Additive Manufacturing 91 (2024) 104338

FI. SEVIER

journal homepage: www.elsevier.com/locate/addma

Contents lists available at ScienceDirect = 1= k
Additive

MANUFACTURING

Additive Manufacturing

Check for

Laser powder bed fusion synthesis of nanoparticle reinforced CoCrFeNi | el

Vivek Devulapalli® , Fiona Schulz”, Erika Soares Barreto ¢, Nils Ellendt ““, Eric A. Jégleb,

Gerhard Dehm *~

@ Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Str. 1, Diisseldorf DE-40237, Germany

b Institute of Materials Science, Universitét der Bundeswehr Miinchen, Neubiberg DE-85579, Germany

¢ Leibniz-Institute for Materials Engineering — IWT, Badgasteiner Str. 3, Bremen DE-28359, Germany

4 Faculty of Production Engineering, University of Bremen, Badgasteiner Str. 3, Bremen DE-28359, Germany

ARTICLE INFO

Keywords:

Additive manufacturing

Laser powder bed fusion
Compositionally complex alloys
High entropy alloys
Nanoparticle reinforcement
Dispersion strengthening

ABSTRACT

Nanoparticle reinforced metallic composites manufactured using laser powder bed fusion (LPBF) provide an
economically viable avenue to obtain high strength near-net shaped critical components in automotive and
aviation industry. In this study, the equiatomic compositionally complex alloy (CCA) CoCrFeNi is manufactured
by LPBF with two types of reinforcing particles, titanium nitride (TiN) and titanium oxide (TiO2). The reinforcing
particles are introduced with varying size and volume concentration to the CCA powder fulfilling two purposes —
improving the flowability of the feedstock and to cause nanoparticle strengthening, as demonstrated here using
nanoindentation. We focus on the microstructure and texture evolution of all the alloys, and the phase tran-
sitioning of the particles. TiN nanoparticles of all sizes dissolve in the melt pool and uniformly precipitate as
TiO,. We observed distinctive core-shell nanoparticle formation with higher TiN content that also resulted in
45 % higher tensile strength. The successful integration of homogenously distributed nanoparticles without
inducing cracks or defects and with superior mechanical properties signifies a leap forward in the fabrication of

high-performance metal matrix composites like the commercial oxide dispersion strengthened (ODS) alloys.

1. Introduction

Compositionally complex alloys (CCAs), also known as medium- and
high-entropy alloys (MEAs, HEAs) represent a new approach for alloy
development that has been thoroughly researched in recent years due to
their promising mechanical properties [1,2]. CoCrFeNi is a promising
CCA known for its superior mechanical properties, particularly at
cryogenic temperatures. Its low stacking fault energy helps to achieve
superior ductility with high strength [3,4]. More recently, CoCrFeNi has
been produced using laser powder bed fusion (LPBF), an additive
manufacturing process that uses a laser beam to selectively melt metal
powder to create near-net shape components. Studies have shown that
LPBF produces CoCrFeNi with higher yield strengths and refined grain
sizes than traditional manufacturing methods, indicating superior me-
chanical performance [5-7].

CCAs as the matrix for metal matrix composites (MMCs) have been
the subject of several recent investigations. MMCs are a promising class
of materials that offer a synergistic combination of the ductility of
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metals and the high strength and stiffness of ceramic reinforcements
such as thermally stable carbides, nitrides, or oxides. Strengthening
mechanisms that arise from the presence of hard reinforcing particles in
a soft matrix is well understood [8,9]. The reinforcing particles that have
higher stiffness than the matrix carry the applied load, similar to the
continuous fiber reinforced composites, resulting in strengthening. The
plastic strain due to residual thermal stress in the matrix around the
particles increases the dislocation density by a few orders of magnitude,
resulting in increased strain hardening. The size of the reinforcing par-
ticles can have a strong influence on resulting mechanical properties.
While micron-sized (larger) particles can result in cracking at the
particle-matrix interface, alloys reinforced with nanoparticles, even
with a low volume fraction, exhibit remarkable improvement in fracture
strength owing to reduced stress concentration and reduced particle
cracking [10-12].

There are two main types of production processes for nanoparticle
reinforced MMCs: in-situ and ex-situ. Ex-situ synthesis strategies involve
incorporating the reinforcement into liquid or powdered metal, whereas
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in-situ procedures result in the processing-related reactions that produce
nano-sized ceramic reinforced MMCs [13]. Achieving homogeneity in
the particle dispersion is a frequent difficulty in the manufacturing of
nanoparticle reinforced MMCs. This is especially true for commonly
employed methods such as stir casting or powder sintering [14]. Me-
chanical stirring can result in porosity, gas phase nucleation on the
particle surface that makes the nanoparticles float to the top of the melt
and result in inhomogeneous distribution [10]. Ultrasonication during
solidification can distribute and disperse nanoparticles in matrix with
non-linear effects in liquids, especially transient cavitation [15]. In case
of poor wettability, nanoparticles are more prone to a defective distri-
bution due to their high surface area. Nanoparticles, due to their high
surface area, are prone to poor wettability. Efforts to enhance
matrix-reinforcement wettability, which subsequently reduce the
nanoparticle agglomerates in conventional processing include methods
like metallic coating, preheating particles, and adding reactive elements
to the melt [13]. More recently, LPBF has been shown to be highly
effective in obtaining a uniform particle dispersion in MMC [16,17].
Nanoparticles can be mixed to the powder feedstock to melt and uni-
formly precipitate in the alloy. For example, Chang et al. demonstrated
that the addition of SiC to AlSi10Mg led to in-situ formation of uniformly
dispersed Al4SiC4 [18]. Incorporating AIN into AlSi10OMg, Du et al.
observed a transition from particle segregation to uniform dispersion in
the alloy as the laser energy per unit length decreased from high
(1800 J/m) to low (450 J/m) [19]. However, a systematic investigation
of the influence of change in the added particle types and sizes for a
given alloy remains unexplored.

