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Unique Yttria Nanoparticle Strengthening in an Inconel 718
Superalloy Fabricated by Additive Manufacturing

Shengbin Dai, Jiangqi Zhu, Xingchen Yan, Shun Wu, Yang Liu, Xiang Gao, Hamish Fraser,
Peter Hodgson, Yuman Zhu,* Martin Heilmaier,* and Aijun Huang*

Oxide dispersion strengthened (ODS) nickel (Ni)-based superalloys are
advanced materials known for their outstanding tensile and creep
performance at temperatures exceeding 1000 °C. Nevertheless, their
conventional synthesis presents a longstanding challenge in cost-effectively
producing intricate components for critical applications. In this work,
electrostatic self-assembly (ESA) of powders with the laser powder bed fusion
(LPBF) process have been successfully combined to produce yttria ODS
Inconel 718 (IN718) alloy for the first time. The approach has demonstrated a
significant contribution of yttria to the strength of IN718 after the solid
solution heat treatment, as evidenced by ≈50% improvement in room
temperature yield strength with a 0.5 wt.% yttria addition. The addition of
yttria by this process leads to a heterogeneous microstructure. This
heterogeneous microstructure comprises two distinct grain areas with varying
amounts of yttria nanoparticles and dislocation storage. It has been shown
that the yield strength increase can be predicted by the combination of both
Y2O3 dispersion strengthening and dislocation strengthening mechanisms.
These findings offer an effective approach to tailor heterogeneous
microstructures, unlocking new opportunities for cost-effectively producing
high-performance ODS Ni-based superalloy products with excellent
mechanical properties.
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1. Introduction

Oxide dispersion strengthened (ODS)
nickel (Ni)-based superalloys, repre-
sented by MA754 and MA6000 (trade-
name of Inco Alloys International), are a
class of advanced materials comprising
a Ni-based matrix that is reinforced
with finely dispersed nano-scale oxide
particles, such as Y2O3, YAlO3 and
Y2Ti2O7.[1–5] Unlike the 𝛾′/𝛾′′ strength-
ening precipitates formed in many Ni
superalloys such as Inconel 625, Inconel
718 (IN718) and Inconel 738, which
tend to dissolve as they approach their
solvus temperatures, these oxide par-
ticles have a markedly higher melting
point than the matrix in which they
are embedded. This unique feature
enables them to effectively impede
dislocation glide even at temperatures
close to the melting point of Ni-based
superalloys, particularly when they
are homogeneously distributed in the
consolidated products with a diameter
smaller than 50 nm (or more precisely
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with an interparticle spacing less than 500 nm).[5–7] As a re-
sult, ODS Ni-based superalloys can achieve remarkable perfor-
mance in terms of tensile and creep (rupture) strength in high-
temperature environments, even beyond 1000 °C. These out-
standing characteristics make them highly suitable for demand-
ing applications in aerospace, power generation, and nuclear in-
dustries, such as turbine blades, combustion chambers, and nu-
clear reactor components.

Due to the significant difference in density between Ni-based
superalloys and oxide particles, the powder metallurgy method
has been typically employed to address the issue of agglomer-
ation of oxide particles in Ni-based superalloys associated with
conventional casting techniques. One of the most used meth-
ods for powder preparation is mechanical alloying (MA).[7,8] This
process involves high-energy input ball milling, which includes
cold welding, fracturing and re-welding to ensure the oxide par-
ticles are effectively “coated” on the surface of Ni-based super-
alloy powders.[8] While this method allows the intimate mixing
of oxide particles with the metal powders, it does come with an
unavoidable challenge of contamination with gaseous impuri-
ties, such as oxygen and nitrogen during the powder mixing pro-
cess. Additionally, after mechanical alloying, the mixed powders
undergo consolidation using techniques such as hot isostatic
pressing,[9] hot extrusion,[10–11] and spark plasma sintering[12,13]

to achieve the semi-finished product in the form of rods, sheets
or foils. However, a significant challenge arises when creating
the final products, as expensive machining becomes necessary.
This issue becomes more pronounced when dealing with intri-
cate shapes, adding to the overall production costs. Consequently,
there is an ongoing and persistent need to explore alternative
fabrication methods to overcome these limitations in the long
term.

