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M AT E R I A L S  S C I E N C E

High absorptivity nanotextured powders for 
additive manufacturing
Ottman A. Tertuliano1,2*†, Philip J. DePond2,3†, Andrew C. Lee4, Jiho Hong4, David Doan2,  
Luc Capaldi1, Mark Brongersma4, X. Wendy Gu2, Manyalibo J. Matthews3, Wei Cai2, Adrian J. Lew2*

The widespread application of metal additive manufacturing (AM) is limited by the ability to control the complex 
interactions between the energy source and the feedstock material. Here, we develop a generalizable process to 
introduce nanoscale grooves to the surface of metal powders which increases the powder absorptivity by up to 
70% during laser powder bed fusion. Absorptivity enhancements in copper, copper-silver, and tungsten enable 
energy-efficient manufacturing, with printing of pure copper at relative densities up to 92% using laser energy 
densities as low as 83 joules per cubic millimeter. Simulations show that the enhanced powder absorptivity results 
from plasmon-enabled light concentration in nanoscale grooves combined with multiple scattering events. The 
approach taken here demonstrates a general method to enhance the absorptivity and printability of reflective 
and refractory metal powders by changing the surface morphology of the feedstock without altering its composition.

INTRODUCTION
Metal additive manufacturing (AM) has widespread potential in the 
health care, aerospace, automotive, and energy industries (1). To 
date, the application of metal AM is constrained by a small library of 
weldable materials which can be reliably printed without extensive 
postprocessing, e.g., stainless steels, AlSi10Mg, some Ni superalloys, 
and Ti alloys (2). These materials are readily printable in commercial 
laser powder bed fusion (LPBF) systems which typically use a near-
infrared (1060- to 1080-nm wavelength) laser to scan over a layer of 
metal powder to induce melting and fuse the powders. Repeating this 
process layer by layer results in net shape three-dimensional (3D) 
printed structures. However, free-form printing of difficult-to-weld 
high reflectivity and refractory metals has been limited by the photo-
thermal properties of the powder feedstocks (3, 4).

Unlike the aforementioned weldable metals, the low absorptivity 
(high reflectivity) in the near-infrared and high thermal diffusivity 
of copper, silver, and their eutectic alloy make localizing heat during 
laser scanning challenging. Similar obstacles are encountered in 
LPBF of other high-reflectivity metals (3) and illustrate a general 
need to control the in situ photothermal properties and melting of 
powders during LPBF. Refractory metals like tungsten also have high 
thermal conductivities coupled with high melting points that pose 
further obstacles to AM (4, 5). Because of their high melting points, 
refractory metals experience large thermal gradients during LPBF 
that result in residual stresses and cracking after solidification (6). 
Fundamentally changing the interaction of powder feedstock with 
the energy source to improve absorptivity will expand the library of 
printable materials to include high reflectivity and refractory metals 
like copper, silver, and tungsten.

To date, approaches to enable newly printable metals have focused 
on changing their solidification and recrystallization with engineering 
solutions that use additives. Adding nanoparticle inoculants to Al 7075 
powder enabled printing of high-strength, crack-free structures (7). It 
has been reported that adding copper to Ti enabled forming ultrafine-
grained alloys with tunable strength (8). A tailor-designed alloy, with 
functional Fe19Ni5Ti, was developed to produce Damascus steel 
using LPBF (9). Tantalum and rare earth elements are added to tungsten 
to bind traces of oxygen and mitigate cracking (10–12).

To specifically improve absorbed laser power, instrumentation is 
often modified to demonstrate printing of pure copper. High power 
infrared LPBF systems have been custom built to overcome the low 
absorptivity barrier, using laser powers of 800 W and higher (11, 13, 
14). These high power systems are reported to damage optical com-
ponents, are not considered viable solutions (15), and must also 
address the problem that the absorptivity of copper increases with 
temperature (16). This increase makes controlling energy deposition 
into the copper melt pool difficult, an issue which escalates quickly at 
~1-kW laser powers (14). Systems with high-powered green lasers are 
being developed to take advantage of higher absorptivity of copper in 
the visible wavelengths (17), but this can be prohibitively expensive 
for democratizing AM. For managing detrimental temperature 
gradients, preheating is more commonly used, specifically with 
refractory metals (18); however, these techniques may require 
substrate preheating up to 1000°C, and have proved most efficient 
with high energy density electron beam systems (19).

Beyond using high power systems to increase absorbed energy, 
adding nanoparticles to metal powders has been established as a 
promising approach to enable the printing of various metals (7, 15, 
20–22). High purity copper and copper alloys have been printed 
by using nanoparticle-decorated copper surfaces (15, 21). These 
approaches demonstrated that the room temperature optical absorp-
tivity of the decorated copper powder increases to ~60% in comparison 
to ~20% for the uncoated copper. The use of additives in printing 
copper has also resulted in reduced electrical conductivity when 
chromium nitride was introduced to the surface copper powders (21) 
or solidification cracking when carbon nanoparticles are introduced 
(15). The cracks observed in those studies originated at boundaries of 
segregated additives that did not melt, even at 0.1% weight fraction. 
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Graphene nanoflakes added to copper at similar weight fractions 
have resulted in increased absorptivity and relative density of printed 
parts (23). Others have also achieved energy absorption through 
management of oxide layer on spent powders. Chemical etching of 
the oxide layer on spent powders has been demonstrated to recover 
absorption similar to that of unspent powders (24). These previous 
etching approaches primarily aimed to achieve extension of powder 
lifetime through etching of oxides (25). While all the aforementioned 
processes have opened up avenues of microstructural and photother-
mal control of powders, to date, no process exists which modifies 
powder feedstock without alloying or using additives and yet results 
in improved powder absorptivity, powder dynamics, or print quality 
of difficult-to-weld high reflectivity and refractory metals.