The addition of particles to the powder feedstock can result in a
change in the powder bed density, heat and mass transfer resulting from
a change in laser absorptivity and the thermal profile under the laser
beam [16]. Furthermore, some researchers have shown that the added
nanoparticles can serve as grain refiners [20] and nucleation sites,
allowing for the manufacturing of a variety of commercial alloys with a
wide solidification temperature range. For example, the commercially
important 7075 and 6061 series aluminum alloys were reinforced with
hydrogen-stabilized zirconium particles to produce equiaxed grains and
make them printable, that would otherwise have produced solidification
defects [21,22]. The energy density obtainable in LPBF in combination
with the high surface to volume ratio of nanoparticles allows ceramic
nanoparticles with very high melting points like TiB; or TiC to melt [23].
Thermo-fluidic simulations reveal that Marangoni flow, driven by sur-
face tension gradients from high temperature gradients in the melt pool,
is crucial for the strong intermixing.

Oxygen, with its considerable anion radius that prevents it from
being accommodated interstitially in solids, is a potent element that
dissolves in molten pools. It reacts quickly with numerous metals at high
temperatures and forms oxide precipitates upon cooling in the liquid
metal. Oxides already present as inclusions in the powder feedstock can
melt completely in melt pool and form a fine dispersion [24-28]. The
role of inclusions in the enhancement of mechanical properties is heavily
discussed [25-27,29]. In most cases, the nanoparticle/ oxide formation
has been attributed to strengthening and improved fatigue life. The
oxide precipitation has been observed to be restricted to the cellular
boundaries, which are the regions where oxide forming elements also
tend to segregate. This makes it harder to distinguish the strengthening
contribution arising from the cell walls and the particles [30].

In a previous study, we investigated powder characteristics for LPBF
through blending the atomized metal powder with the strengthening
particles [31,32]. We found that nanoparticle mixing may improve the
flowability. In this study, we use such powder blends with varying sizes
and volume concentrations of titanium nitride (TiN) and titanium oxide
(TiO2) in LPBF to produce and explore matrix reinforced CoCrFeNi
medium entropy alloys. In addition to the improved powder flowability,
the reinforcing particles are expected to strongly influence the com-
posite microstructure. In the following sections, we discuss the printing
parameter window selection, the grain size and texture evolution, the
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particle size and its distribution and the phase transitions that the par-
ticles undergo.

2. Material and methods
2.1. Powder conditioning

The compositionally complex Coss5CrasFessNigs metallic powder was
synthesized using close-coupled gas atomization under an Argon at-
mosphere and subsequently classified into size fractions ranging from 20
to 90 pm, as detailed by Gartner et al. [31].

To create powder blends, reinforcing particles with varying compo-
sitions, sizes, and concentrations were added ex-situ to the gas-atomized
base material. Two compositions were selected based on their distinct
properties. The first consisted of nanosized Titanium nitride (TiN) par-
ticles with cubic structure and high purity (CAS No.: 25583-20-4, purity
>99.2 %). Two commercially available sizes, 800 nm (US1023M) and
80 nm (US2260), both purchased from US Research Nanomaterials, Inc.,
were chosen for this study. The material has a melting point (Ty) of
3203 K and a density (p) of 5.22 g/cm?.

For the second composition, rutile titanium dioxide (TiO3) submi-
cron powder (below 5 um) was used, obtained from Sigma-Aldrich with
high purity (CAS No.: 1317-80-2, purity >99.9 %). The TiO, powder
has T;, = 2116 K and p = 4.23 g/cm?>.

Blends were prepared with 0.5 vol% particle additions for all three
types of reinforced particles. Additionally, to enable comparison, a
blend was prepared with a higher concentration of 5 vol% of 800 nm
sized TiN. The powders were mixed using a three-dimensional shaker
mixer (Turbula T2F, WAB GmbH) for 24 h at a rotational speed of
101 rpm, and Zetabeads 3.0 (Netzsch) grinding media of size fraction
2.6-3.3 mm was additionally employed to enhance the dry-coating over
the bulk powder surface. Note that after 24 h of mixing, the powder
exhibited improved flowability. For calculating the volume additions,
we considered a density of 8.35 g/cm® for the medium-entropy
CoysCrasFessNigs alloy. To evaluate a suitable processing window for
additively manufacturing high-quality, dense specimens (above 99 %) of
reinforced CoCrFeNi, a total of 500 g of material was prepared for each
powder batch.

Overall, five different materials including the CoCrFeNi reference
were prepared, as displayed in Table 1. Representative scanning elec-
tron microscopy (SEM) images were acquired with a TESCAN VEGA II
XLH are displayed in Fig. 1. EDS composition obtained from both the
powder feed are tabulated in Sup. Table 1.

2.2. LPBF sample fabrication

Sample fabrication was carried out on a LPBF system (AconityMIDI+
or Aconity3D GmbH) equipped with a single-mode fiber laser (Ppax =
700 W) featuring a nominal laser spot size of approximately 90 um. To
identify optimal parameters to achieve materials with high density, the
processing window for each alloy variant was examined. The investi-
gation involved varying the laser powers P from 150 to 350 W and the
laser speeds v, from 200 to 1000 mm/s. Throughout the process, a layer
thickness d; was maintained at 50 um and a hatch distance (h) of 70 um,
with a bidirectional stripe pattern rotated 90° between layers as the

Table 1
Summary of the investigated powder blends.
Base alloy Reinforcing Size Concentration ~ Sample
particle name
- - - Base alloy
CogsCrasFeqsNiss  TiN 80 nm 0.5 vol% TiN/0.5/80
TiN 800 nm 0.5 vol% TiN/0.5/800
TiN 800 nm 5.0 vol% TiN/5/800
TiO, < 5um 0.5 vol% TiO2/0.5/
<5000
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Fig. 1. SEM micrographs of Co,5CrasFessNias powder dry-coated with a) 0.5 vol% and b) 5.0 vol% TiN particles of 800 nm size. Notably, in (b), the particles coated

with TiN nanoparticles (as indicated) exhibit a discernibly darker contrast.

scanning strategy. In total, 25 cuboid specimens (4 x 4 x 10 mm3,
length x width x height) for each powder blend were additively man-
ufactured under Argon atmosphere onto 316 L substrates (55 mm
diameter). The residual oxygen content was maintained below 100 ppm
during the entire process, as monitored by the integrated sensor of the
machine. For comparative reasons, the LPBF process parameters were
evaluated and summarized by the volume energy density E,, commonly
employed to describe the energy input per volume as a function of
applied parameters:

Ey = L [L} @

(vseds;eh) |mm?

