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Gas-atomized powders are commonly used in additive manufacturing, specifically laser powder
bed fusion, due to their high flowability during recoating. Morphological changes can occur in
particles that are irradiated by the laser during additive manufacturing, but are not incorporated
into the melt pool. These irradiated particles will affect the rheology of the recycled powder in
subsequent builds, potentially leading to failures due to uneven powder flow or spatial
distribution. Thus, a better understanding of mechanisms that degrade the sphericity of powder
after being laser irradiated is needed. This research examines morphological changes in Al and
Al-Cu eutectic powders after laser melting. Two complementary approaches were taken. First,
particles found along the edges of line scans following high-power (300 W) laser irradiation were
characterized. The collected particles displayed morphological anomalies not observed in the
as-received powder. Then, to gain a more quantitative and controlled perspective on
morphological evolution, the same base powders were dispersed onto glass substrates and
irradiated with a low-power (6.5 W) CW laser diode. This approach, which permits
characterization of specific particles before and after laser irradiation, clearly shows
laser-induced changes in the surface morphology of particles in the form of dents and rifts.
These results suggest that isolated melting and resolidification of particles contained within their
respective oxide shells can occur at the relatively low laser energy densities present at the edges
of laser melt tracks. Thermal stresses developing in the oxide shell during cooling can account
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for the observed morphological changes in the context of shell-buckling theory.
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I. INTRODUCTION

IN the field of laser powder bed fusion (LPBF), much
research has been focused on characterizing the changes
that occur in the powder feedstock after laser irradiation
in order to better understand the limitations of its
powder recyclability.!""? The majority of these studies
assume that all irradiated particles undergo melting and
are incorporated into the melt pool of the laser track,
focusing on the spatter that is ejected from the melt pool
as the main source of defects in recycled powder.>
However, very few consider particles on the peripheries
of the laser track which have been irradiated, but not
incorporated into the melt pool. If no sintering between
neighboring particles occurs, this irradiated powder will
end up being recycled and used in sequential builds.['"
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Studies that focus on recycled powder are vital for the
LPBF process since morphology irregularitiecs of the
particles could lead to failed builds due to uneven
powder flow and spatial distribution.!'"'?) Thus, a better
understanding is needed on the mechanisms behind the
morphological anomalies observed in recycled powder,
especially those systems such as aluminum-based alloys
that contain a tenacious native oxide shell that could
pose a barrier to sintering.[*!*13]

Recent studies have started to categorize the different
types of particle morphologies found in recycled pow-
der. For example, Popov et al., identified thirteen
different particle defects within the Ti-6Al-4V system,
ranging from mechanically induced (broken particles) to
agglomerates caused by spatter from the laser melt
pool.'® In order to better understand the formation of
spatter-type defects within the AISilOMg system,
Andani et al. used a highspeed camera to capture
images of the laser melt pool in situ.l'”! From this study,
they proposed that both powder particles and liquid
spatter were being jettisoned from the lasers path due to
the recoil pressure of the laser. The nature of the
jettisoned powder was not discussed further by Andani
et al., but a similar “partially heated”” powder is brought
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to attention by Asgari et al. on their study of the same
system (AlISil0Mg)." In this study, only the large
particles separated through sieving are thought to be
affected by the laser and are assumed to be agglomer-
ates, or ‘“‘condensate’, due to their large size and fine
microstructure. It was suggested that the mechanism
behind the formation of these large particles and their
fine microstructure was related to the heating-cooling
cycles and partial sintering between particles. In contrast
to this conclusion, Lutter-Gunther er al. showed by
isolating spatter from the feedstock powder that
agglomerated particles originate from the laser melt
pool. They then categorized spatter that solidified in air
as spherical spatter and spatter that solidified on other
particles as agglomerated spatter.”’! It was also shown in
this study that individual particles (non-agglomerated)
were blown out of the melt pool, but little was done to
characterize these particles to see how they had changed
from the virgin powder.