In the past decade, additive manufacturing (AM) has gradu-
ally become an enabling technology that has transformed compo-
nent creation.[14–17] Unlike traditional subtractive methods as de-
scribed in the previous paragraph, AM builds components layer
by layer, enabling highly efficient production of complex geome-
tries and facilitating rapid prototyping and on-demand manufac-
turing. To this end, AM is showing its potential to revolution-
ize the production of ODS superalloys, e.g., Al2O3 and HfO2
doped Fe-Cr-based superalloys fabricated by laser melt deposition
(LMD),[18,19] CeO2 modified Ni-Cr-based superalloys fabricated
by directed laser deposition (DLD).[20] Particularly, laser powder
bed fusion (LPBF), a widely used AM technique, has recently
been employed in trials to produce Y2O3 strengthened alloys in
Inconel 625,[21] 𝛾/𝛾′ Ni-based superalloys[22–24] and IN718.[25–28]

So far, the reported effects of Y2O3 particles on strengthening
were variable in these alloys. For example, Li et al.[21] reported
a moderate 11% increase (from 394 MPa to 439 MPa) in the
room-temperature yield strength of ODS Inconel 625 due to the
addition of 1.0 wt.% Y2O3 nanoparticles (with an average di-
ameter of 42 nm). Conversely, in as-built IN718 where Laves
phases mixed with Y2O3 generate, the room-temperature yield
strengths did not show any improvements with a 1.0 wt.% ad-
dition of Y2O3 (average diameter less than 100 nm).[25] Instead,
there was a significant enhancement in elongation, rising from
22% to 28%.[26] The diverse outcomes from these studies indi-
cate that there should be a clear characterization of discrete Y2O3
particles to reveal the effects of Y2O3 particles on the microstruc-

tures and mechanical properties of IN718 superalloys produced
by AM.

Moreover, the original powders used for AM are still mainly
manufactured by MA when productivity and convenience are
considered. However, the damage to process stability and the de-
terioration of the process parameter window of LPBF are due to
the severe destroy of the spherical powder by MA. Alternatively,
to maintain the sphericity of the original powders and reduce the
contamination with gaseous impurities during MA, liquid-based
powder manufacturing methods controlled by diffusion deposi-
tion (DD) and electrostatic deposition (ED) are applied to obtain
nano-particle-doped Fe-Cr based superalloys,[29] 7075 aluminum
alloys,[16,30] Mo-based alloys[31] and titanium alloy[32] powders.
However, the study on liquid-based powder manufacturing meth-
ods applied in ODS Ni-based superalloys is scarely reported.[33]

In this study, the LPBF technique is employed to fabricate
a Y2O3 containing ODS IN718 alloy. To deagglomerate Y2O3
nanoparticles, an ED approach with dispersant added, which is
called electrostatic self-assembly (ESA),[30] is utilized for powder
preparation before LPBF. The ESA is a low-energy input powder
preparation method that enables the introduction of negatively
charged oxide nanoparticles onto the positively charged surface
of nickel-based superalloy powder. Through the innovative com-
bination of ESA with LPBF in this work, we aim to quantitatively
assess the contribution of Y2O3 nanoparticles to the strength of
IN718, seeking to identify their precise role in determining mi-
crostructures and mechanical properties. The work is also ex-
pected to show the potential to produce high-performance ODS
IN718 alloys with controlled microstructures through AM.