Regarding the porosity evaluation, microsections of the specimens
were prepared by cross-sectioning along the build direction, and hot
embedding in epoxy resin was conducted for subsequent grinding and
polishing. The specific surface impacted by the gas and perpendicular to
the powder feed (incoming from the left to the right direction) was
selected for analysis. The resulting density percentage was determined
through image analysis (PixelFerber) of optical micrographs (Stereo-
microscope MZ16, Leica) of polished un-etched surfaces. Table 2 dis-
plays the volume energy density values achieved using different laser
scanning parameters. The highlighted cell indicates the combination of
scan speed and laser power that yielded the highest relative density.
Fig. 2 illustrates the relative density resulting from variations in volume
energy density for each investigated alloy variant. The dashed lines and
the arrow point towards the region that typically resulted in highest
density. The figure presents exemplary optical micrographs of speci-
mens produced at varying volume energy density values, including
suboptimal and excessive levels, along with a relatively dense specimen.

Based on this initial evaluation, it is evident that the highest relative
densities were obtained with intermediate to low volume energy den-
sities, in which values ranging from 100 to 125 J/mm? seem suitable for
all investigated alloy compositions. Consequently, for subsequent sam-
ple production intended for microstructure investigation, a laser power
of 300 W and a laser speed of 800 mm/s were employed, resulting in a

Table 2
Parameter selection to evaluate LPBF process window to obtain dense and crack-
free CoCrFeNi alloys.

Volume energy density (J/mm®) Laser power P (W)

150 200 250 300 300

Scan speed (mm/s) 200 214 286 357 429 500
400 107 143 179 214 250

600 71 95 119 143 167

800 54 71 89 107 125

1000 43 57 71 86 100

volume energy density of approximately 107 J/mm?>.

2.3. Material characterization

Printed cylindric samples were wire cut into thin 500 um slices using
electric discharge machining. Standard metallography techniques were
employed for grinding and polishing. Electropolishing of the samples
was conducted using a Struers Lectropol-5 apparatus with Struers A2
electrolyte, applying 17 V at room temperature for 20 s at a flow rate of
14. A dual beam SEM (Thermo Fisher Scientific Scios 2 HiVac) equipped
with electron backscatter diffraction (EBSD) detector and a retractable
STEM detector was utilized for secondary electron imaging, SEM-STEM
imaging and EBSD analysis. A standard lift-out technique was utilized in
the focused ion beam (FIB) with Ga+ -ion source to extract a trans-
mission electron microscopy (TEM) lamella. The beam current was
gradually reduced in several steps starting from 1 nA at 30 kV for coarse
milling to eventually 27 pA at 2 kV for final polishing to obtain a
thickness of < 100 nm. The scanning TEM (STEM) analysis including the
imaging, energy dispersion spectroscopy (EDS), electron energy loss
spectroscopy (EELS) and the nanobeam diffraction was performed in the
Titan Themis 80-300 (Thermo Fischer Scientific). Python-based image
analysis was performed on the HAADF-STEM images to measure the
particle size and their area fraction. For TiN/5/800 samples with
numerous cuboidal particles, we measured the area of the projected
rectangles and calculated the diameter of a circle with equivalent area.
On average, 100 particles per sample were measured for this analysis.

EDS signal was acquired using Thermo Scientific ChemiSTEM Super-
X EDS detector. EELS signal was acquired using Gatan imaging filter
(GIF Quantum ERS) spectrometer with a 5 mm entrance aperture. Zero-
loss and core-loss EELS were simultaneously acquired using DualEELS
option in Digital micrograph software. Dispersion of 0.5 eV/ch and
collection angle of 16.1 mrad were utilized. Power law fit was used for
the background correction and plural scattering due to sample thickness
was considered for quantification. Hartree-Slater model provided with
Digital Micrograph software was used for evaluating excitation cross-
section. Exemplary background windows and edge models used for
EELS quantification are shown in the Sup. Fig. 3.

We used nanoindentation to assess the influence of the nanoparticle
addition on mechanical properties. Nanoindentation was performed in a
G200 instrument (former Agilent, now KLA) to a maximum depth of
500 nm with a Berkovich diamond indenter. The continuous stiffness
measurement (CSM) method was applied at a constant strain rate of
0.05 s~! with a frequency of 45 Hz and harmonic displacement of 2 nm.
We assumed Poisons ratio of 0.3 to calculate the elastic modulus.

Tensile tests were carried out on cylindrical specimens with a gauge
length of 24.5 mm and a nominal diameter of 4 mm, machined from test
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Fig. 2. a) Process evaluation based on optical relative density as a function of volume energy density for the five investigated compositions. Exemplary light optical
microscopy images showing b) lack of fusion inherent from comparatively low volume energy density; ¢) dense sample obtained from relatively intermediate volume
energy density; d) increased gas porosity due to relatively high-volume energy density resulting in keyhole formation.

Fig. 3. Inverse pole figure (IPF) orientation maps acquired with out-of-plane build direction using SEM-EBSD from a) the base alloy, and the samples reinforced with
b) TiN/0.5/80, c¢) TiN/0.5/800 with the corresponding pole figure in (d), e) TiN/5/800 and f) TiO5/0.5/<5000. The printing parameters for all the alloys are
provided in Table 1.
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bar blanks. The tests were performed according to DIN ISO 6892-1 in air
at room temperature on a screw driven machine using an extensometer
attaching to the flat gauge section. The test specimens were manufac-
tured vertically so that the loading axis was parallel to the building di-
rection. After machining, the bottom thread was longer compared to the
top thread which enabled identification of build direction prior to and
post testing.