In this study, we developed an etching process for producing 
modified metal powder feedstock and, specifically, for improving 
absorptivity. The surface of conventional metal powders is modified 
using a wet chemical etching technique to produce nanoscale 
surface features. We demonstrate an increase in absorptivity, due to 
an increased localized absorption on the powder’s nanoscale fea-
tures using in situ calorimetry experiments, electromagnetic (EM) 
simulations on single powder particle surfaces, and ray tracing sim-
ulations on a powder bed. Although the quality of printed parts is 
influenced by many factors beyond absorptivity, we demonstrate 
that these surface modified powders can enable printing of high pu-
rity copper and tungsten metal structures using lower power (100 to 
500 W) laser-based metal 3D printing systems. The approach devel-
oped here enables printing of difficult-to-weld high reflectivity and 
refractory pure metals with the same energy requirements as com-
mercially printed alloys.

RESULTS
Etching produces nanoscale surface structures
We produced nanotextured copper, copper-silver, and tungsten 
powders via a batch solution process. We developed nanotextured 
copper powders by etching as-purchased (LPW Technology Ltd., 
99.95% purity) and as-fabricated [Lawrence Livermore National 
Laboratories (LLNL), 99.99% purity] copper powders using a solution 
of FeCl3, HCl, and ethanol (Materials and Methods and fig. S1). The 
results here are primarily reported for the LPW copper powder 
with consistent results for the LLNL powder reported in the Supple-
mentary Materials. The as-purchased LPW powder was processed 
for etch times ranging from 1 to 10 hours (Fig. 1A) to produce 
powders with varying surface structures. As shown in the scanning 
electron microscopy (SEM) image in Fig. 1B, the surface of the as-
purchased powder initially appeared smooth. After 1 hour of etching 
(Fig. 1C), the powder began to exhibit uniform roughness on the 
surface. Figure 1D shows that etching for 5 hours results in surface 
structures with substantially etched grain boundaries in addition to 
the uniformly etched grain surfaces observed after 1 hour. This is 
likely due to a high etching selectivity of grain boundaries. Figure 1E 
reveals that after etching for 10 hours, grain boundaries became 
highly visible, and cubic structures with characteristic dimen-
sions on the order of 100 nm on the surface of the powders emerge 
on the surfaces. Figure 1 (F to I) shows magnified regions of the 
surface of the powder particles shown in Fig. 1 (B to E), respec-
tively. These magnified images show progressively rougher surfaces 
characterized by an increase in feature size with etching time up 
to 5 hours.

We hereon refer to the four powder types based on the etching 
time as follows: Cu00, Cu01, Cu05, and Cu10, where CuX indicates 
X hours of etching. A similar etching procedure and nomenclature 
are used for AgCu (Fig. 1, J, K, N, and O) and W powders (Fig. 1, L, 
M, P, and Q; see Materials and Methods). These results demonstrate 
the generalizability of the powder etching procedure to high reflectiv-
ity and refractory metals.

We quantified the etching by calculating the effective volumetric 
etch rate using the Cu05 nanotomography results shown in Fig. 1A. 
The results show tomography of a Cu05 powder particle from two 
different points of view. By comparing the volume of the etched 
powder particle to that of its convex hull (fig. S2), we estimated an 
effective volumetric etch rate of 11 μm3/hour.

For the specific powder particle measured, we calculated an 
effective surface depth etch rate of about 71 nm/hour for up to 
5 hours of etching. This would be considered a lower bound as we 
do not account for uniform etching. Further details are provided in 
the Supplementary Materials.

Nanotextured surfaces increase powder absorptivity
Calorimetry experiments conducted at a laser power of 175 W and a 
1/e2 beam diameter of 60 μm revealed an improved absorptivity in 
the nanotextured powders over the as-purchased powders (Fig. 2, A 
and B) for all materials here. We measured the effective absorptivity, 
Aeff, of the Cu00 powder to be 0.172 at scanning speed 100 mm/s and 
0.219 at a scanning speed of 656 mm/s.

At the slower speed of 100 mm/s, the etched powders exhibit 
improved absorptivities of 0.292, 0.286, and 0.272 for Cu01, Cu05, 
and Cu10, respectively. At the faster scanning speed of 656 mm/s, we 
measured the corresponding absorptivities of 0.272, 0.372, and 0.278 
for the etched powders.

At both scanning speeds, the nanotextured powders exhibited an 
absorptivity enhancement factor (absorptivity normalized by that of 
as-purchased powder absorptivity) of up to 1.7. The Cu05 powder 
at the faster scan speed provides the highest absorptivity overall. 
These results are summarized in table S1. We demonstrated similar 
improvement in absorptivity (enhancement factor of 1.5) using the 
higher purity LLNL copper powder (fig. S7). AgCu and W demon-
strate absorptivity enhancement factors up to 1.3, with W increasing 
from 0.45 to 0.58 (Fig. 2B).

