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The development of new metal alloys is key to the continued advances in critical technologies such as jet engines
operating at higher temperatures, rocket engines with longer lifetime and reusability, and reactors for fusion and
fission energy generation. While additive manufacturing (AM) is attractive for both prototyping and production
of advanced alloys and components, the experimental screening and validation of new alloys typically requires
costly synthesis of custom powder feedstocks. We present a technique for high-throughput screening of
nanoparticle-enhanced alloys for AM, combining inkjet printing and laser powder bed fusion (LPBF). Alloyed
specimens are prepared on metal substrates with shallow machined cavities; a nanoparticle-containing ink is
printed into the cavities via inkjet deposition; powder is manually spread into the wells; and then the material is
melted by scanning of a laser as in traditional LPBF. We exercise this workflow using Niobium as the base metal
and with custom-formulated inks containing Si and/or Ti nanoparticles. The alloyed specimens exhibit locally
defined composition, microstructure, and hardness. We demonstrate control of minority element composition of
<1 % to >10 % over <1 mm distances, and along with the capability to create multi-material gradients

exhibiting complex microstructural effects.

1. Introduction

The development of new metal alloys is key to the continued evo-
lution of critical technologies such as jet engines operating at higher
temperatures [1], rocket engines with longer lifetime and reusability
[2], and reactors for fusion and fission energy generation [3]. Additive
manufacturing (AM) is opening up the alloy design spectrum, for
instance enabling new superalloy compositions with high gamma prime
fraction [4], ceramic nanoparticle (NP) reinforced alloys [5,6], and high
entropy alloys [7]. AM is especially attractive because traditional
workflows such as casting and forging require much larger sample vol-
umes and often necessitate dedicated tooling and heavy equipment.
These attributes are incommensurate with high throughput character-
ization techniques. In contrast, the development of AM processes allows
researchers to more efficiently customize tailored alloys based on
composition, microstructure, and/or specific properties. Using AM to
create combinatorial and gradient specimens can vastly increase the
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amount of data that can be collected from a single sample batch,
enabling the high throughput screening of new alloys.

Laser powder bed fusion (LPBF) has gained prominence among metal
AM techniques due to its high dimensional accuracy and a wider se-
lection of proven feedstock materials than other metal AM methods
[8-10]. LPBF also holds great potential for creating compositionally
graded parts, by localization of the laser for melting and controlled so-
lidification, optionally combined with manipulation of the powder
feedstock used for the build. One example of controlling solidification
site-specifically is presented by Gao et al. [11], where different hatch
spacing values were programmed in a single part to create a complex
microstructure that combines recrystallized and non-recrystallized re-
gions with different properties.

Further focusing on LPBF, several studies have demonstrated the
capability to produce powders of various compositions and interchange
these feed powders with layer height [12-14]. These works provide new
levels of precision in exploring material compositional spaces and
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greatly expand the quantity of available data when transitioning be-
tween two discrete materials but remain limited to a unidirectional
gradient following the part’s build direction. For example, Demir et al.
[14] used a dual hopper system to change the powder mixing ratio be-
tween layers and produce graded specimens varying from AISI 316 L to
Fe35Mn gradually along the build direction. Systems have also been
created to selectively deposit powders in certain regions on the build
plate [15], but to the authors knowledge these are suitable mainly for
abrupt changes in composition and cannot achieve fine programmed
gradients.

Additionally, directed energy deposition (DED) AM processes have
achieved multi-material control by varying the composition of the
feedstock/powder being blown into the melt pool, such as demonstrated
by Oropeza et al. [16] and Kelly et al. [17]. However, the DED process is
fairly limited in terms of the dimensional precision and resolution
achievable, given that the typical laser spot size in such a process is on
the order of millimeters, and layer heights are usually in the range of
200-500 pm or greater [18]. Although geometric resolution may not be
the primary consideration in early-stage alloy development, the more
fundamental distinction between DED and LPBF the substantial differ-
ence in thermal gradients and solidification dynamics. Heating and
cooling rates in LPBF are typically in the range of 10°—10" K/s,
compared to DED at 10>—~10* K/s due to larger melt pools and slower
scan speeds [19]. These differences critically affect microstructural
evolution, including grain morphology, segregation profiles, and the
formation of secondary phases.