3. Results
3.1. Microstructure and particle distribution

Fig. 3 shows the inverse pole figure (IPF) orientation maps of all the
investigated samples, with the build direction out of plane. The grains
are observed to form a checkerboard pattern in the base alloy, and in the
TiN particle reinforced alloys (TiN/0.5/80 and TiN/0.5/800). This
pattern is created through the laser scan path resulting in a thin band of
grains (referred to as ‘tracks’, hereafter) that are ~70 um apart, equiv-
alent to the laser scan hatch spacing. The tracks are the region separating
the larger square shaped grains (referred to as ‘pockets’, hereafter). Due
to the layer-wise manufacturing process and the rotation angle of 90°,
the tracks in one direction appear to be thinner compared to the ones in
the perpendicular direction. This effect is due to the cross-section
effectively cutting through several tracks at different depth in one
plane and has been reported in several alloys [33,34]. For the same
reason, the tracks widths seem to differ among samples depicted in
Fig. 3. Nevertheless, EBSD analysis of the cross-section in Sup. Fig. 7
shows that the track widths are comparable in TiN/0.5/80 and
TiN/0.5/800. An exemplary pole figure of this checkerboard micro-
structure made up of these tracks and pockets in shown in Fig. 3d. It
demonstrates a strong (001) texture. We validated the same on a
macroscale using X-ray diffraction (shown in Sup. Fig. 1).

The checkerboard pattern is replaced by a more equiaxed-like
microstructure for alloys TiN/5/800 and TiO2/0.5/<5000. TiN/5/800
displays a large grain size of ~63 + 7 um. A bimodal grain size distri-
bution was found for TiO2/0.5/<5000 with an average size of 31 +
7 um for the larger grains and 6 + 2 um for the smaller grains. Although
the scan direction of the laser can still be estimated from the EBSD in
Fig. 3e-f, the pole figure in the inset shows a larger grain orientation
spread (also depicted by the x-ray diffraction pole figure in the Sup.
Fig. 1).

The STEM-HAADF images in Fig. 4(a, b), reveal that the size range of
the reinforcing nanoparticles within all the samples is comparable in the
order of 20-100 nm. Despite a tenfold difference in the initial TiN
nanoparticle size and the much larger micron sized TiO; particles added
to the base alloy (see Sup. Fig. 2), all the added nanoparticles converge
to similar particle size distribution range. This observation strongly
suggests that during the printing process, the nanoparticles melt and
dissolve, followed by precipitation, resulting in uniformly sized disper-
sions. The nanoparticle highlighted in Fig. 4f, confined to a melt pool
boundary that was identified using a lower-magnification STEM image,
undergoes subsequent remelting during the printing of the next layer.
This serves as an additional testament to the melting of the particles
under the influence of the applied laser power density. Fig. 4 demon-
strates that for all alloys but Ti/5/800, the nanoparticles do not
agglomerate, neither in the matrix nor around the melt pool boundaries.
Sup. Fig. 2 demonstrates SE-FIB images confirming the even dispersion
of nanoparticles observed in both larger and smaller grains across all
samples, with Ti/0.5/800 serving as a representative example.

In TiN/5/800, the nanoparticles deviate from the spherical
morphology observed in other variants. Typically, nanoparticles with
high melting points are anticipated to solidify first, assuming a spherical
shape to minimize interface energy. However, in the TiN/5/800 sample,
the majority of nanoparticles appear to adopt cubic or cuboidal shapes.
Additionally, Fig. 4c also shows a large particle of several microns in the
top-left corner. This is formed by several TiN particles fusing together to
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form TiOxNy as we will show in the next section using EDS and EELS
analyses on both the particle types.

3.2. Particle structure and chemistry

Fig. 5 presents EDS and EELS data acquired from TiN/0.5/800 and
TiN/5/800, respectively. At a low volume percentage (0.5 vol%) addi-
tion, TiN undergoes complete oxidation, resulting in negligible nitrogen
presence within the particle. Although the printing chamber is flushed
with Ar gas, there are trace amounts of oxygen present during the
printing process. As Ti has a high affinity for oxygen, it is reasonable to
assume that once all of the TiN particles melt and dissolve in the melt
pool, TiO, precipitates. Furthermore, as seen in Sup. Table 2, the
composition of nanoparticles in both TiN/0.5/80 and TiN/0.5/800 was
similar. Consequently, given the resemblance in microstructure, nano-
particle composition, and distribution, both samples can be considered
as equivalent. EELS data was acquired from the same particles, because
the L-edges of transition metals can overlap with the K-edges of oxygen
and nitrogen in the EDS spectrum (Sup. Fig. 3).

Fig. 6 shows the elemental maps acquired using EELS from a
cuboidal nanoparticle in the TiN/5/800. The maps reveal that the par-
ticles have an oxide core and a nitride shell. Such core-shell structures
involving oxides of titanium have been observed before [35-37]. Using
the EELS quantification method explained in Section 2, we calculated
composition profile across the particle. The area scan showed that the
shell is stoichiometric TiN and the core is TiOg ¢No.4, as seen in Sup.
Fig. 4 and Sup. Table 3. However, due to the core being enveloped by the
shell, projection-based techniques like EDS or EELS cannot discern the
exact composition of the core. The large micron size particle in the bulk
is also identified to by an oxynitride using EDS, shown in Sup. Fig. 5.

To further analyze the nanoparticles, we acquired nanobeam
diffraction datasets from TiN/0.5/800, TiN/5/800, and TiO,/0.5/
<5000. Selected area diffraction was not feasible for the irregularly
shaped shell of the particle; we acquired a 4D-STEM dataset enabling the
creation of virtual apertures of any shape as needed. Virtual diffraction
patterns obtained from the core and the shell of the nanoparticle are
marked in red and orange, respectively (Fig. 7a-c). Both the core and the
shell can be indexed as having a cubic crystal structure along the [001]
zone axis. Therefore, the core is not tetragonal anatase TiO, as observed
for TiN/0.5/800 but has a TiO (intermediate oxide) structure, forming
an oxynitride. The exact composition was measured using EELS (Sup.
Fig. 4).