To gain a better understanding of how nanotexturing enhanced 
absorptivity on an individual powder particle, we performed EM 
wave simulations of light absorption on a nanotextured planar 
surface (see Materials and Methods). The surface profile was extracted 
from the cross section of the reconstructed Cu powder particle tomo-
graph (Fig. 2C). The higher total absorptivity of the etched powders 
results from enhanced light-matter interaction on the textured Cu 
surfaces.

For a 1070-nm wavelength incident plane wave with transverse 
magnetic polarization (i.e., electric field in the in-plane directions), 
the simulated field distributions (Fig. 2, D and E) show that certain 
grooves in the surface (dashed circles) provide strong near-field in-
tensities and boost local absorption (26). This result suggests that 
only a fraction of the powder area leads to the increased absorption 
of the textured surface compared to the flat one. This enhanced ab-
sorption on a single etched particle occurs over a broad range of 
incident angles (±60o); it results in an average absorption enhance-
ment factor, i.e., the absorption of nanostructure normalized by that 
of a flat copper substrate, of 1.8 (fig. S4).
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To understand how the enhanced absorptivity of a single etched 
particle affects that of the powder bed, we performed ray tracing 
simulations on unmelted powder. Informed by the EM simulations, 
we treat the nanotextured powders as having a fraction of their sur-
faces, ϕ, with a higher local absorptivity, as shown in Fig. 2F. We 
simulated powder beds with uniform and bimodal (20 and 40 μm) 
particle diameter distributions sizes with a 30-μm mean diameter. 
In each powder bed distribution, we explored the full range of 
surface area fraction (ϕ ∈ [0,1]) with local absorption enhance-
ments factors ranging from 1 to 10.

To check consistency, we calculated the effective absorptivity of 
untreated Cu00 powders (ϕ = 0 and an enhancement factor of 1). 
The predicted absorptivity is 0.240 and 0.176 in the uniform and 
bimodal diameter distributions, respectively, showing agreement 

with the measured value of 0.219 (Fig. 2B). Details of the simulation 
are provided in Materials and Methods.

Figure 2G shows an absorptivity map from simulation results that 
illustrate possible combinations of ϕ and local enhancement factors 
for the powders in this work. The iso-absorptivity contours in the 
same map correspond to the experimental results for 656 mm/s. 
On the basis of the EM simulations in Fig. 2 (D and E), we expect 
the etched powders to have low values of ϕ, meaning higher local 
enhancement factors to enable the same absorptivity on the contour 
lines of Fig. 2G. The iso-absorptivity contours suggest that the 
absorptivity is largely determined by and is an increasing function of 
the product of the local enhancement factor and the surface area frac-
tion. The absorptivity increases faster with this product in bimodally 
distributed powder than in uniformly distributed powder with the 

Fig. 1. Surface topography changes of textured powders before and after etching. (A) Powder etching procedure with reconstructed 3D images from x-ray nanoto-
mography of etched Cu powder showing surface topography. (B) As-purchased (control) powder (Cu00). Powder particles etched for (C) 1 hour (Cu01), (D) 5 hours (Cu05), 
and (E) 10 hours (Cu10). (F to I) High-magnification images of powder surfaces showing progressively rougher features characterized by a change in feature size with 
etching time. Similar results are shown with (J) as-purchased AgCu powder and (K) etched AgCu powder, as well as (L) as-purchased W powder and etched W powder. 
(N to Q) High-magnification images of powder surfaces from (J to M).
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same average diameter (Fig. 2H). These results demonstrate that the 
manner in which modulating single particle absorptivity influences 
powder bed absorption is coupled to the powder bed particle size 
distribution, presenting a multiscale enhancement mechanism.

Nanotextured powders show improved printing at 
low powers
To assess the viability of high absorptivity nanotextured powders for 
LPBF, we printed cylindrical structures. We quantified the relative 
density (i.e., the solid volume fraction) as a function of the laser 

