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ABSTRACT: Oxide dispersion strengthened (ODS) Ni-based alloys having a high density of nano-oxides
(NOs) (<10 nm) are considered to be good candidates for extreme environments, such as high temperature,
radiation, and corrosion. In this study, ODS IN718 alloys have been produced using conventional powder
metallurgy (PM) and novel selective laser melting (SLM) additive manufacturing. The effect of processing
routes on the microstructure, in particular on the nano-oxide formation and structure has been
investigated. It has been found that the powder metallurgy method that consists of compressing followed
by sintering at 1250 and 1500 °C results in a nano-granular structure with homogenously distributed fine
nano-oxides having a high number density. Similarly, SLM results in a high number density of fine nano-
oxides; however, the particles exist in groups with the grains/cells. The nano-oxides are determined to be
Y2Ti207, Y2TiOs or YTiOs and Y-AI-O. The deviation in the lattice parameters of Y2Ti20Or infers the existence
of some Alin the structure. This study sheds light on producing ODS IN718 alloys with high-density nano-
oxides using powder metallurgy and additive manufacturing methods.

Keywords: Additive Manufacturing, Inconel 718, Nano-Particle, Oxide Dispersion Strengthened Alloy, Powder
Metallurgy, Transmission Electron Microscopy

1. INTRODUCTION

Ni-based superalloys have been widely used for extreme applications such as gas turbines, turbo
motors and nuclear reactors due to their high strength and creep resistance at high temperatures, thermal
stability and high corrosion resistance [1, 2]. Even though they have exceptional properties up to ~700 °C,
the properties degrade suddenly above this temperature as a result of coarsening and dissolution of
strengthening phases, namely y' and ¥". On the other hand, oxide dispersion strengthened (ODS) alloys
have shown exceptional thermal stability above 1000 °C and almost zero radiation-induced swelling due
to the existence of high-density nano-oxides having sizes less than 5 nm [3, 4]. These nano-oxides are
reported to pin the dislocations and grain boundaries impeding grain growth and recrystallization, thus
improving the high temperature stability and creep resistance. Moreover, the high number density of fine
nano-particles provides a large interfacial area acting as the sinks for point defects [5-7].

The nano-oxides are mostly in Y2T1207 and Y2TiOs form in Al-free ferritic systems [4, 8]. On the other
hand, Y-AI-O particles with YAP (YAIOs, perovskite), YAG (Y3AlsO12, garnet), YAM (Y:Al:O9, monoclinic),
YAP (YAIOs, pseudo-perovskite), YAH (YAIOs, hexagonal), and YAT (Y3AlsOu, tetragonal) structures
have been reported in the ferritic alloys such as MA956 having up to ~6 wt.% Al [9]. Moreover, Park et al.
have studied spark plasma sintered ODS Ni-based alloys and found the formation of Y2Ti2O7 and complex
Y-Al oxides such as Y4Al209 and Y3Als012 [10].

The composition and production method of the ODS alloys determine the final properties of the alloys.
The Oxygen content of the material has a profound effect on the size and number density of nano-oxides
[11]. Moreover, the nano-oxide size has been reported to be coarser in the existence of Al in the system
[10]. ODS alloys are conventionally produced by powder metallurgy methods such as ball milling
followed by hot pressing, hot rolling, hydrostatic extrusion, spark plasma sintering etc. [10, 12, 13] which
result in fine microstructures with superior high temperature mechanical properties. For instance, Hoelzer
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et al. and Miller et al. have produced 14YWT ferritic alloys using consolidation, hot extrusion and
annealing steps, and these alloys have microstructural stability up to ~1300 °C and tensile and creep
strength up to 800 °C [12, 14]. Furthermore, Nickel-based ODS alloys have been reported to show
improved tensile strength as a result of the refinement in grain size due to the existence of Al [15].
However, conventional powder metallurgy methods consist of many steps, thus they are both time
intensive and expensive.