Fig. 7d-e shows the bright field image and the diffraction pattern
obtained from the highlighted green colored virtual aperture obtained
from the TiO nanoparticle from the TiO3/0.5/<5000 sample. The TiO,
particle was indexed to be in the (111) zone axis of anatase TiO5. TiO,
exhibits two polymorphs, rutile and anatase [38]. Despite rutile’s ther-
modynamic stability attributed to its lower free energy, in systems
characterized by significant surface area, such as thin films and nano-
particles, anatase exhibits greater stability compared to rutile [39],
which explains the presence of anatase nanoparticles in these alloys.

3.3. Nanopores around the particles

Most of the nanoparticles in TiO2/0.5/<5000 seen in Fig. 4d have
tiny pores around them. A closer view of the void can be seen in Fig. 7d
and in Sup. Fig. 5. Also, several nanoparticles in both TiN/0.5/800 and
TiN/5/800 exhibited similar voids around the particles. In all cases, the
pores are randomly located on all sides of the particles, with no relation
to the matrix or particle orientation. EELS data was collected and used to
create a thickness map, confirming the presence of voids as shown in
Fig. 8. As seen in the elemental map, all the elements are depleted in the
region that corresponds to a void in the STEM-HAADF image.
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Fig. 4. STEM-HAADF images showing the particle sizes and distribution in a) TiN/0.5/80, b) TiN/0.5/800, c, d) TiN/5/800, €) TiO»/0.5/<5000. f) HAADF image of
nanoparticles in TiN/0.5/800. A partially melted particle in the melt pool boundary is highlighted. g) The histogram shows the particle size distribution in all

the samples.
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Fig. 5. a) HAADF image of nanoparticle distribution in TiN/0.5/800. b-c) EDS area map of all constituting elements showing O enrichment and N depletion from the
nanoparticles. ¢) The elements in the matrix (Co, Cr, Fe, Ni) are uniformly distributed.

a

.

Fig. 6. a) Annular dark field image of a single ‘core-shell’ structured nanoparticle in TiN/5/800 alloy. b) EELS elemental distribution reveals an oxide core with a

nitride shell. ¢) Uniform distribution of all elements in the matrix.

3.4. Nanoindentation

We utilized nanoindentation to assess the effect of nanoparticle
dispersion on mechanical properties. From the mean inter-particle dis-
tances obtained from STEM images, we can safely assume a 500 nm deep
indent to always interact with several reinforcing particles to give an
average representative hardness value. Fig. 9 shows hardness values
obtained from the base alloy, TiN/0.5/80, TiN/0.5/800, TiN/5/800 and
Ti02/0.5/<5000. Both TiN and TiO, nanoparticles distinctly increase
the hardness of the alloy. However, it is the TiN/5/800 sample that
exhibits the highest hardness, likely due to a higher fraction of nano-
particles. The remarkable ~40 % increase in hardness observed in the
sample containing core-shell nanoparticles compared to the base alloy
suggests promising potential for high-temperature applications.

To investigate the observed increase in hardness, we performed
STEM imaging of the TiN/0.5/800 alloy before and after nano-
indentation. Fig. 9b is an annular bright field (ABF) STEM image,
showing a high dislocation density in the as-printed sample, which is a
common characteristic of additively manufactured alloys. STEM imag-
ing has proven to be an effective technique for obtaining diffraction
contrast from dislocations without the interference of bend contours

[40]. To quantify the dislocation contrast (p), we utilized the equation p
= 2 n/It, where 'n’ represents the number of intersections, ’1’ is the total
length of the grid, and ’t’ is the thickness of the TEM lamella, estimated
to be approximately 100 nm using EELS [41]. To apply this equation, a
10x10 mesh was drawn over the STEM image, and the total number of
intersections were counted manually. Using this approach, the disloca-
tion density in the as-printed sample was calculated to be 1.5 x104. In
the post-nanoindentation ADF image, as shown in Fig. 9c, a significantly
higher dislocation density of 5 x10'% was observed. This increased
dislocation density is expected to result in significant strain hardening.
More importantly, the STEM images reveal a strong interaction between
the dislocations and the nanoparticles. Dislocations can be observed
bending and looping around the particles, which contributes to the
observed increase in strength and hardness.

3.5. Tensile testing

In addition to nanoindentation, we carried out tensile tests at room
temperature on all five material variants. Fig. 10 shows representative
stress/strain curves for the base alloy, TiN/0.5/80, TiN/0.5/800, TiN/5/
800 and TiO2/0.5/<5000. Both TiN and TiO, nanoparticles distinctly
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nanoparticle that is identified as anatase in (111) zone axis.
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Fig. 8. a) Annular dark field image of a TiO5 nanoparticle from TiN/0.5/800 sample. b) Thickness map obtained using EELS highlighting the pore in the particle. The
color bar represents inelastic mean free path. ¢) Elemental distribution in the particle and the matrix. The particle is seen to be enriched in Ti and O with a pore in it.
Co, Cr, Fe, Ni signal is obtained from the pore, because of additional matrix above or below it.
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Fig. 9. a) Hardness values obtained from nanoindentation for the base alloy, TiN/0.5/80, TiN/0.5/800, TiN/5/800 and TiO»/0.5/<5000. The TiN reinforced alloy
with the highest volume fraction of initially added nanoparticles demonstrates superior hardness compared to all other alloys. The TiN/0.5/80 and TiN/0.5/800
demonstrate similar hardness owing to similarity in their microstructure and the nanoparticle distribution. The base alloy exhibits the lowest hardness followed by
the TiO; reinforced counterpart. b) Annular bright field image showing the high density of dislocations in the as-printed TiN/0.5/800 alloy. ¢) Annular dark field
image of a severely deformed region adjacent to the nanoindent, illustrating the strong interaction between the nanoparticles and dislocations.
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Fig. 10. a) Representative stress/strain curves for the base alloy, TiN/0.5/80, TiN/0.5/800, TiN/5/800 and TiO,/0.5/<5000 loaded uniaxially along the building
direction. The table shows the average yield strength (YS), ultimate tensile strength (UTS), and elongation (El.) of four tensile tests at room temperature, respectively.
b) FIB-SE image of the cross-section near the fractured surface of the TiN/0.5/800 alloy, showing elongated grains along the tensile axis and extensive twinning. c)