Because it is common practice within the LPBF process
to sieve powder with mesh sizes of below 70 ym, most
agglomerated particles will be removed from the recycled
powder before reuse.">'¥ Thus, a degradation in the
rheology of recycled powder is more likely to come from
morphology changes of smaller, non-agglomerated par-
ticles.'!”T Changes in the rheology between gas-at-
omized and plasma-atomized Ti alloy powders were
attributed to slight differences in the sphericity of the
particles by Yablokova et al., suggesting that even small
alterations to the shape of spherical particles will lead to
poor flowability.*” It becomes imperative then to under-
stand how laser irradiation affects the morphology of
powder that is neither incorporated into the melt pool
nor formed into an agglomerate. Particles that fit into this
category could potentially be found in the “blown
powder” as well as along the sides of the melt pool,
assuming a standard Gaussian power density distribution
for the laser beam profile. In addition to this, powder
alloys with naturally occurring oxides that could pose
barriers to sintering and agglomeration may have a
higher density of these non-agglomerated, heat-affected
particles in the post-sieved powder.['*1521

In this investigation, elemental Al and Al-Cu eutectic
alloy powders are characterized before and after laser
irradiation to assess and understand morphological
changes that occur in the particles. It is suggested that
particles on the edge of the laser melt pool can undergo
melting and solidification during LPBF without incor-
poration into the melt pool or isolated agglomeration.
The Al-Cu eutectic system is used in this study as a
device to record the thermal history of the particles since
changes in the two-phase microstructure can be
observed through scanning electron microscopy
(SEM).”?) To confirm that melting and solidification
contributed to the morphological anomalies, individual
particles are characterized both before and after laser
irradiation. From these results, a direct correlation is
made between laser irradiation and changes observed in
particle surface morphology. It is shown that the
retained oxide shell plays a crucial role in the prevention
of sintering and the development of aspherical
morphologies.
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II. EXPERIMENTAL

Gas-atomized Al-33wt pctCu and elemental Al (99.8
wt pct) powders were obtained from Valimet Inc. with a
mean particle diameter of dsy = 20.33 um and dsy =
12.57 pum, respectively. The Al-Cu eutectic powder was
annealed in a box furnace (Thermolyne 48000) at 450 °C
for 2 hours in order to obtain a uniformly coarse,
two-phase microstructure. An SLM 125 equipped with a
400 W Yb-doped fiber optic laser (A = 1070 nm, beam
width = 100 um) from SLM Solutions Inc, and a 6.5 W
solid-state laser diode (4 = 450 nm, beam width = 200
um) from Endurance Lasers were used to irradiate
powder samples in these experiments. Powder irradia-
tion within the LPBF system was performed under an
inert Ar environment (< 100 ppm oxygen) on a 5083
aluminum alloy substrate at a scan velocity of 1150 mm/
s and a laser power of 300 W. Samples were collected by
stamping carbon tape over line scans on the build plate.

The low-power laser was used to irradiate particle
arrays that were supported on glass slides, in an air
ambient. Relatively dilute powder samples were prepared
by drop casting onto glass slides using a solution of
particles in DI water at a concentration of approximately
0.5 wt pct. The glass slides were previously coated with
indium tin oxide (ITO) to promote electrical conductivity
for improved SEM imaging that was performed before
and after irradiation on the same regions of the speci-
mens. An FEI LV650 SEM and Helios G4 DualBeam
FIB were used to characterize the powder microstructure
and morphology, including FIB milling to serially section
particles to examine their internal microstructure.

III. RESULTS AND DISCUSSION

A. Base Powder Characterization

The as-received Al-Cu eutectic powder exhibited a
range of eutectic microstructures as shown in Fig-
ure 1(a). These microstructural differences arose during
gas atomization due to stochastic nucleation of the solid
phase in the molten particles at varying undercoolings.
An isothermal annealing of the powder was used to
produce a coarsened two-phase microstructure uni-
formly across all particle sizes, with an average inter-
phase spacing of 2 um shown in Figure 1(b).

Closer inspection of the annealed powder surface
reveals faint lines superimposed on the annealed
microstructure, which are believed to be the imprint of
the as-received microstructure embossed on an oxide
shell as seen in Figure 2.