Additive manufacturing (AM) methods such as selective laser melting (SLM), laser directed energy
deposition (LDED), and electron beam melting (EBM) have been developed to produce complex-shaped
alloys with high densification in a near net-shaped state [16, 17]. However, due to the high thermal
gradients during the AM processes, columnar-shaped grains are formed along the building direction of
the materials which causes anisotropic properties [18]. There is an immense literature to solve this
problem. For instance, Oliveira et al. [19] studied the process parameters to control the microstructure. Ni
et al. [20] Popovich et al. [21] and Tillmann et al. [22] investigated post-processing methods such as heat
treatments and hot isostatic pressing to modify the as-built microstructure after additive manufacturing.
On the other hand, nano-particle reinforcement has been reported to hinder columnar structure formation,
reducing the texture in the AM samples [23, 24]. Besides controlling the microstructure, nano-particle
dispersion improves high temperature strength and creep resistance of the materials [25, 26]. Studies on
the development of nano-particle reinforced metal alloys using additive manufacturing have been
increasing. For example, 17-4 PH steels with high number density TiN particles have been produced using
SLM [27]. Moreover, ferritic ODS Fel4Cr as well as Nickel-based ODS IN738LC, NiCrFeY and Hastelloy
X have been produced by SLM [28-31]. Recently, we have produced ODS IN718 alloys having different
compositions using SLM and reported their behavior under heavy ion irradiation at 200 and 450 °C [32,
33]. However, the particle size of the AM produced ODS alloys is coarser and the number density of the
particles is smaller compared to the conventional PM produced alloys, with the nano-oxide density in the
order of ~10% m?3.

In this study, ODS-IN718 alloys which were designed in our previous studies have been produced
using both conventional powder metallurgy method of compression followed by sintering and novel SLM
additive manufacturing methods. Detailed microstructural analyses have been conducted to determine
the type of nano-particles as well as their size and number density in PM and SLM produced alloys. It has
been found that both PM and SLM methods result in a high number density of Y2Ti2O7, Y2TiOs or YTiOs
and Y-Al-O, except for the difference in their distribution. This is the first study comparing the
microstructure, especially the nano-particles forming as a result of PM and AM production methods to
the best of the author’s knowledge.

2. MATERIAL AND METHODS

In this study, spherical IN718 powders having 20-55 um size were used for conventional powder
metallurgy and additive manufacturing methods. The powders were provided by EOS GmbH. Moreover,
Y203 nano-powders having the size of 18-38 nm were provided by Nanografi Nanotechnology Co. The
composition of the IN718 powders is measured as 53Ni-17.7Fe-19.4Cr-5.1Nb-3.1Mo0-0.94Ti-0.46 Al-0.1Co-
0.1Mn (in wt.%) [33].

First of all, IN718 powders were mixed with 0.3 wt% of Y203 nano-powders using a Fritsch
Pulverisette P6 classic line ball mill without balls operating under Ar atmosphere at 300 rpm for 10 mins.
The powders were compressed up to 200 psi in 10 mm diameter cylinders using a uniaxial press followed
by sintering at 1000, 1250 and 1500 °C for 10 h. These samples are nominated as PM1000, PM1250 and
PM1500. The pre-mixed powders were deposited by SLM layer by layer with a laser power of 220 W and
a scan speed of 960 mm/sec using an EOS M 290 machine [33]. Table 1 summarizes the SLM production
parameters. After the deposition, the AM parts were removed from the substrate using electro-discharge
machining (EDM).
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Table 1. SLM production parameters

Parameter Value

Power (W) 220
Scan speed (mm/sec) 960
Laser spot size (pm) 100
Layer thickness (um) 40
Hatch spacing (pum) 110

Rotation degree (°) 67

The density of the samples was measured by Archimedes method in ethanol. The microstructural
investigations have been carried out using optical microscopy (OM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). For the metallographic investigations, the samples were
coarse grinded to determine the efficiency of the sintering parameters. Detailed OM and SEM analyses
were conducted on the samples grinded and polished down to 0.04 um colloidal silica followed by etching
with 2 ml HNOs — 4 ml HCI - 4 ml HF solution. OM analyses were carried out using a Huvitz HDS-5800
digital microscope while a FEI Nova Nano SEM 430 was used for SEM investigations. The composition of
second phase particles was determined using energy dispersive X-ray spectroscopy (EDX) with EDAX
SSDD Apollo10 EDX system under SEM. Data collection times during point analyses for each precipitate
were at least 60 s to be able to get high peak-to-background ratios. After the polishing step, TEM samples
were punched into 3 mm disks which were electropolished using 95% methanol — 5% perchloric acid
solution at -40 °C with a 15-18 V. TEM analyses were conducted using a JEOL JEM-ARM200CFEG UHR-
TEM.