It is therefore of interest to consider other approaches that, when
combined with LPBF, could achieve higher resolution of spatial
composition, and eliminate the need for mixing multiple alloy powders.
Inkjet printing, which is widely used in production of graphics and many
other manufactured goods, can deposit droplets with diameters in the
~tens of micrometers at very high throughput owing to the paralleli-
zation of microfabricated nozzles (typically hundreds or thousands of
nozzles in an industrial printhead) [20,21]. Inkjet printing is also
widespread in AM, being used for single- and multi-material polymer
AM, and for deposition of binder on to the powder bed in binder jetting.
Using inks loaded with metallic nanoparticles, inkjet printing has been
used to print simple circuits and circuit elements [22,23], and even
small metal structures [24].

Recently, it has been shown that local deposition of liquid inks onto
the powder bed in LPBF can be used to locally tailor material compo-
sition, by augmenting the process to accommodate layer-wise deposition
along with layer-wise laser melting. For instance, Hesselmann et al.
deposited carbon nanoparticle suspensions onto a stainless steel (410 L)
powder bed [25]. They demonstrated local formation of microstructures
composed of ferrite, martensite, and chromium-rich carbides, and cor-
responding local changes in hardness. In a parallel effort, Lee et al. [26]
developed a hybrid LPBF process that uses jetting to deposit
copper-laden nanoparticle ink. After LPBF and annealing, Cu-rich re-
gions were formed within the SS316L alloy, increasing thermal con-
ductivity up to 181 % (at 300 °C) relative to SS316L.

To advance this promising approach to high-resolution composi-
tionally graded AM, it is necessary to understand the detailed relation-
ships among process parameters, alloy composition, microstructure, and
functional properties. Moreover, it is attractive to do so in a material-
efficient manner that generates an array of compositions over limited
specimen area and/or volume, which is an intrinsic advantage of inkjet
printing. Here, we combine inkjet printing and LPBF on planar speci-
mens to study the feasibility of inkjet-LPBF to create nanoparticle-
enhanced alloys in AM. Our workflow involves deposition of
nanoparticle-laden ink via inkjet printing on a substrate with a shallow
cavity, followed by a conventional single-layer LPBF process to achieve
in-situ production of metallic alloys with high-resolution composition
control. We show how local specification of the ink concentration based
on the droplet density and number of inkjet passes translates into precise
spatial control of the alloy composition, enabling continuous or abrupt
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transitions in printed composition by design.

For this study, we specifically selected Niobium-based (Nb-based)
refractory alloys as a test case. AM of Nb is of interest because produc-
tion of Nb-based alloys via traditional casting and forging techniques is
especially challenging [27-32]. Moreover, Nb has attractive high tem-
perature strength and creep resistance with relatively low density (8.6
g/cm3) compared to most refractory metals [27,33,34]. As such, the
discovery of appropriate LPBF-compatible Nb alloy compositions is a
high-value target which could greatly benefit from the application of
high-throughput screening. In the present work, Titanium (Ti) and sili-
con (Si) NPs were added as alloying elements, and subsequent material
characterization was performed to investigate their effects on micro-
cracking, porosity, and microhardness. Ti was selected due to its ability
to form solid solutions with Nb, improving strength while contributing
to oxidation resistance [35]. Si was chosen for its known role in
enhancing high-temperature oxidation resistance [29]and forming sta-
ble Nb-silicide phases that improve thermal and mechanical stability.
These characteristics make both elements promising candidates for
tailoring Nb-based alloys for high-performance applications.

2. Materials and methods

Fig. 1 shows the workflow applied to create single-layer composi-
tionally graded specimens by inkjet-LPBF. As detailed below, inks con-
taining nanoparticles with the selected alloying elements (Si and Ti) are
selectively jetted onto a Nb substrate, which is then coated with a layer
of Nb powder. Then the specimen is processed by laser melting, using a
conventional LPBF system, to produce a spectrum of multiple compo-
sitions with depth comparable to a single layer in a three-dimensional
LPBF process.