2. Results and Discussion

Prior to implementing the LPBF printing, the ESA approach was
employed to assemble Y2O3 nanoparticles with IN718 superalloy
powder, as described in more detail in Section 4. Y2O3 nanoparti-
cles with a normal diameter of 50 nm were used, and two weight
percentages of Y2O3 were selected: 0.5 wt.% and 1.0 wt.%. This is
mainly based on the Y2O3 composition in classical ODS Ni-based
superalloys, such as MA 754[1,2,34] and PM1000.[3] These com-
positions are referred to as IN718-0.5Y2O3 and IN718-1.0Y2O3
in the following. The assembly effects of Y2O3 nanoparticles on
IN718 powder surfaces were examined using scanning electron
microscopy (SEM), see Figure 1. Comparing the SEM images of
IN718-0.5Y2O3 with IN718 powders, as shown in Figure 1a,b, it
is evident that the spherical shape of the IN718 powder remained
intact after ESA. Furthermore, for the IN718-0.5Y2O3, numer-
ous Y2O3 nanoparticles are observed to be evenly distributed on
the surface of IN718 powders, with negligible agglomeration, as
shown in the enlarged image inserted in Figure 1b. However,
when the Y2O3 content reaches 1.0 wt.%, severe agglomeration of
Y2O3 particles is observed on the surface of IN718 powder parti-
cles, as seen in Figure 1c. Based on these results, IN718-0.5Y2O3
demonstrates a suitable powder assembly for the LPBF fabrica-
tion process as the possibility of agglomeration of the nano-sized
oxide particles cannot be ruled out when an excessive amount is
added. Due to the agglomeration, not only will the initial mean
interparticle spacing of the oxide particles not decrease further
when the volume fraction is constant but, more importantly, the
homogeneity of the particle arrangements will be undermined
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Figure 1. a) SEM image of IN718 virgin powders, b–c) SEM images of IN718 powders decorated by 0.5 wt.% and 1.0 wt.% Y2O3 nanoparticles respectively
using ESA powder preparation method; d,e,f) Optical microscope images of LPBF samples with 0, 0.5 wt.%, and 1.0 wt.% Y2O3 nanoparticle additions,
respectively. The “Z” in the image represents the building direction.

resulting in a deterioration in mechanical properties of the ODS
Ni-based superalloys.[34] Nano-sized Y2O3 particles (≈25 nm) are
supposed to have a more significant Zener pinning effect on the
grain boundary than micron-sized Y2O3 particles (≈45 μm).[35]

Therefore, the increase in size of the Y2O3 due to the agglomera-
tion is expected to result in coarser grain size at thermodynamic
equilibrium, leading to forecasted brittleness of the ODS super-
alloys with severe agglomeration.

The quality of the powder assembly of IN718-0.5Y2O3 is fur-
ther supported by evaluating the build quality after LPBF. The
optical microscopy (OM) images, as shown in Figure 1d,e, re-
veal only minor printing defects on the polished surface of the
as-printed IN718 and IN718-0.5Y2O3 bulk samples. The mea-
sured porosity of the IN718-0.5Y2O3 sample is ≈0.17%, which
is only slightly higher than that of its “pure” (i.e., without disper-
soids) IN718 counterpart (≈0.07%), see Table 1. In contrast, many
relatively large defects were detected in the as-printed IN718-
1.0Y2O3 sample (Figure 1f). Consequently, the porosity of the
as-built IN718-1.0Y2O3 samples, measuring 0.49%, is approxi-
mately seven times higher than that of the IN718 counterpart.
The obvious increase in porosity could be related to the severe
agglomeration of nanoparticle interaction with the solidification

front[36,37] (slow down the solidification front velocities) during
LPBF where rapid solidification rates (104–107 K s−1)[38] take
place. During the solidification, the nanoparticle agglomerations
change the surface tension temperature coefficient of melt pool,
leaving gaps between the agglomerations and the solidified ma-
trix. Therefore, if a higher fraction of agglomeration of nanopar-
ticles exists, more pores are expected to be observed. Based on
these results, the IN718-0.5Y2O3 demonstrates highly favorable
powder assembly effects and good LPBF build quality. As a result,
it will be the primary focus of the subsequent detailed investiga-
tions to study the role of Y2O3.