Microhardness tests were performed using a Shimadzu HMV-2 E microhardness tester with 1 kg load
and 10 s holding time. At least 10 indents were taken from different locations on the surface of the samples.

3. RESULTS AND DISCUSSION

IN718 powders and the oxide former (Y20s3) were mixed before production. In the case of powder bed
fusion processes, the shape of the powder is critical for the flowability which determines the quality of the
production. Thus, the sphericity of the powders should be kept during mixing which was also reported
by Karakilinc et al. [34]. Figure 1 shows the morphology of the powders after mixing in a ball mill for 10
mins as described in the previous section. The Y203 nano-powders pointed by the red arrows in a zoomed
micrograph are attached to the spherical IN718 micro-powders forming satellites.
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Figure 1. SEM micrographs showing the morphology of the powders after mixing in a ball mill for 10
mins.

Figure 2(a-c) shows the microstructure of PM samples after sintering at 1000, 1250 and 1500 °C for 10h.
Clearly, 1000 °C is not enough for obtaining a dense material, while dense materials (>99.6%) can be
produced after sintering at 1250 and 1500 °C for 10 h. Moreover, the hardness of the samples presented in
Figure 2d indicates that porosity in the case of PM1000 sample deteriorates the mechanical properties.
Besides, PM1500 sample exhibits the highest hardness which is ~30HV higher than the hardness of
PM1250. This will be further investigated in the following sections. It should be noted that high-porosity
PM1000 samples have not been considered for future studies.

150
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Figure 2. OM images of PM samples sintered at (a) 1000 °C (b) 1250 °C (c) 1500 °C for 10 h; and (d)
microhardness plot with respect to the sintering temperature.

Figure 3 shows the SEM (Figure 3(a-c)) and OM micrographs (Figures 3(d-g)) of PM1250, PM1500 and
SLM samples. Figure 3 (a-c) shows the SEM micrograph of the PM1250 sample. Even though there are a
few empty triple junctions, the space between the powders is well covered. At high magnifications, the
existence of nano-particles especially around the grain boundaries, is seen. Similarly, besides a small
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amount of porosity, PM1500 sample is dense and there are spherical-shaped particles that are coarser
compared to the ones in PM1250 sample (Figures 3d and e). Figures 3f and g show the microstructure of
the additively manufactured alloy. The microstructures of PM and SLM produced alloys are quite
different. While the PM alloys show the powders sintered each other with spherical shapes, SLM produced
sample shows melt pools having a thickness of ~100 um indicating the deposition layers. Besides, there
are Laves phase as well as the carbides and coarse oxide particles. During the SLM process, the cooling
rate reaches ~100 K/sec. Thus, cellular structure is observed, as seen in Figure 3g.

(a) (b) ()

X B carbide:

Figure 3. Microstructures of (a-c) PM1250 (d,e) PM1500 and (f,g) SLM alloys.

It has been reported that oxide nano-particles in ODS alloys can stabilize the microstructure by
pinning the grain boundaries and dislocations, restricting the recrystallization, grain growth and thus
creep. Besides, the interface between the nano-oxides and matrix act as sinks for point defects which
results in a reduced amount of radiation damage [5-7]. On the other hand, the size and number density of
the particles become critical. The smaller the particle size and the higher the number density of the
particles, the better the resistance of the alloy in the extreme conditions. Aydogan et al. have reported that
the strength of the ODS ferritic alloys is closely related to the size and number density of the nano-oxides
[3]. Furthermore, while the 14YWT alloy having ~7 nm particle size with a number density in the order of
~10?' m3 shows ~7% of swelling, the same alloy with ~3 nm particle size and a number density in the order
of ~10% m= shows almost no swelling [3]. Thus, it is critical to determine the size and number density of
the nano-particles after production, and in this study, the nano-particles produced as a result of powder
metallurgy and additive manufacturing have been investigated.

