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SUMMARY

Laser blown powder additive manufacturing (AM) was performed to evaluate the
feasibility of using the technique to fabricate oxide dispersion strengthened (ODS)
alloys. The idea was to utilize an in-situ oxidation reaction to oxidize reactive
elements to generate a refined dispersion of the dispersoids with a uniform size
distribution. Builds were fabricated using Y added 316L in a reactive atmosphere
and an inert atmosphere for comparisons. Detailed characterization was performed
to understand the as-fabricated microstructure. Detailed characterization and
chemical analysis show that there is significant Y loss during deposition. The loss
in Y during processing leads to a reduced volume fraction of precipitates
(~2x10%/m?) with an average size of ~97 nm. Mechanical testing of the samples
fabricated in both air and in inert atmosphere were performed at RT, 200°C, 400°C
and 600°C. The mechanical properties were then compared with austenitic ODS
alloys that were reported in the literature. The results show that while the ultimate
tensile strengths were comparable with wrought ODS alloys, the deterioration in
yield strength with temperature was more severe in the case of the AM fabricated
ODS material. However, the ductility was observed to be higher than all wrought
316L ODS alloys. Future efforts will focus on increasing the percentage of Y in
the pre-alloyed powder to refine the dispersoids. In addition, a close control of
process parameters and post processing treatments need to be explored to optimize
the dispersoids volume fraction.
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INVESTIGATION OF LASER DIRECT ENERGY
DEPOSITION FOR PRODUCTION OF ODS ALLOYS

1. INTRODUCTION

The next generation of nuclear reactors will require materials to maintain their performance in extreme
environments such as elevated temperature, aggressive coolants, and intense neutron flux [1]. Few materials
are available which could potentially withstand such aggressive conditions. One candidate material class is
oxide dispersion strengthened (ODS) alloys [2], [3]. ODS alloys have a fine dispersion of nanometer sized
oxide clusters/particles embedded in a ferritic or austenitic matrix. The nanoclusters retard grain growth at
elevated temperatures and serve to pin the dislocations, thus improving strength even at elevated
temperatures [2], [4]-[6]. In addition, the cluster-matrix interfaces also serve to absorb point defects
generated during irradiation, thus reducing radiation-induced swelling [2]. The fundamental reason for this
impressive behavior is still under investigation [2] [6]. However, it is generally agreed upon that the steel
derives this strength from the fine dispersion of oxide nano-clusters [4], [5]. Despite their significant
benefits, the widespread adoption of these advanced ODS alloys is limited [7]. Manufacturing challenges
are the most crucial factor which limit the application of advanced materials in advanced nuclear reactors.
At present, the production of most ODS alloy variants involve a series of processing steps including ball
milling/mechanical alloying, powder consolidation by extrusion or hot isostatic pressing (HIP), and tube
fabrication by hot/cold pilgering. Ball milling is a key step because it leads to a supersaturation of Y and O
in the ferritic matrix that can react and form very fine nano-clusters upon heating. A schematic of the
production of wrought ODS alloys is shown in Figure 1.
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Figure 1: Schematic illustration of the fabrication of wrought ODS alloys using conventional
approach [8] and the proposed approach to fabricate ODS alloys.

However, by leveraging advanced manufacturing processes it may be possible to reduce the number of
processing steps from four or more to as little as two steps. The advent of AM, which is capable of precise
process control in a localized manner, may enable the production of ODS alloy variants with site-specific
cluster dispersions and the incorporation of nanoclusters in-situ during the melting/solidification or
consolidation processes. One could leverage two different approaches to generate these oxides in-situ. One
approach is to use the concept of “solute trapping” where the reactive metal is trapped in the matrix as a
result of high liquid solid interface velocities promoted by high solidification rates [9]. The trapped oxygen
and reactive elements then form an oxide dispersion upon further heat treatment. This approach was
previously implemented by Rieken et al. who synthesized powders using GARS (Gas Atomization Reactive
Synthesis) and consolidated the powders using HIP [10]-[12]. The powders would contain the reactive
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elements in solid solution, and gas atomization was conducted in a well-controlled oxidizing atmosphere
to forma very fine Chromia layer at the powder particle surface. Upon HIP’ing, the reactive elements would
react with O due to their high affinity for oxygen and form the desired nanoclusters [10], [11].