These features could only be detected at probe
currents below 7 kV within the SEM, suggesting that
the secondary and backscattered electrons forming this
signal were coming from a very thin surface layer. Both
powder systems had satellite particles on the surface of
larger particles, typical of gas-atomized powders. Elon-
gated and irregularly shaped particles were infrequently
observed within both powders. The elemental Al powder
(Figure 3) exhibited a rougher surface morphology than
the annealed Al-Cu powder (Figure 2). Both powders
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Fig. 1—As-received gas-atomized Al-33 wt pct Cu powder displaying fine eutectic microstructures (a). Powder annealed at 450 °C for 2 h

showing uniformly coarsened eutectic microstructure (b).

. "

2.5 um

Fig. 2—Lamellar microstructure of as-received powder (a), coarse microstructure of annealed powder showing faint lines (black arrow) of

original lamellar microstructure embossed on the oxide shell (b).

Fig. 3—As-received pure Al gas-atomized powder (a). Surfaces of many particles appear rough due to a wrinkling (black arrows) effect most

likely occurring during the gas atomization process (b).

consisted of a low percentage of particles that contained
dents on their surfaces, but none were observed with
distinguishable cusps, or collapsed-like morphologies,
such as what will be shown to form after laser melting.

B. Morphology Changes During LPBF

Processing parameters for line scans were chosen to be
comparable with those found in literature for the
manufacturing of A110SiMg in the LPBF process, being
one of the most commonly manufactured and studied
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aluminum alloys in the field.**?> Powder collected
from the vicinity of the line scan boundary in the Al
powder showed large agglomerates (50 to 200 um)
formed along the laser’s scan path.

Since these larger particles would most likely be
removed from the recycled powder during sieving, they
were ignored, and smaller particles near the edge of the
line scan were investigated. Morphological features not
characteristic of the base powder were observed in small
particles with diameters < 20 um near the edge of the
laser path, with very little signs of agglomeration or
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sintering between neighboring particles, as seen in
Figure 4(a). Morphological abnormalities on smaller
particles consisted of concave features circular in nature,
defined here as dents, and narrow, collapsed-like fea-
tures that contain an abrupt straight edge, defined here
as rifts. Figure 4 shows examples of these dent and rift
features, highlighting them with red and blue arrows,
respectively.

Line scans were then performed in the Al-Cu powder
at the same parameters and characterized in a similar
manner. Large agglomerates were again observed, but
approximately 5 times less frequently than in the pure
Al. Due to the two-phase microstructure of this eutectic
powder, a clear distinction could be made between
particles that were close to the edge of the laser path
with those that were farther away as seen in Figure 5.

The microstructure of the particles on the edge of the
scan changed from the coarsened eutectic to a fine
lamellar or dendritic structure. Morphologies distinct
from the base powder could also be associated with these
particles, with Figures 5(b) and (c) showing dent and rift
features similar to those observed in the Al powder. To
obtain a finer microstructure after laser irradiation,
eutectic or dendritic solidification must occur, depending
on the local solidification rate in each particle. As is well
known in solidification theory, the lamellar eutectic
period or the dendrite arm spacings are inversely related
to both the undercooling and the solidification speed
associated with the liquid/solid interface.”® In powders,
nucleation events depend strongly on the number of
potential heterogeneous nucleation sites, such that the
undercooling obtained in individual particles will be

Fig. 4—Al powder collected on carbon tape around line scan performed at 300 W and 1150 mm/s, with large agglomerates clearly seen along
laser path (a). Many particles at edge of line scan that did not agglomerate show morphological anomalies not typical of base powder, showing

(b) dented (red arrows) and (c) rift-like (blue arrows) morphology.