scanning parameters consolidated as the volumetric energy density, 
Q =

P

htv
 (see table S2), where P and v are the laser power and speed, 

and h and t are the hatch spacing and powder layer thickness. At 
lowest values of Q (83 J/mm3, calculated for the scanning condition 
of P = 100 W and v = 300 mm/s and P = 200 W and v = 600 mm/s), 
the etched powders provided an improvement in relative density 
over the as-purchased powders (Fig. 3A). At 100 W and 300 mm/s, 
the print using the Cu10 powders has density of 0.926 with a mea-
surement error of ±0.004 (Fig. 3, A and G), an improvement over 
the 0.856 ± 0.003 observed in the Cu00 powder (Fig. 3, A and E). 
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Fig. 2. Experimental and simulated absorptivity enhancement in textured powder. (A) Representative time versus temperature data from calorimetry experiments performed 
at 175 W and 656 mm/s. Data show an increase in peak substrate temperature in etched powder relative to as-purchased powders. Inset shows in situ calorimetry experimental 
setup. (B) Effective absorptivity in as-purchased (blue) and etched copper powders at a laser power of 175 W and two speeds, 100 and 656 mm/s, showing increase in effective ab-
sorptivity of etched powder relative to as-purchased copper powders at both scan speeds. Similar results shown for AgCu and W as-purchased and etched powders. (C) Sample 
particle cross section used for EM simulations. (D) Normalized magnetic field and (E) electric field intensities showing localized fields in surface grooves. (F) Representative simulation 
domain for ray tracing calculations. The colors of the rays represent the number of reflections of each ray, where incident rays are assigned a value of 0. The red spots on the powder 
particle surfaces indicate regions of enhanced absorptivity, covering a surface area fraction ϕ. (G) Absorptivity map from ray tracing simulations of bimodally distributed Cu powder 
diameter. Dashed lines are iso-absorptivity contours corresponding to the measured absorptivity of Cu powders at 656 mm/s. (H) Simulation results showing that absorptivity im-
proves faster in bimodally distributed powders than in uniformly distributed powder. The absorptivity is normalized by the respective values at ϕ = 0 for each powder distributions.
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The Cu05 powder demonstrates similar relative density of 0.870 ± 
0.005 (Fig. 3, A and F) as the as-purchased powder. Under these 
conditions, porosity stems primarily from lack-of-fusion defects 
(Fig. 3, E and F). At the same Q, but with twice the power and speed 
(200 W and 600 mm/s), the different powders produced similar 
quality builds with relative densities. As Q was increased beyond 
200 J/mm3, the relative density converged to around 0.98 to 0.99 for 
all prints regardless of powder treatment. It has been shown that 
laser-powder interactions become less relevant at high powers 
(greater than 200 W in stainless steel) because the beam simply re-
sides on top of the melt pool rather than interacting with the powder 
(27). Our results are consistent with that observation as the im-
provement in print quality is most beneficial at lower energy inputs.

Relative density measurements from tomography of the 100 W 
printing condition samples, shown in Fig. 3 (B to D), are consistent 
with those acquired from the SEM images in Fig. 3A. The tomography 
reveals that at low powers, the nanotextured powders may exhibit 
more fluctuations in relative density as a function of build height 
(Fig. 3, L and M), compared to that observed in the as-purchased 
powder. This suggests that at lower powers, there may be different 
laser-powder interactions and melt and powder dynamics in 
these higher absorptivity nanotextured powders relative to the as-
purchased powders (27). At high powers of 400 W, these differences 
are less relevant as we observe high relative density prints (Fig. 3A 
and figs. S8 and S9).

DISCUSSION
Surface nanotexture is self-evolving
The surface morphology results for copper suggest that the powder 
undergoes three main stages during the etching process: uniform 
etching, grain boundary etching, and redeposition. We can better 
understand the powder’s evolution through these stages as the etch-
ing of Cu in FeCl3 solutions occurs through two reactions. The FeCl3 
strips Cu from the powder surface to create CuCl2 in solution. This 
CuCl2 in solution further acts as a secondary etchant by creating 
complexes with Cu from the powder surface to create 2CuCl. In a 
three-stage etching process, uniform etching occurs first in the 1-hour 
timescale due to dissociation of Cu from the surface by forming 
complexes with Cl− ions in the solution. Second, in the 5-hour 
timescale, grain boundary etching becomes evident, as the etching 
selectivity of grain boundaries is higher than in the bulk (28). This 
is demonstrated further in supplementary images of Cu05 powder 
(fig. S11).

The third step occurs when further processing of the powders 
between the 5 and 10 hours results in redeposition of cubic nano-
crystals on the surface of the powder particles, without altering the 
feedstock composition. Energy dispersive spectroscopy in an SEM 
has indicated that these nanocrystals are primarily copper (fig. S12). 
Copper in the etching solution may exist as CuCl2 or 2CuCl, and the 
nucleation of the observed cubic structures on the powder surface 
may be energetically favorable in the concentrations achieved before 
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10 hours of etching. The Cu nucleates in highly faceted cubic 
morphology with orthogonal faces, indicating preferential growth 
of {100} crystal planes, as observed in Fig. 1H. For the observed cu-
bic structures to emerge, two conditions should have been met in 
the etching solution: (i) The solubility limit of 2CuCl in the diluted 
HCl (~5 g/100 ml) should have been reached, and (ii) there should 
be a preferred dissociation of Cu from Cl such that Cu crystals can 
nucleate and grow on Cu powder surfaces. Using the volumetric 
etch rate of 11 μm3/hour from the single particle nanotomography, 
we estimate that 100 g of powder with a mean particle diameter of 
30 μm dissolves at about 86 mg/hour. This results in about 0.86 g of 
Cu available to create 1.3 g of CuCl in the 100 ml of etching solution 
in 10 hours of etching. This amount of CuCl is consistent with the 
solubility limit in HCl, within an order magnitude, and supports re-
deposition as a mechanism of creating the cubic structure observed 
on the Cu10 powders (Fig. 1I). Thus, etching to produce surface fea-
tures characteristic of the powder grain structure requires either a 
shorter time (e.g., 5 hours in this work) or dilute enough solution in 
active species to prevent renucleation.