Boegelein et al. have used selective laser melting (SLM) to fabricate ODS Fe-20Cr-5Al-Y alloys using ball
milled PM2000 powder [13], [14]. They reported that upon post-weld annealing a fine dispersion of Y-rich
precipitates were observed by transmission electron microscopy (TEM) [13], [14]. However, one of the
primary challenges in the fabrication of SLM ODS alloys using ball milled powder is the formation of Y-
rich slag during processing. The formation of slag is promoted because of the differences in density between
Yttria and liquid steel. Therefore, preventing the coarsening of the Y-rich nanoclusters during AM melting
is very challenging. However, if the oxides could form in-situ during processing it would eliminate the need
to mechanically alloy the powders.

The other approach is to fabricate the build in an oxidizing environment leading to the formation of these
nanoclusters in-situ. The fundamental principle is similar to that of welding [15]-[17]. Welding in an
oxidizing environment tends to produce a dispersion of oxide inclusions with an observed inclusion density
of 10%%-10'" m? which are several tens of micrometers in diameter [15], [18]. However, careful control of
the powder chemistry, oxidizing environments, heat input and cooling rate could result in smaller size and
higher density resulting in the desired nanocluster formation. For instance, with a 1 kJmm™ heat input the
size of oxide particles range from 0.05-1.5 um with a peak occurring at 0.3 um; however, when the heat
input is increased to 8 kJmm? the distribution shifts to a broader distribution leading to the domination of
coarse inclusion with the peak occurring at 0.5 um [15]. Saeidi et al.[19], [20] and Springer et al. [21] have
used this principle of inclusion formation and demonstrated that a dispersion of oxides can indeed form
during SLM of austenitic stainless steels. They also demonstrated an improvement in the associated tensile
properties at room temperature. However, the oxides that they reported were predominantly SiO,. While
the ability to incorporate oxides in the build is indeed important, the impressive properties in mechanically
milled ODS alloys stem from the nature of the oxide-matrix interface. The structure of these oxides were
predominantly amorphous and they exhibited an incoherent and a sharp interface with the matrix [19]-[21].
However, recent work has shown that in the case of ball milled austenitic powders the primary deformation
mechanism was dislocation looping in the case of the dispersoids which had a size > 15 nm while some
cases of cutting was observed in dispersoids with a coherent interface with the austenitic matrix [4], [22].
In addition, the exact method of controlling the processing environment and the role of the processing
atmosphere had not yet been discerned.

While the AM fabricated ODS steels did show an improvement in properties compared to its cast counter
parts, this improvement could have resulted from the dramatic increases in strain hardening promoted by
twinning and strain-induced plasticity mechanisms [23]. In addition, austenitic stainless steels fabricated
using AM contains a significant amount of dislocations and stacking faults further improving the strain
hardening during deformation [24]. The exact role of the particle sizes and the corresponding contribution
to the strength increase and the stability of those particles during heat treatment needs to be evaluated. This
necessitates a detailed study into the mechanisms operating during deformation of the ODS alloys
fabricated with reactive metals such as Y. The objective of this study is to perform a preliminary
investigation on the feasibility of producing Y based oxides in steels and to evaluate the influence of the
processing atmosphere on the evolution of the microstructure.

2. EXPERIMENTAL PROCEDURE

A'Y added variant of 316L stainless steel was obtained from Sandvik. The powders were gas atomized and
had a size distribution of 45-125 um. The composition of the as received powder is shown in Table 1. The
builds were fabricated using the DMD-103D blown powder additive manufacturing system. The system
was equipped with a 1 kW diode laser with a wavelength of 910 nm. Builds were fabricated with two
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processing conditions, namely inert (99% Ar atmosphere) and under ambient atmosphere. The builds were
fabricated using a laser power of 700 W with a travel speed of 700 mm/min and a powder mass flow rate
of 5 grams per minute. Both builds were fabricated with the exact same processing conditions. The builds
were then sectioned along the build direction (herein, the Z-direction) and mounted in conductive epoxy.
The samples were polished using standard metallography techniques down to a defect free, mirror finish.
Optical microscopy was performed using an Olympus microscope. Scanning electron microscopy (SEM)
was performed using a JEOL 6500F field emission gun (FEG) SEM using a probe current of 4 nA and a
voltage of 20 kV. Electron backscattered diffraction (EBSD) was performed to investigate the as-fabricated
structure of the builds.