The characteristic microstructure of IN718 fabricated without
the addition of Y2O3 using the LPBF process has been previously

Table 1. Porosity of the as-built samples.

As-built samples Porosity [%]

Inconel 718 (IN718) 0.07 ± 0.03

IN718-0.5Y2O3 0.17 ± 0.02

IN718-1Y2O3 0.49 ± 0.04
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Figure 2. a) Secondary electron SEM imaging of columnar cells in as-printed IN718-0.5Y2O3 where the cell boundaries are in white indicating the
presence of Laves phase; b) Backscattered electron SEM imaging of as-solutionized IN718-0.5Y2O3 sample where the columnar cell structures are
retained while the Laves phase is dissolved.

reported.[39–41] In our examination of the as-built IN718-0.5Y2O3,
we observed a similar microstructure, as shown in Figure 2a,
which displays the significant presence of Laves phase in the
inter-dendritic regions. In this situation, the majority of the Y2O3
particles are obscured by Laves phase, making the analysis of
Y2O3 challenging. To overcome this and to unambiguously iden-
tify the strengthening contribution of the sole yttria dispersoids,
we employed a solution heat treatment on IN718-0.5Y2O3. An
1180 °C/1 h heat treatment results in the dissolution of almost
all of the Laves phase, as confirmed by the scanning electron mi-
croscopy (SEM) image in Figure 2b. Meanwhile, numerous Y2O3
particles, indicated as black spots in the SEM-BSE image, become
visible and easy to detect.

After the established one-step solution heat treatment scheme
for IN718-0.5Y2O3, we proceeded to examine the tensile proper-
ties at ambient temperature; as displayed in Figure 3. The yield

Figure 3. Room temperature tensile properties at a strain rate of
7 × 10−4 s−1 of LPBF-fabricated IN 718 and IN718-0.5Y2O3 after an
1180 °C/1 h solution heat treatment. Each curve is representative of three
tensile tests with negligible scatter amongst them.

stress of pure IN718 in the solid solution state (without yttria par-
ticles) was measured to be 344 MPa, with an elongation (to fail-
ure) of over 60%. Upon incorporating 0.5 wt.% Y2O3, the yield
stress increased to 501 MPa, although a (minor) drop in elonga-
tion to approximately 47% was noted. The strength increase rep-
resents a substantial gain of 157 MPa, which translates to a 46%
improvement compared to the pure IN718 alloy. In addition, the
ultimate tensile strengths (UTS) of as-solutionized pure IN718
and IN718-0.5Y2O3 are measured as 844 MPa and 874 MPa, re-
spectively.

In order to understand the underlying reasons behind the sub-
stantial strength increase resulting from the addition of (only)
0.5 wt.% Y2O3, we further investigated the grain structure in
both solution-treated IN718 and IN718-0.5Y2O3 specimens by
inverse pole figure (IPF) mapping and geometrically necessary
dislocation (GND) mapping. Figure 4a,b reveals the characteris-
tic and uniformly recrystallized microstructure of the solution-
treated IN718 sample. This further supports that 1180 °C/1 h
solution heat treatment can result in full recrystallization in
IN718, consistent with previous work.[42] Conversely, the IPF
and GND mapping images of the IN718-0.5Y2O3 counterparts
(Figure 4c,d) display notable differences. Specifically, some high
dislocation storage areas (green color in Figure 4d) appear and,
thus, the microstructure appears to be heterogeneous. This un-
derpins that the presence of Y2O3 nanoparticles has influenced
the recrystallization and/or dislocation recovery processes in the
IN718 alloy. To establish a correlation between low-angle grain
boundaries (LAGBs), defined by boundary rotation angles of
less than 15°, and GNDs, Figure 4f presents an enlarged re-
gion characterized by high densities of additional dislocation
storage. For comparison purposes, the boundary rotation an-
gle map (Figure 4e) is given at the same scale. The correspon-
dence between LAGBs and regions exhibiting elevated GND
densities becomes apparent, underscoring their interrelation-
ship. However, the precise role played by the nanoscale disper-
sion of Y2O3 in retaining these regions of high GND density
within the IN718-0.5Y2O3 samples remains unclear. Further ex-
ploration of this topic will be addressed next with the aid of
TEM.