2.1. Substrate fabrication

Specimens are fabricated on Nb plates (6 mm thickness, Nexmetal
Corp., 99.99 % purity) with shallow rectangular cavities (referred to as
templates). The template depth is chosen to set the layer thickness of the
deposited material (i.e., ink plus powder) while permitting manual
powder spreading. The substrate is machined into a dog-bone geometry
with an overall length of 75 mm, a gauge section width of 9 mm, and a
gauge length of 55 mm. Within this gauge section, six shallow wells are
machined, each with a depth of 50 um and spatial dimensions 6 mm by
12 mm. The wells are spaced with a 3 mm gap between adjacent wells to
prevent thermal interaction and ensure compositional isolation during
LPBF processing. These cavities serve as defined regions for inkjet
deposition, manual powder spreading, and subsequent laser melting.
The templates are machined into the plate using a tungsten carbide end
mill (3 flutes, 4.76 mm diameter) at 5000 RPM spindle speed and 12.7
cm/min feed rate. Prior to machining of the templates, the plate is cut
into a dog-bone shape by wire electro discharge machining (EDM).

2.2. Ink formulation

Inks were formulated by combining selected NPs with deionized
water (DI water), ethanol, and a solution of a copolymer (DISPERBYK-
2018, BYK Company). The NPs were elemental Si (SkySpring Nano-
Materials™, 99.7 % purity, particle size < 500 nm) and Ti (SkySpring
NanoMaterials™, 99.7 % purity, particle size < 100 nm), shown in
Figure Sla-b. The weight ratio between the DI water and ethanol was
fixed to 4:1 as described by Dan et al. [36] to ensure proper surface
energy and viscosity behavior of the liquid. Solutions consisting of 77.6
% DI water, 19.4 % Ethanol, and 1 wt % DISPERBYK-2018 was selected
and mixed with 2 wt % of Si or Ti NPs. The inks were prepared in a glove
box under 99.999 % purity argon (Linde, Marlborough, MA, USA). The
inks were sonicated (CREST Ultrasonics 1100D, power 6 for 30 mins) to
ensure adequate dispersion of the NPs prior to loading in the inkjet
system.
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Fig. 1. (a) Workflow applied to create single-layer compositionally graded specimens by inkjet-LPBF, using a metal plate with machined wells; (b) Single-nozzle
inkjet printing testbed, and close-ups of the nozzle and a stable droplet after ejection (right); (c) Key steps in creation of single-layer compositional graded alloy
specimens. Powder was spread manually over the substrate and laser melting was performed using a commercial LPBF system with the substrate anchored to a

conventional build plate.
2.3. Inkjet deposition

Inkjet deposition was performed using a custom-built testbed
(Fig. 1b) that includes a piezoelectric drive controller (Microfab™ Jet-
Drive V, CT-M5-01), a piezoelectric dispensing nozzle with an 80 pm
orifice diameter (Microfab™ MJ-AT-01-080) and a digital pressure
controller (APEX™ Vacuum LLC). Jetting was performed using a custom
LabView program to control the jetting locations, nozzle traverse speed,
jetting voltage and frequency. The optimized inkjetting conditions were
as follows: 100 Hz jetting frequency, 10 mm/s jetting speed, 100 um
droplet spacing and 60 V jetting voltage. A 3-second dwell time was
applied between each pass to allow for solvent leveling, and the printed
samples were left to rest for over 1 hour prior to the LPBF step to ensure
complete solvent evaporation. For an exemplary experiment, Fig. 1c

provides a representation of the process steps (i.e., after NP inkjetting,
after Nb powder spreading, after LPBF) performed to print single-layer
compositionally graded specimens by inkjet-LPBF.

2.4. Laser powder bed fusion

Following inkjet printing and solvent evaporation, powder is spread
manually onto the substrates, filling the cavities. Gas atomized Nb
powders (American Elements™, 99.9 % purity) were used, having a
spherical particle morphology (Figure Slc). LPBF was then performed
using a commercial system (EOS M290). In principle, the order of inkjet
deposition and powder spreading can be reversed, i.e., the NP ink can be
deposited onto the powder layer after spreading (analogous to binder
jetting). However, due to limitations of the commercial LPBF system
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used in this study, we deposited the ink prior to powder spreading. The
scanning parameter set was determined based on preliminary LPBF tests
of single layer pure Nb, giving the following: 250 W laser power, 400
mm/s scanning speed, 50 um hatch spacing, 100 pum laser spot size. The
chamber was maintained with Ar (99.9 %), and the substrate was not
heated.