Self-evolved surface nanotexture modifies in situ 
laser-powder interactions
The measured absorptivity of the all nanotextured powders increases 
relative to that of all the as-purchased powders under all etching 
conditions. Previous efforts aimed at improving absorptivity of 
powders in LBPF involve reducing average powder size (29, 30), 
alloying (22), or using additives (15, 23). These methods have inher-
ent limitations in powder handling and chemical composition. Our 
results demonstrate the ability to alter absorptivity of metal powder 
feedstock, using surface topography, without changing composi-
tion. The concept of using nanoscale topography to modify absorp-
tivity is observed in nature and is a well-explored principle in flat 
optical devices (31–35). The approaches used to modify absorptivity 
of flat surfaces use carefully designed 2D, lithographically generated 
patterns on substrates to achieve a desired absorptivity or light-
matter interaction (35, 36). Lithographic patterning to achieve such 
surfaces is not easily translatable and scalable to spherical powder 
surfaces, especially for metal AM. Here, we produce self-evolved 
nanostructures by leveraging the anisotropic solution-based etching 
of metallic grains. This strategy enables high-throughput produc-
tion of powders with improved absorptivity for metal AM.

While all the self-evolved nanotextured powders showed im-
provements in absorptivity, the Cu05 powder provided the largest 
absorptivity enhancement under the explored laser scanning condi-
tions. The beam conditions of 175 W and 656 mm/s resulted in a low 
Q value of 67 J/mm3 and the highest Aeff measured in the Cu05 pow-
der. At such low energy densities applied to copper powder, we ex-
pect the laser to interact with fully intact or partially sintered powder 
rather than a fully formed melt pool (37). These lower energy den-
sity beam conditions result in the absorptivity being measured in 
the conduction regime in copper (23), where the absorptivity en-
hancement from multiple reflections in a keyholing regime does not 
contribute. Modification of powder particle surface geometry is ex-
pected to have a larger effect on absorptivity at low energy densities 
relative to scanning at high power and slow speeds. On the basis of 
the feature sizes on the powder particle surfaces, we expect that na-
noscale grooves provide regions of high absorptivity (35, 38).

For nanoscale groove features to efficiently improve absorptivity, 
the groove dimensions are critical to induce optical or plasmonic 

resonance and localized heating at the laser wavelength (39). The 
EM simulations on a full surface contour of a single powder particle 
provide an absorption enhancement factor of 1.8 (fig.  S4) that is 
consistent with the measured value of 1.7. The strong EM fields at 
the surface are mainly attributed to plasmonic resonances supported 
by individual grooves (38, 40). Understanding the drop in absorption 
enhancement from Cu05 to Cu10 requires understanding field local-
ization in relation to local groove dimensions on particle surfaces.

We chose representative grooves in the extracted surface profile 
and performed the EM simulation of each individual groove on a 
flat surface. The simulated absorption spectrum displays an optical 
resonance around the laser wavelength used in the experiment 
(fig. S5). On resonance, the simulated field distributions show large 
field magnitudes inside the groove and along the air-Cu interface, 
similar to those of the entire extracted surface profile. Because of its 
relatively low optical quality factor (fig. S5C), the plasmonic reso-
nances supported by the grooves also display a broad angular re-
sponse (35). Since the general behavior of such resonances depends 
on the dimensions of the resonator, simple rectangular grooves can 
provide similar mode profiles and spectral responses to those of 
experimentally extracted ones and be used to study the trend of the 
change in absorption as a function of the etching time. Through 
parametric sweeps, we observed that the absorption is increased for 
taller grooves, especially with subwavelength widths (fig. S6). The 
incident light can funnel into the narrow grooves due to their strong 
near-field magnitude and be absorbed while propagating along the 
gap between the sidewalls of the grooves. The in-coupled light can 
also be reflected at the top and bottom of the grooves, and this gives 
rise to plasmonic resonances that are mainly governed by the groove 
height. The Cu10 powder has shallower surface grooves relative 
to Cu05 (Fig. 1, G and H), due to redeposition of Cu, which can 
explain the measured drop in absorptivity.

The textured surface also has grooves with large widths, particu-
larly Cu05. Such grooves can support higher-order plasmonic reso-
nance in the lateral direction where the light propagates along the 
interface between their sidewalls, i.e., surface plasmon resonances 
(fig. S5). This also further contributes to the higher absorption of 
Cu05. The numerical analysis corroborates well with the experimental 
results that the absorption increases from Cu00 to Cu05 and de-
creases to Cu10.

The overall increase in absorptivity of Cu is larger than that ob-
served in AgCu and W. Our approach to enhancing light absorption 
by introducing grooves in a metal surface is quite general for high 
(optical) conductivity of our metal, such as Ag, Cu, and W. However, 
the absorption is a function of the metal’s conductivity as well as the 
groove dimensions and spatial distribution of the grooves. For each 
material, the groove properties would require a one-time optimiza-
tion. The smaller improvement for AgCu and W can be explained by 
the fact that we have not performed a detailed optimization for these 
materials. In addition, we found that etching tungsten resulted in a 
more faceted and globally symmetric nanostructures on the surface 
of the powders. As a result, the effect of nanotexturing is more subtle 
with tungsten, from an absorptivity of 0.45 to 0.58 on the powder 
bed. The absorptivity enhancement on the nanotextured W could 
come from a variety of mechanisms including localized electric field 
intensity at sharp facets as well as plasmon modes in any residual 
tungsten oxide. Unlike the other materials in this study, it has been 
demonstrated that the oxide of tungsten, WO2, exhibits a low Q, 
tunable plasmonic resonance at a wavelength around 1 μm in the 

D
ow

nloaded from
 https://w

w
w

.science.org at L
aw

rence L
iverm

ore N
ational L

ab on N
ovem

ber 11, 2024



Tertuliano et al., Sci. Adv. 10, eadp0003 (2024)     4 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

7 of 11

near infrared (41). The exact mechanism could be investigated in a 
dedicated study.