Bright-field STEM image taken from a small region in (b), revealing several twin boundaries pinned by particles (marked with white arrows).

increase the strength of the alloy. TiN/5/800 exhibits the highest ulti-
mate tensile strength at 707 MPa which represents an increase of 45 %
over the base alloy as well as yield strength with 480 MPa, an increase of
33 %. Small differences can be observed between TiN/0.5/80, TiN/0.5/
800, and TiO»/0.5/<50000, however, all three variants show similar
trends compared to the base alloy with increases in ultimate tensile
strength between 26 % and 31 % and increases in yield strength be-
tween 21 % and 25 %. Detailed analysis of the material close to the
fracture surface of one TiN/0.5/800 specimen revealed extensive twin
formation across the elongated grains as well as pinning of the twin

boundaries at the reinforcing particles (see Fig. 10 b and c).

4. Discussion
4.1. Microstructure

The grains in both tracks and pockets for the base alloy, TiN/0.5/80,
and TiN/0.5/800 have a strong (001) texture. This is the most
commonly reported texture in LPBF, simply owing to the easy growth
direction in the FCC metals. The growth direction follows the direction
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of the maximum temperature gradient [34,42,43]. However, scanning
parameters and powder characteristics can still largely influence the
texture. For example, Geiger et al. were able to tailor the texture be-
tween (011) and (001) in the transverse direction by changing the
scanning strategy from 0°/90° to +45° [42]. Similarly, Ishimoto et al.
showed a change in texture in the building direction from (011) to (001)
when switching the scanning pattern from unidirectional to
bi-directional [43]. In a single-directional scan, the (001) orientation
forms along the scanning direction. However, in the plane perpendicular
to the scan, the orientation depends on the direction of the maximum
temperature gradient which is towards the center of the melt pool. This
results in (011) texture in building direction. With bi-directional scan-
ning, (001) growth happens along both the x and y axes, which fixes the
orientation in the building direction to remain (001). In our study, the
bi-directional scanning and the subsequent epitaxial growth lead to the
prevalent (001) texture. The presence of other grains in Fig. 3, which
exhibit deviations from the (001) texture, is likely attributed to the
competing (001) and (011) textures [44,45].

Hu et al. studied influence of printing parameters on texture devel-
opment in an FCC alloy. They found that when neighboring melt pools
overlap less than 50 %, a (011) texture forms with smaller hatch
spacing. For larger spacing (>50 pym), a (001) texture is favored [46].
Due to our use of a 70 um hatch spacing, we observe a predominant
(001) texture. With larger hatch spacings, grains within the melt pool
tend to grow horizontally instead of at the typical tilt angle (~45°) that
favors (011) texture [46].Fig. 11 is an exemplary SEM image that shows
the cellular growth of grains in TiN/0.5/800. The lateral growth of the
cellular structure in the pockets with respect to tracks is highlighted
using cross-section TEM images.

A tenfold increase in the volume fraction of the high melting
(3563 K) TiN nanoparticle in TiN/5/800 results in lower peak melt pool
temperature because much of the energy is consumed in melting of TiN.
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As a result, the thermal gradient in the melt pool is lower in TiN/5/800
than in TiN/0.5/800 alloy. The grain size and the texture in LPBF are
governed by the temperature gradient (G) and growth rate (R). A change
in the G/R ratio from high to low changes the microstructure in the order
of planar, cellular, dendritic and equiaxed [47]. An increase of G*R
makes the microstructure finer and vice versa [47,48]. An increase in
TiN fraction also lowers the thermal conductivity and thereby the
cooling rate. Therefore, the reduced G*R leads to coarser grains. Addi-
tionally, the unmelted/ partially molten TiN particles are also expected
to act as nucleation sites that help to refine the grain size. Overall, the
significant increase in added nanoparticle content is likely to change the
melt pool dynamics (and temperature) resulting in a more uniform grain
size in TiN/5/800.

For TiO2/0.5/<5000, EBSD (Fig. 3d) indicates a bimodal grain size
distribution, with several micron sized grains and a significant fraction
of grains > 40 um. It is expected that TiO3, due to its low melting point
(1843 °C / 2116 K) should melt completely. The larger TiO5 particles
seen the Sup. Fig. 8 that were added to the powder feed may not dissolve
completely and may serve as grain refiners, leading to a more equiaxed
microstructure compared to the base alloy. Additionally, the (110)
texture arises from the use of the same (high) volumetric energy density
(Ev) for the low melting TiO as for the high melting TiN. This leads to
deeper melt pools as seen in the EBSD from the cross-section in Sup.
Fig. 7. The change in the melt pool shape from shallow to key hole-like is
likely responsible for the promotion of (110) over (100) texture.

4.2. Nanoparticle size and distribution

The addition of nanoparticles may not only improve the powder
flowability and facilitate the printing process [31], but it may also
ensure their dissolution in the matrix. This leads to subsequent precip-
itation as nanoparticles, thereby maintaining small particle sizes and

diffraction pattern

111

Fig. 11. a-b) Secondary electron image formed using focused ion beam (to obtain channeling contrast) shows the cellular microstructure of the grains in Ti/0.5/800
alloy. The left grain consists of cells that grow upwards against the direction of the heat flow and the right grain consists of cells that grow laterally resulting in (001)
texture. c-d) HAADF-STEM and bright field TEM image of TiN/0.5/800 showing the lateral growth of cells from the tracks to the pockets. e-f) Selected area diffraction
pattern acquired from the horizontally growing cells marked in orange box, confirming the <100> orientation of their growth.
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achieving uniform distribution throughout the material. Du et al. used
finite volume method (thermo-capillary convection simulations) to
investigate the role of reinforcement particle addition to the convective
flow in the melt pool [19]. They showed that by utilizing appropriate
volume energy density, homogenous distribution of reinforcements can
be obtained. The process is aided by rapid cooling rates and high melt
pool temperature, resulting in the Marangoni flow. Subsequently, the
molten nanoparticles are thoroughly dispersed in the matrix, as aimed
for dispersion strengthened MMC.