2.5. Characterization

Scanning electron microscopy (SEM) was performed using a Zeiss
Merlin (Carl Zeiss AG, Oberkochen, Germany), equipped with an energy
dispersive spectrometer (EDX) and electron back scatter diffraction
(EBSD). Vickers microhardness was measured using a Struers/Emco-

a

b =25 mmss, f =625 s
Nb substrate

v =25 mm/s

BENbETI
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Test DuraScan Automatic Hardness Tester (Struers LLC, Cleveland,
OH, USA) under a load of 0.02 kg (0.20 N) for 10 s.

3. Results and discussion

To develop the inkjet-LPBF workflow, we first identified inkjet
printing parameters that resulted in uniform, well-defined lines of ink on
the metal (Nb) substrate. With the nozzle size and ink formulation fixed
(see Methods), the jetting frequency (f) and linear speed (v) must be
chosen appropriately. With increasing speed at constant jetting fre-
quency, the printed pattern transitions from isolated drops to a contin-
uous line to a bulged line, as shown in Fig. 2a. As viewed in SEM/EDX
(Fig. 2b), representative isolated and bulged patterns give non-uniform

25 mm/s, 250 s
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Fig. 2. (a) Development of inkjet print parameters for Ti NP inks; pattern transitions from isolated drops to a continuous line to a bulged line when printing at
increasing drop frequency and constant translation speed; (b) SEM and EDX results showing evolution of printed patterns with Ti NP inks with respect to different
inkjet conditions; (c) Surface height color map and plot showing relationship between the height of the printed Ti NP lines and the number of inkjet passes; (d) Cross-
sectional SEM images of the specimen printed with different amounts of organic dispersant included in Si the NP ink (laser scanning direction perpendicular to the

cross-section).
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deposits (after solvent evaporation), whereas continuous lines have
much more uniform height indicated by the intensity of the Ti signal in
the image. From these tests, f = 100 Hz and v = 10 mm/s were chosen as
inkjet parameters going forward.

Multiple inkjet passes must be printed to tailor the local quantity of
nanoparticles and therefore present significant local variation of the
alloy composition. To enable calibration of the relative amounts of ad-
ditive relative to the base alloy, we measure the relationship between
the height of the printed lines and the number of passes, giving the
approximately linear relationship shown in Fig. 2c-d. The height profile
of the dried ink increases with each consecutive pass, owing to deposi-
tion of the Ti-NPs. The thickness of the dried ink strips is proportional to
the number of inkjet passes, approximately 500 nm per pass, after dry-
ing. At 40 passes the dried ink is approximately 25 ym thick, which is
almost half of the template depth. With more passes (i.e., 60, 80, 100),
the thickness of the ink strip fills most of the template depth, yet good
mixing of the additive and Nb is found in the final alloy, indicating that
the material homogenizes locally upon melting and solidification. While
SEM/EDX characterization in Fig. 2b illustrates the lateral uniformity
achieved with single-pass deposition, subsequent passes primarily
thicken the ink deposition rather. The ink lines retain a consistent width
(~200 pm) even at high pass numbers due to the stabilizing effects of
surface tension and substrate wetting, as supported by surface height
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measurements and cross-sectional SEM/EDX analyses (Figs. 3d and4c).