Figure 4 presents the TEM micrographs of the PM1250 alloy having a high density of nano-particles
mostly with <10 nm size (Figures 4a and b). Figures 4c and d show the high resolution TEM (HRTEM)
image of a nano-particle having a diameter ~5 nm and the corresponding fast fourier transmform (FFT)
spectrum. Moreover, Figures 4e and f show the HRTEM image of a smaller nano-particle having a
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diameter ~2 nm and corresponding FTT spectrum. HRTEM images exhibit that while ~2 nm size nano-
particle has a coherent interface inferred from the continuity of the atomic order, larger size particle has a
disruption in coherency. It has been reported that fine dispersoids are most likely to be coherent while the
larger particles tend to be incoherent [7, 35, 36]. Moreover, the coherency of the particles has been shown
to affect the properties of the materials due to the different interaction mechanisms of these particles with
dislocations and grain boundaries. The coherent particles are observed to be efficient in pinning the grain
boundaries while the incoherent particles are more capable of restricting the dislocation motion [35, 37-
39].

The interplanar distances and angles have been tabulated in Table 2. It has been found that while the
larger size particle has the crystal structure of either Y2Ti2O7 or YTiOs, the smaller size particle is Y2Ti2Oy.
Similarly, Yu et al. have found that large particles have crystal structures different than pyrochlore Y2Ti.07
and have Y/Ti ratio between 1 to 2 [8]. Furthermore, the size and number density of the nano-oxides in
PM1250 sample have been found to be 3.9+0.5 nm and 1.6x1022 m=, respectively.

Figure 4. TEM micrographs of PM1250 sample, showing (a) the nano-grains and (b) nano-particles;
HRTEM micrographs of (c) a particle with ~5 nm size and (d) corresponding FFT spectrum; (e) a particle
with ~2 nm size and (d) corresponding FFT spectrum.
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Table 2. Measured and theoretical interplanar distances and angles for the particles in Figure 4.

di (A) d2(A) ds(A) al2(®) a23(°)  «l3(°)
Measured 2.63 2.06 2.14 61.7 70.7 50.7
Figure 4c  Y2TiOs 2.52 (401) 2.09 (313) 2.18 (11%) 62.5 67.6 50.2
YTiOs 2.50 (120) 2.09 (202) 2.18 (122) 62.3 67.3 50.4
Measured  1.92 2.02 2.04 60 60 60
Figure 4e _
Y:Ti20O7 1.79 (044) 1.79 (404) 1.79 (440) 60 60 60

Sintering at 1250 °C occurs mostly in the solid state while sintering at 1500 °C occurs above the
liquidus temperature of IN718, inferring at least a partial melting [33]. To determine if the sintering
temperature affects the characteristics of the nano-particles, detailed TEM analyses have been conducted
on PM1500 sample. Figures 5a and b exhibit the nano-structure of the alloy. Clearly, the microstructure is
composed of nano-grains having a size 100-200 nm and nano-particles having a particle size <30 nm. One
of the largest particles has been investigated using HRTEM as seen in Figure 5c. FFT diffraction spectrum
indicates that this particle has an FCC crystal structure with a lattice parameter of 14.4 A, which is
identified as Ni2Y intermetallic. Ni-Y intermetallic phases have been observed in IN625 alloy coated with
NiCrAlY using a laser-engineered net shaping (LENS) system. The formation of such intermetallic having
different stoichiometry is reported to occur instantaneously directly from the liquid [40-42]. Table 2 shows
the measured and theoretical lattice spacing and angles. Figures 5e and f show an HRTEM micrograph of
~7 nm size nano-particle and corresponding FFT diffractogram, respectively. It has been found that the
measured interplanar distances and angles in Table 3 are close to the parameters of hexagonal Y-Al-O
(PDF# 00-054-0621) whose lattice parameters are, a=b =0.368 nm, c=1.052 nm, and y=120° [43]. However,
the stoichiometry of the observed particle seems to be slightly different which is inferred from the values
which are slightly off. It should be noted that Al content of these particles varies considerably and can
reach up to ~45 at.% while there is some Titanium (2-5 at.%). Moreover, Figures 5g and h show an HRTEM
image and corresponding FFT of another particle having a size of ~7-8 nm. The measured parameters are
slightly different than the theoretical values (Table 2). This has been attributed to the existence of Al in the
Y-Ti-O particles. Since this particle has a presumably small amount of Al, it may still hold the pyrochlore
structure and can be identified as Y:Ti207. Clearly, at higher sintering temperatures, Al seems to
participate more in the nano-particles, forming Y-Al-O particles as well as Y-Ti(Al)-O particles. It has been
reported that when a local melting occurs, Y-Al-O or Y-Ti-O rich in Al particles form [10]. However, this
composition in solid-state does not yield the formation of Y-Al-O; rather Y-Ti-O particles rich in Al can
exist [33]. This might explain the reason for observing more Y-Ti-O particles in the solid-state sintering
case of PM1250.