Several reports on the homogenous distribution of nanoprecipitates
utilizing LPBF have surfaced in recent years [37,49]. In LPBF-ODS steels,
the oxide dispersions have most commonly been shown to segregate to
the melt pool boundaries or cellular boundaries [26,27]. While the
presence of nanoparticles in the cellular boundaries has also been shown
to improve the mechanical properties [20,25,29,50], it can be antici-
pated that trapping the nanoparticles in the interior of the cells should
further enhance their strengthening contribution. The interplay of
printing parameters and the composition of the powder-particle mix in
our study enables the application of a high temperature gradient, such
that the rapid solidification front velocity results in nanoparticles that
are dispersed within the cells as seen in the TEM images (Fig. 10). The
presence of nanoprecipitates both outside and inside the cell walls is
anticipated to have resulted in the improved mechanical properties as
seen from the nanoindentation and tensile test results.

As seen in Fig. 4, irrespective of the initial TiN size, all nanoparticles
dissolve in the melt and precipitate when added in low (0.5) volume
percentage. Similarly, AlMangour et al. [51] incorporated TiC in both
micro- and nm size to stainless steel that was printed using LPBF. For
both initial particle sizes, they found a comparable particle size distri-
bution [51]. The size of particles is primarily determined by the cooling
rate and the diffusivity within the melt pool. A reduced cooling rate,
which allows for an extended period for diffusion, along with increased
diffusivity, facilitates the growth of particles. Recently, in LPBF-based
manufacturing of Ni-20Cr ODS alloy (Y03 nanoparticles), shorter so-
lidification timescales were directly correlated to smaller nanoparticle
size and higher number density [52]. Given that all other parameters in
the printing process remain unchanged from the base alloy to the
nanoparticle-added powders, the melt pool temperature is influenced
solely by the nanoparticles that are incorporated. The smaller sized
nanoparticles in LPBF produced TiN/0.5/800 (~25 nm) compared to
TiN/0.5/80 (~60 nm), as seen in Fig. 4, indicates faster cooling in the
former, likely due to the smaller surface area coverage of the metal
powder feedstock with nanoparticles in case of 800 nm TiN addition.
This enhances the laser-particle interaction that can result in higher
peak melt pool temperature. There is also a possibility that the higher
melt pool temperature is a result of the lower thermal conductivity of
powder bed with 10 times larger nanoparticles. Both cases ultimately
lead to smaller sized precipitates. Moreover, varying the initial particle
size could potentially enable microstructure tailoring if precipitation
behavior differs. However, in cases where similar-sized particles form
upon precipitation, employing larger, more cost-effective nanoparticles
is a viable strategy.

For Ti02/0.5/<5000, in Fig. 4g, we see a large spread in the nano-
particle sizes in the printed alloy from 20 to 120 nm. This could be due
to a large distribution in the initial particle size of TiO5 that was mixed in
the powder feed from few tens of nm to several microns, as seen in the
SEM images in Sup. Fig. 8. The variation in particle size might also result
in larger differences in the local TiO5 concentration and thereby varying
temperature field in the region under the laser track and the region
further away. It results in TiO3 particles solidifying at different rates in
the tracks and pockets (although the tracks are less clearly visible in
Ti02/0.5/<5000).

4.3. Phase transitions of the particles

For both TiN/0.5/80 and TiN/0.5/800, EDS and EELS revealed the
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complete oxidation of TiN to TiO5 that serves as definitive evidence that
TiN dissolves and reacts with gases in the melt pool in spite of its
exceptionally high melting point of 3220 K. Previous studies have not
shown the direct evidence of potential melting behavior of particles of
different sizes under similar printing parameters. The processes gov-
erning the dissolution of nanoparticles in LPBF are elaborated in [34].
The molten TiN reacts with the oxygen that is gettered from the chamber
during the manufacturing. Because the melt pool is enriched with suf-
ficient oxygen for all of the available Ti, there is no residual TiN left.
Similarly, Lee et al. added AIN to 316-SS to find that it completely ox-
idizes to Al,O3 [50]. Deng et al. identified comparable oxide inclusions
within stainless steel and attributed the oxygen origin to the oxide in-
clusions in the procured powder and the residual oxygen present in the
printing chamber [28]. The potential for cost-effective fabrication of
ODS-like alloys, which promise superior high-temperature performance
and enhanced radiation resistance, is particularly promising.

For TiN/5/800, while the applied energy density is sufficient in
melting the powder feedstock and results in dense material suitable for
our investigations, it led to incomplete melting and fusion of several TiN
particles forming large micron sized TiOxNy (see Sup. Fig. 5). The par-
ticles that had melted, precipitated as TiOyNy, and were subsequently
engulfed with a TiN shell, resulting in a core-shell structure shown in
Fig. 5. The quantity of oxygen introduced into the melt pool from the
printing chamber is likely insufficient to achieve complete oxidation of
the nanoparticles, given the rapid solidification rate, which is exacer-
bated by the ready availability of N in the melt pool. Because there isn’t
enough time for the nitrogen to completely degas, it readily forms a
nitride shell around the oxynitride. Please note that we examine the
crystal structure of the particles once they completely cool down.
Therefore, we are oblivious to any solid-state phase transitions that
might have occurred during the cooling. The lattice parameters of the
cubic TiO and TiN are 4.18 A [53] and 4.24 A [54], respectively. The
formation of an oxynitride further expands the oxide lattice and reduces
the strain. The similarity in the TiOxNy and TiN lattice parameters assists
in the core-shell formation. Although the lattice parameters cannot be
measured with high precision using nanobeam diffraction (due to the
finite size of the disks in Fig. 5), the lattice parameters obtained from the
diffraction patterns agree well with the literature.