Following inkjet printing, Nb powder is spread manually over the
cavities containing the printed ink patterns, and LPBF is performed by
aligning the specimen to the scan pattern within the LPBF system. Initial
tests revealed the importance of balancing the ink formulation to
maintain adequate dispersion of the NPs, avoiding settling in the vial
while printing, while limiting the concentration of organic dispersant. In
fact, we found that higher levels of dispersant led to significant cracks
and porosity as viewed in cross-sectional images of the specimens after
the complete inkjet-LPBF workflow (Fig. 2d). Therefore, the final ink
formulation (see Methods) with a weight ratio of 2:1 NPs:dispersant was
chosen. Ethanol, having a low boiling point, is expected to evaporate
under ambient conditions prior to powder spreading. The organic
dispersant, is expected to decompose during the LPBF laser melting step.
Although direct measurements of carbon content were not performed in
this study, SEM/EDX analysis did not reveal the presence of carbon-rich
secondary phases, and fully dense microstructures were observed in
specimens fabricated using the optimized ink formulation (see Fig. 2d).
The consistency of microhardness values and microstructure with
known Nb-Si and Nb-Ti alloy systems suggests that any residual carbon
content is minimal. Nevertheless, future work involving direct quanti-
fication of light elements such as carbon (e.g., via LECO or SIMS anal-
ysis) is necessary to confirm the extent of removal of organics, which is
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Fig. 3. (a) Illustration and cross-section SEM image of single-layer compositionally graded Nb/Si specimen by inkjet-LPBF; hardness test was performed on three
rows (R1, R2, R3); (b) Microhardness profile of the specimen, where X coordinate in panel corresponds to horizontal position across the specimen cross-section ; (c)
Measured relationships between number of inkjet passes and Si loading (at %, left axis) and hardness (right axis); (d) comparison of predicted and measured Si
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Fig. 4. (a) Cross-sectional SEM images of the areas loaded with Si concentrations show distinct changes in cellular sub-grains, with intergranular darker Si-rich
regions (laser scanning direction perpendicular to the cross-section); (b) High-magnification SEM and EDX images from the Nb/Si region fabricated with 100
inkjet passes; (c) Variation in area fraction of Nb-rich (left axis) and Si-rich (right axis) regions.

important to the utility of this approach for high-precision alloy
screening.

In the samples with higher dispersant content, we hypothesize that
the cracks and pores may be due to inhomogeneity in the feedstock
composition, and/or due to gas generation from rapid decomposition of
the dispersant residue upon heating. In situ gas generation has been
exploited to create porous components by LPBF, by bulk mixing of

foaming agents mixed with the feedstock powder [37,38]. While the
porous samples suggest yet another means of local control imparted by
inkjet, foregoing experiments focused on the ink formulation and pro-
cess parameters to achieve fully dense cross-sections. This also mini-
mized the likelihood of organic residue within the alloy, while using
enough dispersant to maintain ink stability for jetting.

From this point, the tailored ink formulation and inkjet parameters
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were used to create planar alloy specimens with spatially graded
composition, combining the Nb substrate with Nb powder, and locally
deposited Si and/or Ti NPs that mixed into the melt track upon laser
scanning over the powder-filled templates. For instance, we modulated
the composition in a manner that gave a sequentially increasing Si
concentration in Nb, by printing isolated, parallel lines of Si NPs with an
increasing number of inkjet passes (10, 20, 40, 60, 80, and 100 passes),
as shown in Fig. 3c. Moving from left to right with respect to the pre-
sented cross-section (Fig. 3a-b), the hardness (measured perpendicular
to the surface of the cut section) oscillates between the baseline value of
pure Nb and increasing values corresponding to a higher loading of Si,
which was dictated by the quantity of Si NP ink printed in the corre-
sponding locations prior to powder spreading and laser melting
(Fig. 3c). In the unmelted regions of the cross-section (pure, as-obtained
Nb), the hardness is 80-100 HV which corroborates literature [39,40] ,
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and the Si-modified Nb hardness reaches a maximum of 354 HV in the
area where 80 inkjet passes were applied (16-18 wt % Si). The area with
100 inkjet passes has a slightly higher measured Si loading, but lower
hardness, as we possibly reached the maximum loading dictated by the
geometric confinement of the ink (i.e., total line height) and the tem-
plate depth which must also accommodate powder.