Table 1: Composition of the as-received powder in weight percent.

Fe Cr Ni Mo Si Mn Y C P S

Bal 175 10.3 2.4 1.70 1.61 0.14 0.019 0.02 0.01

Following fabrication, tensile specimens were extracted for analysis. Standard SS-J3 tensile specimens [25]
were extracted using wire EDM. Tensile tests were performed at room temperature, 200, 400 and 600°C in
ambient atmosphere. Tensile testing was performed at a strain rate of 103 s™. The fracture samples were
then mounted in conductive epoxy and polished using the standard metallographic techniques. To
investigate the structure at the location of failure, EBSD was performed at those locations to identify the
operating deformation mechanism using similar conditions described previously.

3. RESULTS AND DISCUSSION

3.1 Microstructure characterization

3.1.1  As-received powder

The structure of the as-received powder is presented in Figure 2. Figure 2 shows that the as-fabricated
powder has a significantly refined grain structure with a fine dispersion of nano-oxides. No detailed TEM
study was performed to understand if micro-segregation occurred during the atomization or if solidification
occurred via a partitionless solidification mechanism as reported by Rieken et al. [11], [26]. The presence
of a dispersion of oxides even in the atomized state seemed to indicate that oxidation of the powders did
occur during the initial atomization stage as well. A more detailed characterization of the powder structure
is necessary and will be performed in the future.

Figure 2: (a) Micrograph showing the structure and the presence of dispersoids in the as-fabricated
powder (b) Figure 2(a) in higher magnification
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3.1.2 As-fabricated structure
3.1.2.1 As-fabricated in ambient atmosphere

The structure of the samples in the as-fabricated condition is shown in Figure 3. Figure 3(a) shows the as-
fabricated microstructure acquired using SEM. The inset in Figure 3(a) is a higher magnification area of
the region marked. Figure 3(b) shows the size distribution of the oxide dispersoids which were extracted
using ImageJ [27]. The data shows that while the oxides are dispersed uniformly; the number density is
significantly lower compared to the number density obtained during mechanical alloying. In addition, the
size of the precipitates is also significantly coarser compared to the mechanically alloyed counter parts [4],
[22]. The lower number density is likely due to the loss of Y during processing. The chemical analysis of
the samples showed significant loss in Y in the as-built state suggesting that it should be accounted for
during the atomizing state. In addition, processing in atmosphere also resulted in an increased N pick up.

Table 2: Composition of the fabricated builds in weight percent

Cr Ni Mo Si Mn Y C N (0]
Fabricated in atmosphere 17.38 | 10.3 2.28 1.70 1.55 0.06 0.016 | 0.0963 | 0.0330
Fabricated in Ar 17.39 | 10.3 2.28 1.70 1.48 0.07 0.012 | 0.0685 | 0.0149

To investigate the grain structure, EBSD was performed on the as-fabricated structure and the results are
presented in Figure 4. Figure 4 shows the inverse pole figure of the as-fabricated sample and highlights an
as-fabricated grain structure of ~50 um. In addition, EBSD was performed at a higher magnification and is
shown in Figure 4(b). The figure shows the presence of a body-centered cubic (BCC) phase, §-ferrite, in
the interdendritic regions which could be a consequence of the Ferrite-Austenite (FA) mode of solidification
[28]-[30].