Adv. Mater. Technol. 2023, 2301421 2301421 (4 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. a) IPF and b) corresponding GND maps showing the grain mi-
crostructure of LPBF IN718 after 1180 °C/1 h solution heat treatment;
c) IPF and d) corresponding GND maps showing the grain microstruc-
ture of LPBF IN718-0.5Y2O3 after 1180 °C/1 h solution heat treatment; e)
a detailed grain boundary map of a high GND density region in the as-
solutionized IN718-0.5Y2O3 with boundary rotation angle lines indexed;
f) the corresponding GND map of as-solutionized IN718-0.5Y2O3.

Due to the existence of two different grain areas with differ-
ent amounts of dislocation storage in the solution-treated IN718-
0.5Y2O3 sample, the focused ion beam (FIB) technique was em-
ployed to lift out samples in these two areas to gain direct insights
into the distribution of Y2O3 nanoparticles in these two areas.
By employing bright-field (BF) scanning transmission electron
microscopy (STEM) and corresponding energy-dispersive X-ray
spectroscopy (EDS) mapping, the Y2O3 distributions within these
regions are visualized (Figure 5b,e). Convergent-beam electron
diffraction (CBED) was used to measure the thickness of the ob-
served areas. The results for the thicknesses of the regions with
low and high dislocation storage densities were measured to be
138 nm and 95 nm, respectively. It is important to note that the
EDS signal collection parameters, such as dwell time and frames,
were kept identical for each map, ensuring comparability of the
results presented in Figure 5b,e. As a consequence, the volume
fractions of Y2O3 were determined to be 0.26% and 1.37% in
the regions with low and high extra dislocation storage densities,
respectively. This clearly demonstrates a direct interrelation be-
tween Y2O3 dispersion volume fraction and dislocation storage
density.

The presence of a higher concentration of Y2O3 nanoparti-
cles within regions characterized by elevated dislocation stor-
age densities suggests that the Y2O3 particles play a signifi-
cant role in retarding dislocation motion, and so also recovery
and recrystallization processes. This observation is further sup-
ported by the two-beam condition bright-field transmission elec-
tron microscopy (BF-TEM) images presented in Figure 6, which
depict the interactions between individual Y2O3 nanoparticles

and dislocations.[43,44] The BF-TEM images reveal that the Y2O3
nanoparticles not only interact with individual dislocations but
also impede the movement of LAGBs. These interactions provide
evidence that the Y2O3 nanoparticles are effective pinning sites,
hindering the glide and propagation of both individual disloca-
tions and LAGBs. The Burgers vector (b) of these dislocations is
confirmed to be ½ <110> based on the results of diffraction con-
trast experiments, i.e., making use of the criterion of dislocation
image invisibility when g·b = 0.

The increment of yield strength in the solution-treated IN718-
0.5Y2O3 (Δ𝜎y) can in essence be expressed as the sum of
dispersion strengthening (𝜎dispersion) and dislocation strength-
ening effect (Δ𝜎dislocation)[45] based on the presence of nano-
sized oxide particles and retained dislocations. However, the
grain size of IN718-0.5Y2O3 is larger than IN718 so the Hall-
Petch strengthening effect (Δ𝜎Hall-Petch) of IN718-0.5Y2O3 will
be negative to the yield strength. The whole Δ𝜎y is written as
following:

Δ𝜎y = 𝜎dispersion + Δ𝜎dislocation − Δ𝜎Hall−Petch (1)

It is generally accepted that the dispersion strengthening ef-
fect at room temperature resulting from hard and non-shearable
particles can be directly calculated by the Orowan bypass
equation:[22,46 ]