Fig. 5—AI-Cu eutectic powder collected on carbon tape around line scan at 300 W, 1150 mm/s. Powders collected at edge of line scan show a
clear change in microstructure (right side of red line) from the coarsened base powder (left side of red line) (a). Closer inspection of irradiated
particles shows signs of dented and rift-like morphology similar to those observed in the irradiated Al powder (b and ¢).
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Fig. 6—Al powder on ITO-coated glass before laser irradiation (a, ¢, ¢) and after (b, d, f). Irradiated particles show dented or collapsed-like
morphologies, with some displaying sharp rift-like features (b). Very little wetting is seen to occur between particles (b, d) most likely due to an
oxide barrier. The spot size of the laser used was ca. 200 um, allowing for irradiation of all particles within each cluster.

stochastic. In addition to nucleation, differences in the
local environment of the molten particle, such as the
overall contact area with heat sinks, will also change the
rate that heat is extracted and thus the solidification rate.
It is therefore understandable (and observable) that the
microstructure of the irradiated particles will vary, but
that all particles that have undergone melting and
solidification after laser irradiation will be distinct from
the coarsened starting powder.

C. Characterization Before and After Low-Power
Irradiation

To further investigate the morphology changes seen in
the Al and Al-Cu particles along the edges of the line scans
made using LPBF parameters, a model system was
explored. Dilute powder dispersions on inert substrates
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were prepared and the same sets of particles were
characterized both before and after laser irradiation.
Optically transparent and electrically conductive ITO-
coated glass was used so that samples retained optical
transparency while minimizing charging effects in the
SEM without need for any additional coatings over the
particles. A 6.5 W laser was used in these experiments at
scan rates of 5 to 10 mmy/s; the low power minimizes
shock-induced movement of particles on the substrate.
This lower power irradiation can be related to the local
power density found at the edge of a high-powered laser
with a Gaussian distribution beam profile, consistent with
the LPBF system. The wavelength of this laser differs
from that of the lasers used in the LPBF experiments. This
could cause some quantitative changes in thermal trans-
duction, but these are likely to be minor. These experi-
ments permit before and after characterization of
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microstructure changes on the same particles, which
provides deeper insight into the general mechanistic
behaviors associated with the resolidification process, as
will be shown and discussed below.

Characterization of the elemental Al powder in these
experiments showed that morphology changes occurred
as a result of laser irradiation, with dented and collapsed
features appearing post irradiation as seen in Figure 6.
No large agglomerates were observed in these experi-
ments, with only limited sintering occurring between
neighboring particles post irradiation as seen in Fig-
ures 6(b) and (d). Particle satellites often serve as useful
fiducials to verify that identical regions on specific
particles are being compared before and after laser
melting.

By performing these same experiments with the Al-Cu
powder, the mechanism behind these morphology
changes could be better understood by observing the
change in microstructure of the individual particles. As
with the line scans performed in the LPBF system, the
microstructure of the irradiated particles changed from
the coarse eutectic structure to a fine lamellar or
dendritic structure as shown in Figure 7. Minimal
sintering was observed between particles, and the
post-irradiated morphologies resembled those found in
the experiments conducted with the Al powder. In
addition, FIB cross-sections were taken of several
irradiated Al-Cu particles to ensure that the fine eutectic
structure was consistent throughout their bulk (refer to
electronic supplementary material). By performing serial
cross-sectioning on several particles, the solidification
direction was able to be determined, which facilitated
understanding of how these collapsed features arose, as
discussed in the following sections.

To better understand trends in the observed mor-
phologies, over 800 Al-Cu particles were counted and
categorized according to their size and surface features
(i.e., spherical, dent, rift or sintered) as seen in Figure 8.
The changes in the eutectic structure provide definitive
proof that these particles underwent complete melting.
It is clearly seen from this data that the majority of the
irradiated particles in all size ranges displayed dent-like
morphologies.

(a)

The normalized data in Figure 8(b) reveal that larger
particles have a higher tendency to deform as the
majority of particles in size ranges greater than 10 um
were categorized as either dented or sintered. In addi-
tion, particles less than 10 um in diameter have a higher
frequency of both rift and spherical morphologies.
Particles that were irradiated and did not display a dent
or rift feature were categorized as spherical, although
many of these particles may have features hidden from
view in the SEM. This same reasoning applies to
particles that were categorized as sintered, with the
possibility of hidden sintered particles existing in the
sample that were not counted. Thus, for the spherical
and sintered particles, the values displayed in Figure 8
represent the respective upper and lower bounds of these
categories.