After LPBF, this striped inkjet pattern leads to well-defined regions,
viewed in cross-section, with varying Si content, microhardness, and
microstructure. Cross-sectional SEM images of the areas loaded with
different ink concentrations show distinct concentration of Si in Nb
matrix (Fig. 4a); where the darker regions show higher Si concentration.
The microstructure of the Nb/Si region is consistent with Nb-Si based
alloys studied in the literature where a dual phase microstructure con-
sists of Nb-based solid solution and Nb silicides [29]. In the
inkjet-modified sample, at lower Si concentrations, Si-rich phases were
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Fig. 5. (a) Workflow applied to create single-layer compositionally graded Nb/Si/Ti specimen by inkjet-LPBF; (b) Microhardness profile of cross-section of Nb/Si/Ti
specimen; (c) Corresponding cross-sectional SEM images of Nb/Si, Nb/Si/Ti and Nb/Ti regions; (d) EBSD orientation maps showing spatial variation in grain size and

orientation.
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in the form of precipitates whereas at higher Si concentrations the
related phase region formed an interconnected network phase structure
in the Nb alloy (Fig. 4b). The area fraction of the Si-rich phase, measured
by analysis of the SEM images, reached up to 16-18 % at 80 and 100
inkjet passes (Fig. 4c). The area fractions of Nb-rich and Si-rich phases
shown in Fig. 4c were evaluated through image analysis of
cross-sectional SEM micrographs. The images were converted to gray-
scale and thresholded using ImageJ software to distinguish the Si-rich
phase (which appears darker) from the Nb-rich matrix. The binary im-
ages were analyzed using ImageJ to calculate the percentage of the area
occupied by the segmented Si-rich regions relative to the total image
area. Altogether, the examined cross-section was free of microporosity
and cracking, and the composition is uniform in the lateral direction of
the cross-section. We observe that vertical mixing within the melt pool is
limited to a relatively shallow region, and this requires further under-
standing as discussed later.

Next, we show the capability of the inkjet-LPBF technique to
combine multiple elemental inks to achieve more complex alloy com-
positions with local control. Overlapping inkjet printed regions with Si-
based and Ti-based NP inks, respectively, yields a post-LPBF composi-
tion graded from Nb to Nb/Si, Nb/Si/Ti, Nb/Ti, and Nb (Fig. 5a). Cor-
responding cross sectional SEM images of Nb/Si and Nb/Si/Ti regions
(Fig. 5c) show dual phase regions like those observed in the Nb/Si
sample above. The Nb/Ti region only shows a single-phase region,
which is most likely a Nb-Ti solid solution. The microhardness of the Nb/
Si region is 220-260 HV, the Nb/Si/Ti region is 240-360 HV, and the
Nb/Ti region is 220-300 HV (Fig. 5b). EBSD images reveal smaller grain
sizes in the Nb/Si, Nb/Si/Ti and Nb/Ti, compared to the pure Nb in the
region that was laser melted (Fig. 5d). On the other hand, as displayed in
Figure S2, Nb showed a higher fraction of low angle boundaries (0-5°)
compared to the alloy regions; therefore, we conclude that incorporation
of Si and Ti NPs into Nb favored grain refinement and formation of high
angle grain boundaries, in a locally defined manner.

Importantly, the microstructures observed in high-magnification
SEM images (Fig. 5c) correspond to cellular sub-grains, which typi-
cally form during rapid solidification in LPBF. These structures often
appear in the order of a few microns and are governed by local thermal
gradients and solidification rates. In contrast, the grain sizes quantified
in the EBSD maps (Fig. 5d) represent crystallographic grains, measured
using the Feret diameter approach, which provides a reliable estimate of
maximum grain length. The data show characteristic grain sizes
approaching ~100 pm in the pure Nb region, while significantly smaller
grain sizes are observed in the alloyed regions. This reduction in grain
size confirms that alloying with Si and Ti promotes grain refinement,
likely due to solute effects on nucleation and growth, along with high
thermal gradients during solidification. Thus, EBSD provides a more
accurate and quantitative assessment of grain evolution compared to
surface morphology alone.