𝜎dispersion = 𝜎Orowan = 0.13M Gb√
1 − v

ln
(

2.45⋅R
b

)
𝜆

(2)

where M is Taylor factor, b is magnitude of Burgers vector, G is
shear modulus, 𝜈 is Poisson ratio, R is the mean radius of oxide
particles. The effective interparticle spacing, 𝜆, is influenced by
the volume fraction of the particles in the observation region (ϕ)
and calculated according to:[22]

𝜆 = [
(

3𝜋
4𝜙

) 1
2

− 1.64]R (3)

Inserting calculation of 𝜆 into Equation 2 after the measurement
of ϕ, the dispersion strengthening effects can be predicted.

It is also evident from the microstructural investigations that
𝜎dispersion of the solution treated IN718-0.5Y2O3 should be mod-
ified as the weighted average dispersion strengthening effect,
Δ𝜎dispersion, according to the fraction of low and high dislocation
storage regions (refer to Figure 4d):

𝜎dispersion = Δ𝜎dispersion = k𝜎high + (1 − k) 𝜎low (4)

where k is the fraction of the high dislocation density region, 𝜎high
and 𝜎low is the dispersion strengthening effects of the high and
low dislocation density region, respectively. The values of R and
ϕ have been measured based on Figure 5 above and, thus, the
dispersion strengthening effects could be calculated for two dif-
ferent dislocation density regions. According to Equation 4, the
calculated value of 𝜎dispersion ≈ 114 MPa. Corresponding parame-
ters are summarized in Table 2

Δ𝜎dislocation is the differences in the dislocation strengthen-
ing effects between fully annealed IN718 and the as-solutionized

Adv. Mater. Technol. 2023, 2301421 2301421 (5 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH

 2365709x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202301421 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [20/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advmattechnol.de

Figure 5. a) and d) BF-STEM images showing the distribution of Y2O3 in the low and high dislocation storage density regions respectively of the as-
solutionized IN718-0.5Y2O3 FIB samples; b) and e) Corresponding STEM-EDS maps showing the Y distribution to indicate the Y2O3 particles; c) and f)
Experimental CBED patterns (top) and specimen thickness-based simulation CBED patterns (bottom) in the low and high dislocation storage density
regions respectively (the zone axes are both [100]) used for foil thickness measurements).

Figure 6. Two-beam diffraction condition BF-TEM images of dislocations, which are pinned by nano Y2O3 particles in a high dislocation storage density
region of the as-solution IN718-0.5Y2O3 sample. Dislocation-particle interaction is apparent, both for individual dislocations as well as for (retained)
LAGB: a,d) Overview of these regions where nano Y2O3 particles interact with individual dislocations in the matrix and the retained LABG, and the g
vectors are shown at the top right corners, inserts are the corresponding diffraction patterns to show the g vectors in zone axis [110]; b,e) Individual
dislocations of which the Burgers vectors are determined as b = ½ <110> pinned by nano Y2O3 particles; c,f) Nano Y2O3 particles interacting with
LAGBs.

Adv. Mater. Technol. 2023, 2301421 2301421 (6 of 9) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 2. Parameters for calculation of dispersion strengthening effects.

Parameters M B [nm] G [GPa] v R [nm] Φ [%] k

3.07 0.25 79 0.3 20 0.26a)/1.37b) 0.25
a)

(Y2O3 volume fraction from low dislocation density region);
b)

(Y2O3 volume frac-
tion from high dislocation density region).

IN718-0.5Y2O3, which is related to the mean density of disloca-
tions (𝜌) and can be calculated by[47,48]

Δ𝜎dislocation = M𝛽Gb(𝜌)1∕2 (5)

where M, G, and b have the same meaning as above and 𝛽 is a co-
efficient with a value of 0.2 for face-centered cubic (FCC) crystal
structure. Here, for simplification, the value of 𝜌 used in Equa-
tion 4 refers to the GND density rather than to the total disloca-
tion density, which also includes statistically stored dislocations
(SSD). Moreover, as 𝜌 in well annealed IN718 is negligible com-
pared with as-solutionized IN718-0.5Y2O3 due to the dislocations
that are pinned by Y2O3, see Figure 4b,d, 𝜌 can merely be mea-
sured as 0.19× 1014/m2 by the GND maps of IN718-0.5Y2O3. The
dislocation strengthening effect of IN718-0.5Y2O3 can be calcu-
lated as 51 MPa.