D. Origins of Morphological Change

Based on the experimental data, it is suggested that a
native aluminum oxide on the surface of these particles
forms a microcapsule that can serve as a containment
vessel surrounding molten metal. Retention of a con-
tiguous oxide shell supports many observations herein,
including retention of discrete satellites even after
melting of the primary particle, infrequent sintering,
and surface “embossing” of the microstructure prior to
melting (see Figure 2). Native oxide shells on Al alloys
are inevitable, and the thickness of the native oxide of
pure Al at room temperature in atmosphere stabilizes at
< 5 nm.””! The eutectic Al-Cu powder is expected to
have a thicker oxide on the order of 15 to 20 nm since it
was heated in air at 450 °C for 2 hours. From the
literature, it has been shown that furnace heating of pure
Al under these conditions produces an oxide shell
estimated to have a net thickness of 18 nm.*! Interest-
ingly, Al,Cu is found to oxidize more readily than Al
alone at room temperature, which could result in a
locally thicker oxide above the 0 phase.”” An increased

oxide thickness of the 6 phase would explain the
“embossed” pattern observed on the surface of the
eutectic powder as seen in Figure 2(b).

Fig. 7—Isolated 10 um particle before laser irradiation (@) and after (). Satellite particles are found in the same position on surface of particle

after laser irradiation (black arrow) with no agglomeration taking place.
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Fig. 8 —Number of irradiated Al-Cu particles observed to display either a spherical, dented, or rift-like morphology, as well as those that were
sintered together, categorized by size (a). Normalized data showing trends in the occurrence of different morphologies, such as a higher
percentage of particles with spherical and rift morphologies occurring in smaller particles, while larger particles appear to have a higher

occurrence of sintering events (b).

The major morphological changes in resolidified Al
and Al-Cu powders, e.g., dents and rifts, can be
attributed to the presence of an oxide shell. Upon heating
of a particle during laser irradiation, the metal undergoes
thermal expansion in both the solid and liquid phases, as
well as expansion at the melting point due to density
differences in the two phases. For example, the total
expansion expected in pure Al going from room temper-
ature to just above the melting temperature (3~ 660 °C) is
11 pet calculated by the change in density.”” Since the
oxide shell will have a much lower thermal expansion for
the same thermal excursion, 0.8 pct for amorphous
alumina, the shell will be placed in tension.*" This can
lead to fracture and spalling of the oxide, which is
observed under more intense melting conditions. How-
ever, at lower laser power densities, the shell is retained. It
is hypothesized here that the oxide shell can accommo-
date the strain induced by the thermal expansion of the
particle during the heating cycle by rapid oxide re-growth
in an air or partial oxygen environment. Validation for
dynamic oxide re-growth on these timescales was
observed from recent work performed by Yang et al.,
whose in situ TEM experiments captured real-time
growth of amorphous alumina over an exposed alu-
minum surface during deformation.*® The growth rate
was determined to be approximately 0.25 nm/s, at an O,
pressure of 3.6 x 107° Torr and room temperature.l*
Using standard expressions for molecular arrival rate in a
gas vs. pressure, and the idealized structure of corundum
to estimate monolayer densities and thicknesses, the
maximum growth rate (the rate associated with complete
reaction of all arriving oxygen to form Al,Os) is given by
Gmax(nm/s) = 9.1 x 10°*P (Torr). For the pressures used
by Yang et al., this predicts G about 10x larger than
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measured by them, reflecting sluggish reaction/diffusion
kinetics at room temperature. For an O, partial pressure
of 0.1 Torr (more typical of the LBPF environment), the
maximum growth rate is 9 x 10* nm/s. Re-growth of a 10
nm oxide in 1 msec would require a rate of only 1 x 10*
nmy/s, so the oxygen supply is 9 times larger than what is
needed, suggesting that oxide re-growth is not supply
limited. Rates are much higher than Yang et al., both
because of the much higher oxygen supply, and because
of the much higher temperatures reached during laser
melting. Hence it seems quite reasonable that the oxide
can dynamically grow along tears or ruptures that occur
in the shell, effectively self-healing and continuously
conforming to the thermally expanding powder particles
during laser heating.