In contrast, the commercial ODS austenitic alloys have a grain size of ~250 nm and a number density of
10242 particles/m® [4], [5]. This work shows a mean particle size of 97+18 nm. However, no TEM analysis
or small angle scattering was performed to identify if oxide dispersoids below the detectable SEM
resolution could be observed. The measured size distribution is significantly finer compared to those
reported to form during arc-based processes. These dispersoids have a strong correlation to the process
parameters and it has been demonstrated that the size distribution changes as a function of heat input with
lower heat inputs yielding a much finer distribution of the particles [15], [18]. Therefore, future experiments
need to concentrate on evaluating the influence of processing conditions on the size distribution of the
precipitates.
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Figure 3: (a) Dispersoids (black contrast) embedded in the matrix and inset showing a magnified
region in Figure 3(a). (b) Particle size distribution measured using ImageJ showing a peak at 30 nm
with an average size of 97 nm.
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3.1.2.2 As-fabricated in inert atmosphere

The microstructure of the samples fabricated in the inert atmosphere is presented in Figure 5. Figure 5(a)
shows the SEM micrographs of the samples fabricated in an inert atmosphere. The samples show relatively
lower density of oxide dispersoids. Again, the size distribution of the precipitates is compared with those
observed in the powder and the alloy which was fabricated in ambient atmosphere. The sample fabricated
under inert atmosphere also shows similar losses in Y while the extent of N and O pick up in the sample is
significantly lower. SEM-EBSD shows grains of similar sizes to those fabricated in the atmosphere.
However, the major difference is the presence of higher amount of 5-ferrite in the samples fabricated in the
inert atmosphere. This could be due to the lower N content in the steels fabricated in the inert environment
which does not promote the formation of ferrite. Due to the lower oxygen content, the fraction of oxides in
this sample is significantly lower compared to the sample fabricated in open atmosphere. However, the size
distribution is finer compared to the samples fabricated in air with an average size of 79+20 nm. The exact
reason for this is still not known but it is hypothesized that in an O-lean atmosphere the precipitates are
unable to coarsen and grow. Therefore, controlling the amount of O pickup in the build could also be an
effective strategy to tune the dispersoids density as a function of processing conditions. To understand the
difference in the O pick up in the samples, chemical analysis was performed and the results are shown in
Figure 5(c). The figure clearly shows that the samples fabricated under Ar atmosphere have lower O and N
pick up. However, the loss in Y content seems to be almost the same regardless of the processing conditions.

Compostion differences between samples
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Figure 5: Structure of the as-fabricated sample (a) micrograph of the sample showing the presence

of oxide nano-dispersoids (b) Histogram showing the size distribution of the oxide particles in the

as-fabricated structure (c) Comparison between the size distributions of the samples fabricated in
air and Ar (d) Showing the differences in N, O and Y between the two samples.
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Figure 6: (a) Inverse pole figure (IPF) of the sample fabricated under Ar (b) Higher magnification
IPF of the region marked in (a) (c) Phase map corresponding to (b) clearly showing the presence of
6 ferrite formed as a consequence of solidification (d) Shows that §-ferrite has an orientation
relationship with the austenite phase

3.1.3 Mechanical behavior

The engineering stress-strain curves of the samples fabricated under inert and oxidizing atmosphere are
presented in Figure 7. The data does not show a major difference in the room temperature and high
temperature properties between the samples fabricated under Ar and without any shielding gases indicating
that the oxide dispersoids do not contribute significantly to the overall strength of the alloy. The data also
clearly shows a drop in the strength and ductility with increase in temperature. In order to compare the
mechanical properties of the steel fabricated using AM with other ODS austenitic alloys a detailed survey
of the literature was performed and the mechanical properties are summarized in Figure 8. The results show
that while the ultimate tensile strength (UTS) of the alloys fabricated using AM followed very well with
the results reported by Miao et al. (who also fabricated ODS alloys with similar compositions) the yield
stress was significantly lower especially at higher temperatures. The mechanism of strength reduction with
increase in temperature is attributed to the simultaneous activation of cross slip and climb. This is a
consequence of the reduction in the barriers to overcome the self-diffusion coefficient. Miao et al. base this
hypothesis on the pronounced increase in the fraction of screw dislocations during deformation at elevated
temperatures. While this explains the drop-in strength, the resulting loss in ductility with increase in
temperature is also not explained. Figure 8(b) shows the ductility of the 316L-ODS AM alloy with their
wrought counterparts. The ductility was also surprisingly high compared to any ODS alloy fabricated in the
literature and the samples fabricated both in air and Ar retained ductility.
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Figure 7: Engineering stress strain curves for the samples fabricated in air and in Ar.