The grain boundary strengthening is described mathemat-
ically by the Hall-Petch equation[49,50] and, in this case, the
Δ𝜎Hall-Petch is the differences between IN718 and IN718-0.5Y2O3:

Δ𝜎Hall−Petch = ky[
(
dIN718

)−1∕2 − [
(
dIN718−0.5Y

)−1∕2
] (6)

where ky is the strengthening coefficient for Ni (428.17 MPa μm½)
and d is the grain size. According to Figure 4, the averaged grain
size of IN718 (dIN718) and IN718-0.5Y2O3 (dIN718-0.5Y) is 119 μm
and 235 μm respectively. Then, the value of Δ𝜎Hall-Petch based on
Equation 6 is calculated as 9 MPa.

In summary, the predicted Δ𝜎y is ≈156 MPa according to
Equation 1, which is close to the increase of yield stress, 157 MPa,
measured by tensile tests (as shown in Figure 3).

3. Conclusion

In summary, this study represents a pioneering effort to uti-
lize the combined ESA and LPBF approach to produce ODS
IN718 superalloys. Significant strengthening effects have been
achieved, as evidenced by a remarkable 46% improvement in
room-temperature yield strength, with the addition of 0.5 wt.%
of Y2O3 nanoparticles. Further microstructural observations re-
veal that this strengthening effect can be attributed to the Y2O3
dispersion strengthening and dislocation strengthening of a het-
erogeneous microstructure. The results pave the way for the de-
velopment of new ODS alloy designs tailored for additive manu-
facturing, holding immense potential to advance the field of AM
in the production of high-performance ODS materials. In addi-
tion, the results open up intriguing possibilities for strategically
manipulating the heterogeneous microstructures to optimize the
balance between strength and ductility in ODS Ni-based superal-
loys.

4. Experiments Section
Electrostatic Self-Assembly Powder Preparation: Gas-atomized IN718

virgin powders were supplied by Carpenter Company and decorated by 2
different nominal contents of nano-yttria particle mass fractions (Y2O3,
0.5 wt.% and 1 wt.%, the samples named IN718-0.5Y2O3 and IN718-
1.0Y2O3 respectively.), which were provided by Aladdin Biochemical Tech-
nology Co., Ltd., through the ESA method. The pH values of both the
polyelectrolytes of IN718 and Y2O3 were carefully controlled between 8
to guarantee the negative charge of IN718 and Y2O3 particles. With the
ESA method (as illustrated in Figure 7.), IN718 raw powder materials
were dispersed and stirred in a (3-aminopropyl) triethoxysilane (APTES,
C9H23NO3Si, chemical pure) modified solution for the purpose of in-
troducing positive charges, Figure 7a. Then, in order to create negative
charges on the nano Y2O3 particles, a sodium dodecyl sulfate (SDS,
NaC12H25SO4, analytical reagent) modified solution was used, Figure 7b.
Two solutions with these opposite charges were then mixed and stirred for
2 h, Figure 7c, and the suspension (mixture of IN718 and nano Y2O3) was
filtered under a vacuum environment of 1 bar. The wet powder mixture
was transferred into a freeze dryer at −40 °C for 12 h. Composites consist-
ing of large IN718 particles (grey in Figure 7d) and nano yttria particles
electrostatically attached to them (green) were created by this approach.