If the oxide shell dynamically heals during the heating
and melting cycle as discussed above, then at the
maximum temperature, the shell can be assumed to be
strain free. Upon cooling and resolidification, the rapid
contraction of the metal particle then places the oxide
shell under a state of inward-directed hydrostatic
pressure.*? 3% This assumes that the liquid metal wets
the oxide and does not pull away from the shell as it
contracts. Buckling of the shell into the molten metal
would lead to the dent or rift features seen frequently in
this work. A standard expression for the pressure
required to create buckling in a perfect spherical shell is:

2F n\?
Po=—|(= 1
) ( 3(1 —v2)> <R) !
where E is the Young’s modulus, v is Poisson’s ratio, &

is the thickness of the oxide shell and R is the particle
radius.®® Unsurprisingly, thinner shell walls, or larger
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shell diameters (here, the particle diameter), will buckle
more readily.*”) Note that for an oxide shell with E =
300 GPa, v = 0.21, » = 20 nm and R = 5 um, then
P. = 5.7 MPa.

Dewetting of the molten Al to leave a vacuum gap
under the oxide shell would not result in buckling, since
the external pressure Pe,; = 1 atm = 0. 1 MPa << P..
This supports the contention above that the contractile
liquid metal wets the oxide shell and places it under
hydrostatic compression during cooling. That said,
voids or entrapped gas already present within the
particle as a result of being gas atomized may cause
pockets to form between the liquid core and the oxide
shell (see Supplementary Figure S-2). This scenario does
not appear to be the norm though and is not further
considered here.

The standard expression for the radial strains in the
thin shell limit, expressed in spherical coordinates, is:

el

where AP is the pressure differential across the shell
wall. Equating the strain to the thermal strain, AxAT,
where Ax is the difference in thermal expansion coeffi-
cient between the metal and oxide, and AP = P from
Eq. [1], allows the required temperature change for dif-
ferential thermal expansion to buckle the shell to be
obtained:

T (&) B

Taking v = 0.22 for alumina, Ae = 2.1 x 107>
(alumina vs. aluminum) and the oxide shell thickness to
be 10 nm, yields AT, = 124éR, where the particle radius,
R, is expressed in pum.P'¥! For example, a powder
particle with a 2 um radius requires a cooling of 62 °C
from the maximum temperature to produce the critical
strain for buckling. This seems eminently reasonable for
laser melting, but note that Eq. [1] is well known to
over-predict the critical pressure for buckling by 2 to 6x
due to imperfections in real shells.*” Hence the required
temperature excursion may be only of order 10 °C to 30
°C for buckling to form dents, and even less in larger
particles. The data of Figure 8 show that the likelihood
of dent formation increases as the particle size, and
therefore R/h, increases (at least until sintering starts to
become significant), consistent with predictions of buck-
ling theory.

Dent and rift morphologies are “‘post-buckling”
instabilities associated with pressures exceeding the
critical value, which are frequently observed in pressure
vessels of all shapes and sizes.*”! Dents are envisioned
here to form during cooling of the superheated liquid
prior to solidification. They can continuously enlarge
with thermal contraction as the liquid cools towards the
melting temperature (or even supercools below the
melting point). They can also enlarge by coalescence
of two or more smaller dents.*"
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The solidification process likely influences the forma-
tion of dent and rift structures. Solidification of a liquid
within a spherical shell has been shown to produce
morphologies analogous to those observed here, as
shown by Yu et al., in their study of microencapsulated
phase-change material slurries.*! Solidification induces
large additional strains due to the density increase and
breaks the spherical symmetry ahead of a propagating
solid/liquid interface. For example, the advancing solid-
ification front might force coalescence of smaller dents
or buckling modes into larger dents opposite the front.
Evidence for this “plowing” mechanism was obtained
by serial cross-sectioning (See Supplementary Fig-
ures S-1 and S-2). The microstructure indicates where
solid phase nucleated and the approximate shape of the
advancing interface. The external surfaces of many
particles near the solid nucleation site is smooth, while
the surface furthest away from the nucleation site (last
region to solidify) exhibits a higher concentration of
dents. This strongly suggests that solidification plays a
key role in the final morphology of these particles.

