical interpretation of the laser-diffraction
measurement is not the same as the VESD interpretation,
and L, W, and T measure different aspects of nonspherical
particle dimensions. Therefore, for a complete understand-
ing of the as-spread powder system, a single value for
particle size is misleading.

Some of the particles contain pores that are detected by
the XCT scans and the numerical processing of the seg-
mented images. Table IV shows a summary of the porosity
values, in terms of the number of particles containing inter-
nal pores, the average porosity per porous particle, and the
maximum value of porosity found. The porosity can be
conceptualized in the following way. A spherical particle
of 35 µm in diameter (see W in Table IV) would have a
volume of 22 450 µm3. At an average value of porosity of
0.8%, the pore volume would therefore be 180 µm3, which,

(a)

(b)

FIG. 16. Porosity of each porous particle plotted versus the
VESD of each particle: (a) all particles and (b) those particles
with porosities below 3%.

if concentrated into a single spherical pore, would have a
diameter of 7 µm. However, at the maximum porosity of
31%, this hypothetical single spherical internal pore would
have a diameter of 24 µm, which is more than 2/3 of the
particle diameter.

Figure 16 shows a graph of the porosity of each porous
particle plotted as a function of VESD. Figure 16(a) shows
all particles and Fig. 16(b) shows those with a porosity
below 3% to better visualize the smaller porosity data.
The porous particles are evenly distributed over the full
size range, as estimated by VESD, with perhaps a slight
trend towards lower porosities for the largest particles.
This result may imply that the prevalence of pores and pore
size are similar, irrespective of particle size, so that larger
particles have similar pore volumes to those of smaller par-
ticles, and therefore, lower porosities. Certainly, Fig. 16(a)

TABLE IV. Internal porosity summary statistics for all particles.

Number of particles Fraction of particles that Average porosity per porous particle (%) Maximum porosity found (%)
with internal pores had internal pores (%) particle (%) found (%)

621 8.6 0.8 31
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shows that the highest porosities, more than 5%, are
concentrated in the smaller sized particles.
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