Ray tracing simulations suggest that the electric field localization 
mechanism of absorption enhancement at the nanoscale on particle 
surfaces may contribute differently to the absorptivity of a powder 
bed. A parametric study changing ϕ and absorption enhancement 
factor to match experimentally measured powder bed absorptivities 
showed the possible combinations of absorption enhancement 
factors and fractions of surface area contribution to absorption on 
each powder system (Fig. 2H). Specifically, ray tracing uniquely 
captures the coupling between particle absorption and powder bed 
absorption when the particle diameter distribution is altered. We 
find that we may improve the absorptivity of a nonuniformly (e.g., 
bimodal here) distributed powder bed at a faster rate than on uni-
formly distributed powder bed (Fig. 2I) by nanotexturing, i.e., im-
proving single particle absorption (42, 43).

Nanotextured powders enable printing
In the explored printing conditions, we observe the highest im-
provement in print quality using the Cu10 powders, as quantified by 
relative density measurements. The improvement is most pronounced 
at low energy densities, at which the surface structure of the powder 
is expected to play a larger role in light-matter interactions. How-
ever, the absorptivity measurements showed that Cu05 has a higher 
absorptivity than Cu10. The printing quality is influenced by other 
factors in addition to absorptivity. The higher absorptivity in Cu05 
could result in recoil pressure–induced expulsion of powder from 
the laser path. This could lead to increased denudation or back spat-
ter and may manifest as lack-of-fusion defects observed here (27).

The question of how enhanced intrinsic absorptivity of the nano-
textured powders can result in improved print quality requires a 
discussion of how powders are involved after the melt pool as 
formed. During printing, the laser is most likely incident on the 
melt pool. However, it is important to note that powders are not 
fixed in space. Inward flow of entrained powder particles from the 
denudation zone results in the laser also incident on powder particles 
during printing. Many of these particles can melt as they get close to 
the melt pool not only from conduction but also from the incident 
laser (44). There is also a large portion of scattered laser in high 
reflectivity metals like copper. These scattered rays interact with the 
particles around the melt pool (45–47). High-speed video experi-
ments (44) have shown that those powder particles may melt from 
absorption of scattered rays. This absorption of the scattered laser 
would also be enhanced by inward flow of powders from the denu-
dation. The present approach may benefit from increased absorptivity 
of etched powders near the melt pool to improve print quality. The 
mechanisms by which enhanced powder absorptivity could lead to 
improved printing (or relative density in this work) can be discussed 
in the context of work by Khairallah et al. (27). Those authors demon-
strated that particles in front of the laser (spatter, lead powder parti-
cles, etc.) can contribute to lack of fusion defects. Increasing power 
to melt and incorporate those spatter particles into the melt pool was 
demonstrated as a strategy to minimize such defects. A similar 
mechanism may occur in our higher absorptivity nanotextured 
powders but without the use of increased laser power. Determining 
the specific contributions of the described mechanisms to improved 
print quality of in the high absorptivity nanotextured powders would 
require a dedicated experimental and computation study on the 
powder dynamics.

Despite these current limits in understanding fundamental powder 
dynamics, we demonstrate the utility of the high absorbing powders 
by printing structures including 50-mm-long triply periodic minimal 
surfaces (Fig. 4, C and D, and fig. S10) at a power of 100 W and a 
scanning speed of 300 mm/s, a result not achievable using conven-
tional, as-purchased copper powder. Figure 4A generally illustrates 
the accessible processing conditions enabled by the nanotextured 
powder developed in this work, relative to other approaches or 
materials (29, 48–51). AgCu structures can be printed using slightly 
higher energy densities (Fig. 2E). It is noteworthy that the use of 
energy density as a metric here is not to explicitly predict porosity 
but to provide context to understand the observed changes in print 
quality with respect to previous studies. The nanotextured powder 
lowers the required energy densities for printing copper to levels 
similar to those for stainless steel and Ti alloys.

The print efficacy of the nanotextured powders was also contex-
tualized by accessing the mechanical performance of printed tung-
sten via nanoindentation in Fig. 4B. Cylinders similar in size to Cu 
specimens were printed with energy densities ranging from 500 to 
1250 J/mm3. We measure an indentation hardness of ~5 GPa at an 
energy density of 725 J/mm3, i.e., a hardness higher than that of 
other additively manufactured tungsten but achieved at lower energy 
densities (12, 52–56). This energy density can be used to print small 
octet structures as demonstrated in Fig. 4F. Although the issue of 
cracking still remains to be solved in the printing of refractory metals, 
the higher absorptivity powders enable improved constitutive material 
properties with a fraction of the energy used using other methods.

We demonstrated that the absorptivity of metal powder feed-
stock can be increased via self-evolving surface texture in an etching 
solution, without alloying or use of high absorbing nanoparticle 
additives. We attribute the increased absorptivity to the localization 
of incident light at nanoscale grooves on the powder surface, where 
groove dimensions smaller or comparable to the wavelength of the 
laser lead to resonances. The high absorptivity powders can enable 
printing starting at low energy densities (83 J/mm3). These printing 
conditions have not been previously reported to print copper for the 
measured relative densities (≥0.92). The powders developed here 
can be used for printing in moderately powered (~400 W) commer-
cial LPBF systems. These geometrically imperfect powders present a 
deviation from the idealized, smooth sphere morphology sought 
after in creating powder feedstock (57) yet present an improvement 
in photothermal efficiency and print quality in manufacturing. Our 
generalizable approach leverages feedstock surface imperfections to 
improve the laser-material interdependence without modifying the 
laser or the material composition.