An important consideration for the applicability of the inkjet-LPBF
technique in achieving designed alloy compositions is the accuracy
with which the final (post-LPBF) composition can be predicted from the
amount of deposited ink relative to the amount of base alloy available in
the melt region. In the case of the Nb-Si specimen, the expected Si
concentration is calculated as

Mg;
__ M
T mgi | Myp )

+ _
Ms; My

Csi

where Cg; is the concentration of Si in atom percent (at%), ms; and myy,
are the mass of Si and Nb in the alloy region. The molar mass of Si and
Nb are denoted by Mg; and My, respectively. The mass of Si is calculated
from the total volume of ink droplets and the concentration of the NPs:

4 (d\® L
mSi:§7r<§> *N*Vf*pmk*wm; (2)
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where d is the diameter of the nozzle (80 um), N is the number of inkjet
passes, , f is the jetting frequency (100 Hz), v is the jetting speed (10
mmy/s), L is the length of the ink line, p;, is the density of the ink and
wnp is the weight ratio of NPs in the ink (2 wt %). The mass of Nb in the
alloy region is calculated by

My = prp ¥ D * WL 3)

where py;, is the density of Nb, W and D are the width and depth of the
alloy region. Here we simply approximate W by the width of the ink line
(~200 um) and D by the expected depth of the melt pool (~300 pm).

In Fig. 3d we compare the predicted and measured Si concentration
values. The measured Si concentration is significantly higher than the
predicted values. One major possible reason, which has been verified in
ongoing work performing full three-dimensional printing using the
inkjet-LPBF technique, is that the NPs are not uniformly distributed
along the vertical direction in the melt pool and are concentrated mostly
within the top region of the melt pool. In single-layer experiments an
abrupt transition in composition is observed when traversing vertically
downward through the melt pool, and therefore uniform composition is
assumed above this location. To account for the limited penetration, we
applied a correction factor to the depth of the alloy region:

Myp = Py ¥ C* D x Wx L 4)

In the current work we assume ¢ = 0.25, i.e., D is equal to 25 % of the
melt pool depth (~75 um) which is slightly greater than the template
depth. After application of this uniform correction, the predicted Si
concentrations are close to the measured values (error < 1 at %), as
shown in Fig. 3d Further work is necessary to assess the spatial
composition of the melt pool, and the influence of the scan pattern and
trajectory parameters (e.g., raster strategy, hatch spacing, melt depth)
on the final composition distribution and implications for spatial control
both laterally and vertically.

The ratio of the measured versus expected (based on ink composi-
tion) loading of Si and Ti in the final specimen appears to depend on the
absolute amounts of each, suggesting that it is not straightforward to
predict the final composition in advance. However, calibration of the
technique along with production of samples with a range of composi-
tions still affords high throughput screening. The achievable incre-
mental and maximum loadings can be determined for specific material
combinations, and further studies can elucidate the spatial resolution of
composition grading as related to the melt pool geometry and nature of
interaction (e.g., dissolution, precipitation, or other effects) between the
NP additives and the base powder that is mixed during LPBF. The spatial
resolution is also influenced by the drop size, powder size and packing
density, and layer thickness, and requires detailed investigation in
future work with exemplary alloy systems.

4. Conclusion

We showed that inkjet printing provides a versatile means of
spatially tailoring the feedstock composition suitable for creating
nanoparticle-enhanced alloys in LPBF. Using single-layer template
substrates and Nb alloys to inform a model system, we showed that the
inkjet-LPBF approach can fabricate, with sub-mm spatial resolution,
single- and dual-NP-modified Nb alloys, wherein the local composition
is tailored by the number of inkjet passes, and the alloys show uniform
local composition and microstructure without voids. Looking forward,
this approach can be extended to other alloys for various uses (e.g.,
grading carbon composition in steels, creating new refractory alloys)
and specialized ink formulations. In addition, ongoing work is focused
on scaling the process to enable full three-dimensional spatial grading,
which requires layer-to-layer alignment of printed ink patterns, control
of ink infiltration and drying kinetics, understanding of the mixing of
additives within the melt pool and between tracks/layers, and integra-
tion with layer-wise LPBF scanning strategies. Ultimately realizing the
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inkjet-LPBF process in full 3D printing will extend the rapid material
exploration capability to macroscopic specimens amenable to conven-
tional mechanical testing and enable architected, compositionally
graded components with application-specific microstructural and func-
tional properties.
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