Production of Oxide Dispersion Strengthened Inconel 718 Alloys Using Conventional Powder Metallurgy 685
and Additive Manufacturing Methods

Figure 5. TEM micrographs of PM1500 sample, showing (a) the nano-grains and (b) nano-particles;
HRTEM micrographs of (c) a large particle and (d) corresponding FFT spectrum; (e,g) particles with ~7
nm size and (f,h) corresponding FFT spectra.

Table 3. Measured and theoretical interplanar distances and angles for the particles in Figure 5.

di(A) d2(A) ds(A) al2 (°) a23(°)  al3(®)

Measured 2.4 24 52 25.8 76.2 102
Figure 5c o o L

NizY 2.4 (244) 2.4 (424) 5.1(220) 27.3 76.4 103.7

Measured  2.02 1.97 3.42 64.6 56.4 58.1
Figure 5e _ _ _

Y-Al-O 1.86 (2201) 1.86 (0221) 3.18 (1010) 57.7 61.2 61.2

Measured  2.13 1.56 1.99 41.6 51.6 93.2
Figure 5g

Y2Ti207 1.87 (440) 1.68 (060) 1.87 (440) 45 45 90
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During the SLM process, the local temperature increases above 2000 °C, which can melt the powders
including Y20s. Moreover, the composition would be homogenized due to the Marangoni mixing effect in
the melt pool. Thus, ideally, precipitation of Y-Ti-O particles occurs homogenously within the melt pool.
TEM analyses have been conducted on the SLM produced alloys to investigate the nano-particle
characteristics. Figures 6a and b present the TEM micrographs of the SLM produced alloy. Similar to the
compressed and sintered PM samples, there are nano-particles as well as larger irregular-shaped particles.
However, as opposed to the PM samples, SLM results in micron-level grain size with micron/submicron
level cellular structure (Figure 3g), rather than nano-grains. Figure 6¢c shows the HRTEM micrograph of a
particle having a size of ~6-7 nm. Interplanar distances and angles have been determined from the HRTEM
image in Figure 6d and FFT diffractogram in Figure 6e. The measured values match well with the
interplanar spacing and angle of Y2Ti:07 particles, as seen in Table 4. Figures 6f and g show the HRTEM
micrograph of a particle having a size of ~4 nm and the corresponding FFT diffractogram. Even though
the lattice parameters are different than the parameters of Y2Ti2O7 (PDF# 01-072-0302), the angles and ratio
between the interplanar spacings are similar to pyrochlore structure; therefore, this particle is determined
to be Y2Ti207, as shown in Table 4. The reason for the smaller lattice parameter might be related to
stoichiometry or composition. Similarly, Figure 6h shows the HRTEM micrograph of another small
particle having a size of ~4 nm and the corresponding FFT diffractogram is presented in Figure 6i. This
particle is also determined to be Y2Ti2O7 even though the lattice parameter is smaller. Besides these fine
oxides having sizes <5nm, there are coarser oxides that contain Al, as reported in Ref [33].

It has been observed that some particles are composed of multiple compositions or stoichiometry
which results in crystallography change within the same particle in SLM produced alloy. For instance, in
Figure 7a, the left and right parts of the particle have different crystallography. While the particle in Figure
7a has an incoherent interface around its periphery, the particle in Figure 7b exhibits a crystalline structure
with semi-coherency with the matrix on the left side and a certain level of amorphization on the right side.
A similar phenomenon which is called ‘bi-phase’ formation has been reported by Sinha et al in ODS IN617
alloys [43]. This has been attributed to the formation mechanisms of the Y-AI-O particles due to the
reaction between Y203 and Al:Os [44]. In other words, the existence of such particles infers incomplete
transformation due to rapid cooling during SLM production.
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Figure 6. TEM micrographs of as-built SLM sample showing (a,b) the overall structure with nano-
particles; HRTEM micrographs of (c,d) a particle with ~6-7 nm size and (e) corresponding FFT spectrum;
(fh) particles with ~4 nm size and (g,i) corresponding FFT spectra.