LPBF Processing and Heat Treatments: The LPBF process was per-
formed using a GINM-D150 self-developed machine equipped with a
500 W Ytterbium fibre laser with a beam diameter of ≈40 μm. The print-
ing process was operated with a base plate temperature of 80 °C available
for the LPBF machine to alleviate thermal stresses and to prevent sub-
sequent cracking. Laser parameters with low energy density were specifi-
cally used to reduce crack susceptibility as discussed elsewhere for similar
superalloys.[25,26] The laser power and scanning speed were maintained at
170 W and 1200 mm −1s respectively, and the layer thickness was set to
20 μm. A custom scanning strategy incorporating a 67° rotation between
each layer was applied in this work. The 3D directions of the as-printed
specimens were designated as building direction (Z), horizontal direction
(X) and normal direction (Y), where Z was parallel to the building direc-
tion of stacking layers, X was parallel to the roller moving direction, and
Y was perpendicular to the roller moving direction. With the optimization
of alloy composition, processing parameters and powder control in LPBF,
cubic samples (10 × 10 × 5 mm3) were created for microstructural inves-
tigation while dog-bone shape samples (25 mm gauge length and 3 mm
width for deformation segment, 3.5 mm in thickness) were fabricated for
the room temperature tensile property measurements. After LPBF, a group
of cubic samples and dog-bone shape tensile samples were heat treated
under the temperature of 1180 °C for 1 h (protected by argon atmosphere)
followed by air cooling to room temperature.

Measurements and Characterizations: The chemical composition of as-
printed IN718 samples with and without Y2O3 was measured by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES, Agilent
720ES). The melt defects and/or porosity measurements of all as-printed
specimens were observed through Leica DMI 5000 M optical microscopy
(OM) system. XZ cross-sections of three bulk samples of each as-printed
IN718 with and without Y2O3 modification were ground and polished for
porosity measurements. For a single measurement, five regions were se-
lected based on the five-point sampling method and the area fractions of
porosity were calculated by ImageJ software and averaged. The morphol-
ogy of powders with different Y2O3 contents and the microstructure of all
as-printed and as-solution specimens were evaluated by scanning electron
microscopy (SEM, JEOL 7001-F and FEI Quanta 3D FIB) with integrated
electron backscatter diffraction (EBSD) mode. For SEM observation, spec-
imens were finely ground (from 360# to 3000# sandpaper) and polished
to reveal all relevant microstructural details, i.e., the Laves phase and the
distribution of nano Y2O3 particles. EBSD was used to quantitatively an-
alyze the grain size, grain boundary misorientation, grain orientation and
crystallographic texture. For EBSD analysis, specimens were mechanically
polished and subsequently electropolished with an electrolyte containing
20 ml perchloric acid and 80 ml ethanol mixture. At even higher magnifica-
tion, dislocations and their interaction with Y2O3 dispersion were investi-
gated by transmission electron microscopy (TEM) using a FEI Tecnai T20
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Figure 7. Schematic synthesis of IN718 powder modified by nano Y2O3 particles by electrostatic self-assembly (ESA) method. a) Positive charges are
generated on the surface of IN718 powder feedstock; b) Negative charges are generated on the surface of yttria particles; c) Two powders are stirring
and mixing in a solution; d) IN718 particle attracts yttria nanoparticles due to opposite charges.

operated at 200 kV. The scanning TEM (STEM) images and correspond-
ing energy-dispersive X-ray spectroscopy (EDS) maps under STEM mode
were obtained from the FEI Tecnai F20 field emission gun (FEG) at 200 kV
to visualize the size and distribution of Y2O3. The specimens for all the
TEM analyses were first ion milled and lifted out subsequently utilizing a
focused ion beam (FIB) SEM (Thermo Scientific Helios 5 UX DualBeam).
Tensile tests were performed to investigate the mechanical properties of
the as-solutionized specimens along the horizontal direction (the trans-
verse specimen). The experiments were carried out at room temperature
under quasi-static loading (strain rate of 7× 10−4 s−1 in the gauge section)
according to the ASTM E8-08 standard test method for tension testing of
metallic materials, using a GOPOINT GJZX-A0004 universal tensile test-
ing machine. For each condition, three tensile tests were conducted.
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