Similar precipitation with increased addition of TiN nanoparticles
during LPBF has been also observed by other researchers [36,37]. Zhang
et al. added Ti to dual phase steel powder feed saturated with oxygen to
form similar core-shell dispersion during LPBF [37]. The TiBy nano-
particle addition during CoCrFeNi LPBF fabrication also shows similar
core-shell particles [55]. In an Fe-based (Ti, Nb)C composite, it was
shown that TiC has a lower Gibbs free energy of formation than NbC that
results in a TiC core with a NbC shell around it [56]. The same study also
reported that a core-shell precipitate formation leads to increased
hardness compared to a single-phase nanoparticle addition. More
recently, core-shell precipitate structure was reported in laser-direct
energy deposition of (CoCrNi)g4(TiAl)s, with an AlyO3 core and TiO
shell in a CoCrNi matrix that is similar to the present study. The authors
also reported a significant improvement in tensile strength [57].

Regardless of whether a boride, carbide, or nitride shell surrounds it,
Ti has a significant propensity to produce an oxide core that stems from
its strong affinity to oxygen. Nanoparticle growth at higher temperature
is a major concern in all alloys and has been often reported in LPBF-
based MMCs [58]. The core-shell structure observed in this study is
widely known for its effectiveness in preventing nanoparticle coarsening
[59-62]. The shell can reduce the interfacial energy or act as a diffusion
barrier, hindering capillary-driven coarsening of nanoparticles at high
temperatures. This potentially makes Ti an ideal additive in LPBF to
form stable nano-dispersions.

4.4. Nanopores

We observed distinct nanopores around several nanoparticles that
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were most prominent in TiO2/0.5/<5000 (Fig. 8, Sup. Fig. 6), but also
occasionally present in TiN/0.5/80 and TiN/0.5/800 alloys. As dis-
cussed above, due to the lower melting point of TiO,, the melt pool in
Ti02/0.5/<5000 attains a higher peak temperature. Keyhole formation
that is also reflected in the deeper melt pools as indicated by EBSD of its
cross-section (Sup. Fig. 7) is likely to result in gas from the chamber
getting trapped in the liquid metal. During solidification this gas is
entrapped at the particle-matrix interface. Additionally, due to high
cooling rates, some of the gas that is released as Oy and N from the
nanoparticles may also get trapped next to them. Li et al. recently
showed the nanoparticle dispersion in a FeCrAl alloy [63]. Although not
discussed by the authors, their micrographs show similar contrast in the
TEM images of their nanoparticles, as seen in the present study. The
bright spots around the particles in their BF-STEM images are very likely
to correspond to the pores. Although the pores are present around nearly
all the particles, they amount to less than 0.15 vol% as analysed using
image analysis. Therefore, they have little to no impact on the material
density.

More importantly, no pores were observed surrounding any of the
core-shell nanoparticles in Ti/5/800. This provides further evidence that
pores in the remaining alloys are likely due to residual gases. Addi-
tionally, it suggests that incorporating additional Ti may serve as a so-
lution to mitigate undesired pore formation.

4.5. Mechanical behavior

Tensile testing and nanoindentation data reveal that the presence of
nanoparticles within the alloy matrix enhance both yield and flow stress
response compared to the base alloy. The volume content of nano-
particles appears to be the more significant factor for these effects
instead of their type or size distribution. While TiN particles with di-
ameters of 80 and 800 nm displayed slight variations, and TiO2 addi-
tions resulted in a broader particle size distribution, these factors
exhibited minimal impact on work hardening or the interaction of dis-
locations and twins with the nanoparticles. Conversely, alterations in
particle composition and the formation of core-shell structures appear to
exert a more substantial influence on the measured properties. The
observed trends in yield and flow stress correlate well with nano-
indentation results.

5. Conclusions

In the present work, we used LPBF to print nanoparticle reinforced
CCAs. We varied the nanoparticle type, size and the volume fraction
systematically to decipher their influence on the microstructure evolu-
tion of the alloy.

1. We successfully obtained a densely printed material free of cracks or
harmful defects with a uniform dispersion of nanoparticles in the
alloy matrix similar to ODS alloys. The nanoparticles were not
restricted to cell walls and grain boundaries as commonly reported
but present also within the cells.

2. The volume content of 0.5% TiN melts completely during
manufacturing and the titanium gets oxidized to form anatase TiO».
The microstructure and the resulting mechanical properties are
nearly identical for alloys with both 80 nm and 800 nm initial par-
ticle addition.

3. Base alloy and the alloys with TiN addition have a cube texture with
(001) || building direction due to the 90° scan rotation that en-
courages epitaxial growth. The texture got weaker with an increase
in the volume fraction of the TiN nanoparticle and with the addition
of lower melting TiO that encourages (011) || building direction.
The addition of TiN in higher volume fraction lowers the tempera-
ture gradient in the melt pool, thereby lowering the product of
temperature gradient and growth rate (G*R) that aids the equiaxed
microstructure.
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4. The addition of a larger volume fraction of TiN (5 vol%) results in a
core-shell like cuboidal nanoparticles to precipitate that have an
oxynitride core and a nitride shell around them.

5. We observed that twin boundaries are pinned by the nanoparticles
present in the material. The addition of nanoparticles enhances
mechanical behavior mainly as a function of volume content rather
than their type or specific particle size distribution. By adding 0.5 vol
% of nanoparticles, the ultimate tensile strength increases by about
29 % while adding 5.0 vol% of nanoparticles resulted in a 45 % in-
crease in ultimate tensile strength compared to the base alloy.

6. There is void formation at the interface of particles and matrix that is
likely a result of the gas trapped during the solidification. The pores
are more prominent in the TiO2/0.5/<5000 alloy likely due to the
keyhole formation during its solidification.

Overall, the CCA microstructure was most significantly affected by
the particle type, followed by their volume fraction and size, under
constant printing parameters. The uniform dispersion of hard nano-
particles in soft CCA matrix exhibited remarkable improvement in me-
chanical properties.
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