Table 4. Measured and theoretical interplanar distances and angles for the particles in Figure 6.

di(A) d2(A) ds(A) al2(®)  a23(°)  al3 ()

Measured 2.49 1.60 1.76 57.7 35.3 89.2
Figure 6¢ _ _

Y2Ti207 2.52 (400) 1.46 (444) 1.78 (044) 54.7 35.3 90

Measured 2.53 2.2 2.55 55.3 55.9 70.2
Figure 6f L B o

Y2Ti207 2.9 (222) 2.5 (400) 2.9 (222) 54.7 54.7 70.5

Measured 24 2.2 2.5 55.5 52.3 71.1
Figure 6h - _ o

Y2Ti207 2.9 (222) 2.5 (400) 2.9 (222) 54.7 54.7 70.5
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5om)

Figure 7. Two different prticles having (a) crystallogray district regions (b) cherency change within
the same particle in SLM produced alloy.

The sizes of nano-particles (up to ~30 nm) were measured manually from the TEM images using the
Image] v1.49 digital processing software including 75 to 150 counts for each foil. Number density which
is defined as the number of particles per unit volume is calculated by assuming the foil thickness as 100
nm. When the nano-particles up to ~30 nm are considered, the particle size and number density graphs
can be seen in Figure 8. The particle size of PM1250 sample is the smallest (~4 nm) while PM1500 and SLM
samples have ~6 nm and ~5.2 nm, respectively. On the other hand, PM1500 has almost two times higher
amount of nano-oxides with ~3.5x102 m-, compared to PM1250. Moreover, the SLM sample has nano-
particles having a number density of ~2.5x102m-. It should be noted that nano-particle distribution is
relatively homogenous within the nano-grains in AM samples. On the other hand, the distribution of
nano-particles is inhomogeneous in such a way that the particles precipitate in agglomerated clusters
within the grain (or cell). Therefore, as the regions where the particles are populated are investigated, the
number density is quite high compared to our previous study which considers the overall nano-particle
distribution [33]. Moreover, high density-nanoparticles in the case of PM1500 sample result in higher
hardness which is presented in Figure 2.

(a) 7 : : - (b) ex10% : : :

5x10% |
4x10%2 -
3x107 b

2x10%

Particle size (nm)
Number density (m'3)

1x10% |

0
PM1250 PM1500 SLM PM1250 PM1500 SLM

Figure 8. (a) Particle size and (b) number density of the nano-particles in PM and SLM samples.
4. CONCLUSIONS
In this study, oxide dispersion strengthened IN718 alloys have been produced using powder

metallurgy and selective laser melting additive manufacturing. The effect of processing routes on the
microstructure, in particular the nano-particle formation and structure has been investigated. It has been
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found that compressing followed by sintering at 1250 and 1500 °C yields high density ODS alloys. The
hardness of PM1500 sample is ~30 HV higher than that of PM1250 which is attributed to the lower nano-
oxide number density in PM1250 alloy. It has been found that PM results in a nano-grained structure with
nano-particles while SLM produced alloy has a larger cellular structure with Laves phase, carbides and
oxides. The nano-particles have been determined to be Y2Ti207, Y2TiOs and/or YTiOs in PM1250 alloys
while there are some Ni2Y intermetallic particles as well as Y-Al-O and Y2TiOs oxides. In the case of SLM
produced alloy, fine Y2Ti:O7 particles with smaller lattice parameter and larger size Y-Ti-Al-O particles
have been observed. The PM1250, PM1500 and SLM samples have 4, 6 and 5.2 nm sized nano-oxides with
~1.6x102m3, ~3.5x102m? and ~2.5x102m number densities, respectively. It is noted that while the nano-
oxides are distributed homogenously within nano-grains in PM samples, they exist in groups within the
grain in the case of SLM sample. Besides, there are bi-phase particles in SLM produced alloys due to rapid
cooling and incomplete transformation. This study shows that ODS IN718 alloys with high-density fine
nano-oxides (<10 nm) can be produced using both powder metallurgy and additive manufacturing
methods.
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