1200+

~
o
]

AM-0DS Air
AM-0DS Ar

Miao et al. [4]
Graning et al. [32)
Wang et al. [33]
Zhou et al[34]

=]

o
!

-

1000

o0
oocoO0oee
w
o
|

800+

&
o
1
(o]
L ]
L]

o
Elongation %

600

w
o

1
o0

e® O
N
o
1
o
©

400+
o

[
(=]
1

200 T T T T T T T i T T T T T T T 1
0 100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature °C Temperature “C

o
o

600

550
500+
450

gdoo— .

L350
300 3
250

200

150+ T T T T T T T 1
0 100 200 300 400 500 600 700 800
Temperature °C

Figure 8: Comparison between the mechanical properties as a function of temperature for the AM
ODS alloys vs wrought alloys [31]-[34].

On closer examination, Figure 8(c) shows a significant drop in yield strength of the material with increase
in temperature while the UTS followed the trend of the 316L ODS alloy. The drop in both strength and
ductility with increase in temperature is interesting since almost all the ODS alloys regardless of
composition seemed to exhibit this trend.
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Plasticity in austenitic steels is dominated by:

Slip

Twinning

Strain induced martensite
Dispersion hardening [23], [35]

While the roles of slip and dispersion hardening in improving the mechanical properties of austenitic
stainless steels are well articulated in the literature, the role of twinning or extended stacking faults on the
deformation behavior are not well understood [4], [5], [36]. Hence, to deconstruct the operating
mechanisms EBSD in the deformed locations were performed to rationalize various mechanisms. The
inverse pole figures are shown in Figure 9(a)-(d). The figures clearly show a decrease in the number of
twins and the density of twins as the deformation temperature increases. At a temperature between 400°C
and 600°C the number of twins decreases drastically, and the deformation is almost predominantly
controlled via dislocation-based plasticity as discussed previously. The analysis clearly shows that at room
temperature the deformation was predominantly controlled by twinning. However, as the temperature
increased the mechanism switched to dislocation slip. This transition in micro mechanisms clearly explains
the reasons for the drop in the ductility with increase in temperature.

Figure 9: Inverse pole figure performed on the heads of the deformed specimens deformed at (a)
RT (b) 200°C (c) 400°C and (d) 600°C note the decrease in the number of twins with increase in the
deformation temperature.

4. SUMMARY AND CONCLUSIONS

Based on the preliminary investigation, it is shown that it is indeed possible to incorporate a dispersion of
secondary dispersoids to incorporate dispersion strengthening in the builds. However, the composition of
the feedstock powder needs to account for the losses in the reactive elements during processing. This loss
of Y from the powder leads to the formation of a low volume fraction of the dispersoids (~2.8x10%/m?). In
addition, the particle size distribution (measured from the SEM measurements) indicates that the particle
sizes were close to 97 nm when fabricated in air and 79 nm when fabricated under Ar. However, it needs
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to be pointed out that a detailed design of experiments was not performed to optimize the process parameters
to produce a refined dispersion of the oxide phases. No post processing treatments were also evaluated. The
alloys fabricated using AM showed strengths on par with the commercial ODS alloys at room temperature.
While the alloys retained their strength at RT, at higher temperatures the yield strength rapidly decreased
in comparison to other wrought ODS alloys. In addition, the ductility of the alloys also decreased with an
increase in temperature. Post deformation characterization showed that this behavior was primarily due to
a plasticity mechanism which was governed by twinning. Further optimization in terms of composition of
the feedstock, processing atmosphere and processing parameters need to be performed before any ODS
material with significant precipitate strengthening can be produced.
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