Interestingly, Figure 8 shows that rifts tend to occur
more often in smaller particles, which is not expected a
priori from Eq. [1]. Two possible scenarios may explain
why smaller particles are more likely to rift during
solidification. First, smaller particles are more likely to
contain only a single nucleation event, evident by the
many single grain particles found with diameter ranges
of < 5 pum in this study. The advancing solid/liquid
interface breaks symmetry as discussed above, creating
more localized stresses in the shell. Smaller particles
have a larger h/R value that can allow larger stresses to
develop, and in cases when only one nuclei forms, these
stresses may concentrate in the shell above the last of the
liquid to solidify, leading to catastrophic failure in the
form of a rift (see Supplementary Figure S-3). A
schematic of how dents and rifts may occur in different
particle sizes can be seen in Figure 9. Larger particles,
with multiple nucleation sites may solidify on the surface
too rapidly for deep rifts to form. The second possible
contributor towards skewing prevalence of rifts in
smaller particles is a difference in solidification rate that
occurs between smaller and larger particles. Because
smaller particles will have on average fewer potential
nucleation sites, they are more likely to experience
greater undercoolings and larger solidification rates
relative to larger particles. Evidence for this can be
observed in Figure 1(a) where smaller particles (< 5 um)
typically have finer length scales in their solidification
microstructure than larger particles. Faster solidification
rates imply higher strain rates in the oxide shells, which
can enhance tendencies for more extreme buckling.[**!

While there are other possible explanations for the
morphological changes observed here, the large-scale
effect of distributed voids in the powder particles is
rejected since the pressure on a void would not initiate
collapse. Sectioning of as-received particles gave further
evidence that the void volume is insufficient to account
for the amount of collapse observed here. Dents in
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oxide shell

Fig. 9—Schematic illustration of the proposed mechanism for formation of the dent and rift morphologies observed in irradiated particles.
Buckling can occur in the shell while the particle is still molten due to differential thermal contraction. These buckles can sometimes coalesce
during solidification, e.g., being pushed together by the advancing solid/liquid interface. As described in the text, particle size may influence the

number of solid nucleation sites and the velocity of the solidification front.

particles could result from local Hertzian contact
between adjacent particles during melting. However,
SEM micrographs taken before and after laser process-
ing clearly showed that the dents cannot be attributed to
local mechanical contact. Laser induced shockwaves
and Marangoni effects often can create extreme mor-
phologies.***! However, the oxide entrainment of the
liquid is not consistent with this. For example, it is
frequently observed that satellite particles survive local
surface collapse without ejection or other obvious
movement.

IV. CONCLUSION

The morphological changes occurring in Al and
Al-Cu powders after laser irradiation have been studied
and a mechanism explaining the cause of these changes
is proposed. It has been shown through the use of the
eutectic microstructure in Al-Cu that the majority of
particles that undergo low-power irradiation melt and
resolidify without agglomeration or sintering, and that
this can occur under standard processing parameters
during LPBF along the edges of each track. Character-
ization of particles before and after low-power laser
irradiation clearly demonstrate that the dent and rift
features observed in irradiated particles are morpholo-
gies resulting from solidification coupled with buckling
of the oxide shell. It is proposed that the oxide layer
around each particle acts as a microcapsule that can
prevent sintering, while thermal stresses lead to buckling
of the shell.
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Pertinent to additive manufacturing, these results
explain how morphological anomalies may arise in
recycled powder feedstocks with robust oxides in lieu of
the more commonly studied agglomeration and spatter
defects. Furthermore, it has been shown that a dynam-
ically healing oxide can suppress contiguous melting and
even local sintering between particles, specifically along
the track periphery where the laser power density is low.
Powder particles that are not fully subsumed into the
build will deform, and if these particles are recycled,
they will impact the subsequent powder rheology,
potentially leading to additional build defects. Thus,
while larger spatter or agglomerate defects will be
removed during sieving, particles with collapsed mor-
phologies will retain sizes equivalent to the virgin
powder, causing them to be inextricable from the
recycled powder. Therefore, it is believed that these
morphology changes may play a critical role in the
degradation of recycled powder that has hitherto been
overlooked.
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