MATERIALS AND METHODS
Powders
Two copper powders were used in the study. A commercially avail-
able copper powder was purchased from LPW/Carpenter Additive 
(99.95% purity), the results for which are described throughout 
the main text. A second set of copper powder was obtained from 
LLNL (99.99% purity). This powder was made at LLNL through 
gas atomization using C10100 powder stock, and its results are 
primarily shown in the Supplementary Materials. Eutectic AgCu 
was purchased from LPW/Carpenter Additive (28.1 wt % Cu and 
71.9 wt % Ag). Pure W powder with a mean diameter of 45 μm was 
purchased from Tekna.
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Etching powders
To etch the Cu and AgCu powders, we prepared a solution of FeCl3, 
HCl, and ethanol at a ratio of 70 g:50 ml:150 ml. For 100 g of smooth, 
as-purchased copper powder (fig. S1, A and B), we first add 25 ml of 
acetic acid to a 250-ml Erlenmeyer flask and etch the native copper 
oxide layer on the powder for a total of 5 min, during which the 
solution turns blue due to the dissolution of the copper oxide layer 
and distribution of copper (II) ions in the solution; we stir at 400 rpm 
using a magnetic stir bar for 4 min and subsequently allow the pow-
der to sediment for 1 min. The acetic acid solution is removed from 
the flask using a pipette, and 100 ml of the FeCl3 etching solution is 
added to the flask. This solution is covered with paraffin and stirred 
for 1, 5, or 10 hours at 400 rpm, allowing the powders to be distrib-
uted in the solution (fig. S1). The flask is subsequently rested for 
5 min without stirring to allow the powder to sediment. The FeCl3 
solution is discarded using a pipette. The powder is washed in fresh 
ethanol eight times (fig. S1D) or until the solution appears clear, 
by centrifuging in a 50-ml tube at 100 rpm for 60 s. The powders 
are poured out onto a 150-mm petri dish to dry for 5 hours. After 
drying, the powders are sieved using <75-μm mesh in a vibratory 
sieve shaker (FRITSCH ANALYSETTE 3 PRO). The yield from this 
full process is about 90%, i.e., we produce 90 g of nanotextured 
powder (fig. S1, E and F) for 100 g of as-purchased powder. This 
reduced copper mass is a combination of dissolved copper and 

powder lost from the etching, washing, and sieving processes. The 
AgCu powder was only etched for 1 hour.

To etch the tungsten powder, we used 30% H2O2. For 100 g of 
as-purchased tungsten powder, we simultaneously add 20 ml of 30% 
H2O2 to a 500-ml Erlenmeyer flask and stir at 600 rpm using a 
magnetic stir bar. We manually agitate the flask as needed to fully 
distribute the powders within the acid. Within 2 to 3 min, a reaction 
proceeds exothermically, releasing water vapor. We allow 5 min for 
the flask to cool. The liquid that remains is initially light yellow due 
to soluble tungsten oxide species in solution; upon cooling, the 
color changes to a characteristic dark blue often associated with the 
crystallization of tungsten pentoxide. We remove the liquid products 
with a pipette and repeat the etching procedure for a minimum of 
three times and a maximum cumulative etching time of 1 hour. 
The powders are washed, cleaned, and dried similarly to the Cu and 
AgCu powders.

Absorptivity experiments
To measure the absorptivity of the powders, we built a custom calo-
rimetry experimental setup to fit on the build plate of a commercial 
metal 3D printer (Aconity Mini 3D). The printer is equipped with a 
200-W and 1070-nm Yb-doped fiber laser. Copper substrates of 
C10100 purity (99.99%) are machined with 2-mm thickness and a 
recessed area of 4 mm by 4 mm and 50-μm depth. This recessed area 
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Fig. 4. Low energy density printing of copper and exemplary structures using textured powders. (A) Readily printable materials such as SS316, Ti64, and Al alloys 
are printable with full relative densities ( ρ ≥ 0.99) using low energy densities (Q≤ 80 J/mm3). We demonstrate the ability to push the processing conditions of copper to 
lower energy densities, relative to previous works, using high absorptive Cu05. Shaded areas show qualitative grouping of data. (B) Indentation hardness of tungsten 
cylinder prints contextualized in energy density. The nanotextured W prints result in hardness of ~5 GPa, a value similar to other measurements of additively manufacture 
pure W, but without the need to preheat powders up to 200 C (see legend). (C and D) Printing of an octet lattice and a triply periodic minimal surface using Cu05 powders 
at 87 J/mm3. (E) Octet AgCu printed at 400 J/mm3. (F) Octet W structure printed using W01 at 725 J/mm3. Scale bars, 10 mm.
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is filled with copper powder, and the depth sets the powder layer 
thickness used in the calorimetry experiments. The laser is then 
scanned on the powder in the form of a 4-mm line scan. We scan at 
a power of 175 W and two speeds of 100 and 656 mm/s. At least 
three experiments are performed per scanning condition for each 
powder type. During the laser scanning, we collect the temperature 
of the copper substrate and powder using a type-K thermocouple 
spot-welded to the back of the substrate. We calculate the absorp-
tivity as the ratio of energy required to raise the sample (powder + 
substrate) temperature to the measured value relative to the laser 
energy input from the scanning. The absorptivity measurement and 
validation are described in detail in previous studies (23, 37).

Printing
We performed all printing experiments using a low-volume, custom 
built LPBF system at the Advanced Manufacturing Laboratory at 
LLNL. The metal 3D printing system is equipped with an Yb-doped 
fiber 1070-nm wavelength scanning laser with a maximum power 
of 1 kW. The 2.5-cm build plate and approximately 10-mm build 
height allow for low-volume prints using up to ~200 g of copper 
powder. For each powder system, 6-mm-diameter cylinders were 
printed using laser powers ranging from 100 to 500 W and laser 
scanning speeds of 300 and 600 mm/s. The layer size and hatch 
spacing were 50 and 80 μm, respectively, for all prints. The build 
chamber was prepared by pumping to 10−3 torr and purging with 
argon to atmospheric pressure while maintaining an oxygen con-
centration less than 100 ppm.

Nano and micro x-ray tomography
We performed synchrontron x-ray nanotomography to characterize 
the surface features and obtain a 3D representation of a single etched 
powder particle. The experiments were performed at the Stanford 
Synchrotron Radiation Lightsource (SSRL) Beamline 6-2C. We used 
a 7-kV beam which produces a 15-nm pixel resolution. The pixels 
were binned by 2 during image acquisition, resulting in an effective 
pixel size of 30 nm. Two images are collected (and averaged) at 0.5° 
increments over a range of 180°. Ten reference images are taken, 
averaged, and used for background correction in the tomography 
images. The process and reconstruction are performed using an al-
gebraic reconstruction technique with 20 iterations in TXM Wizard, 
an open-source software developed at SSRL (58). The slices were 
reconstructed and visualized for surface feature profiling using the 
software Dragonfly.

We also performed x-ray microtomography to characterize the 
porosity in the printed cylinder structures using a Sky Scan 1273 
x-ray microscope. Pixel sizes range from 4.25 to 5 μm in different 
scans of the printed cylinders. The slices were reconstructed and 
visualized for relative density measurements using Dragonfly. Gray-
scale 3D images were segmented using a watershed transform. Edges 
between two areas of interest, porous and solid regions, were identi-
fied using a Sobel edge detection method. Seeds for areas of interest 
were manually chosen using histographic segmentation, and a wa-
tershed transform enabled segmentation of pores and solid aspects 
of the prints. Relative density measurements are defined as the vol-
ume fraction of the solid regions in the cylinder.

EM wave simulations
EM wave simulations are performed using commercial finite element 
software (COMSOL Multiphysics) to probe mechanisms of the 

enhanced optical absorption in nanotextured Cu powder. The actual 
surface profile of Cu05 powder is extracted from a cross section of 
reconstructed images acquired via x-ray nanotomography. For para-
metric studies, the textured powder particle surface is also locally ap-
proximated to 2D grooves on a flat and semi-infinite Cu substrate. A 
normally or obliquely incident plane wave is assumed in the simula-
tions. The absorption enhancement factor is calculated by the ratio of 
the absorption cross section of the textured surface to that of the flat 
surface with the same physical area. Optical constants for Cu used in 
the EM wave simulations are obtained from Palik (59). The absorp-
tion in the metal is calculated using the following expression of the 
time averaged power dissipation in Eq. 1

Here, ω is the angular frequency of the incident light, ϵ is the 
permittivity of the metal, V is the volume of the metal, and E is the 
local complex electric field.

Ray tracing simulations
COMSOL Multiphysics software and its geometrical optics module 
were used to perform ray tracing simulations to compute ray trajec-
tories on a powder bed system. It can be used to effectively model 
EM wave propagation when the ratio of the incident wavelength to 
the characteristic dimension in the model is less than 0.1 (60). While 
propagating, waves are assumed to be locally plane, and the effects 
of diffraction at edges and corners in the geometry are typically 
neglected. We consider beds of as-purchased powder and nanotex-
tured powder in a geometric optics framework. Here, the individual 
nanotextured powder particles are treated as as-purchased pow-
ders but with some fraction of their surfaces ascribed some absorp-
tion enhancement factor. To compute ray trajectories, a ray release 
boundary condition is initialized to specify the initial position and 
direction of rays. The rays are released from an area with the direc-
tion (0, 0, −1) orthogonal to the powder bed. We release 5 × 104 rays 
with a uniform polarization of (1, 0, 0). Specular reflection boundary 
conditions are used, such that the angle of incidence (AOI) of the 
incoming ray matches that of the reflected ray, with respect to the 
surface normal vector. The classical implementation of Snell’s Law 
and Fresnel equations are used to determine the absorption of the 
laser at each time step.

As each ray strikes a surface, it absorbed a certain amount. The 
amount of the ray that is absorbed is a function of its polarization 
state and AOI with respect to the surface it is striking or nanotex-
tured powder; if a ray strikes a powder surface position designated 
to have full absorptivity, then it is deactivated.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S12
Tables S1 and S2
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