Review of Solid State Consolidation Processing Techniques of ODS Steels (Hot Extrusion,
Hot Isostatic Pressing, Spark Plasma Sintering, and Stir Friction Consolidation): Resulting
Microstructures and Mechanical Properties

Authors: Matthew deJong?, Timothy Horn?, Djamel Kaoumi®”

* Corresponding Author

Affiliation: Department of Materials Science and Engineering, North Carolina State University,
Raleigh, NC, 27606, Department of Mechanical and Aerospace Engineering, North Carolina

State University, Raleigh, NC, 276062, Department of Nuclear Engineering, North Carolina State
University, Raleigh, NC, 276073

Email Address of Corresponding Author: djamelkaoumi@gmail.com



Abstract

This paper reviews the solid-state consolidation processing techniques for Oxide
Dispersion Strengthened steels and compares them in terms of the resulting microstructure and
reported mechanical properties. Synthesis techniques include hot extrusion, hot isostatic
pressing, spark plasma sintering and friction consolidation. The effects of process parameters on
the resulting microstructures and performance are discussed for each technique. Average oxide
size, average grain size, and porosity are compared across techniques, as well as mechanical
strength and ductility. Across consolidation techniques where temperature can be controlled, a
low sintering temperature with a high sintering pressure is favorable for keeping oxide sizes,
grain sizes, and porosity low. The use of yttrium and titanium for oxide formation has been
evidenced to reduce oxide sizes, and tungsten additions have been shown to improve strength.
Current literature suggests that the more mature hot extrusion technique produces stronger steel
with consistently fine oxides, while other alternative solid-state consolidation, while promising,
offer margin for improvement.

Introduction

Oxide dispersion strengthening is a technique used to improve high temperature strength
in steels by impeding dislocation motion, making ODS steel a desirable material for use as
structural components in nuclear reactors. ODS ferritic and martensitic steels are being
considered for both sodium-cooled fast reactors and fast breeder reactors, for their creep, void
swelling, and irradiation resistance, at elevated temperatures [1, 2]. The oxides also act as
dominant sinks for point defect recombination and bubble nucleation, improving resistance to
radiation damage and helium embrittlement [3]. This strengthening technique involves
introducing oxides or oxidizers to a powder, typically through mechanical alloying, and then
consolidating the powder to form a steel containing nanoscale oxides. Studies have shown that
the oxide population in ODS steels is stable under certain irradiation conditions [4], and that
oxide dispersion strengthening reduces irradiation embrittlement [5]. One study observed little
changes in oxide population during 1 dpa and 3 dpa caused by proton irradiation, as well as 100
dpa caused by Ni?* irradiation, but observed dissolution of oxides in heavily irradiated samples
at lower temperatures. The study concluded that atoms were ejected from the oxides, but
elevated temperatures enabled them to rejoin clusters of oxides [4]. Meanwhile, an in situ study
on irradiated samples determined that oxides smaller than 5 nm remained unchanged by 45 dpa
of ion irradiation, while there were observable point defects, interface changes and morphology
changes in larger Y-Ti oxides [6]. The strengthening benefits and stability of these oxides under
irradiation are invaluable to steel in extreme environments and would help make Generation 1V
nuclear reactors more feasible and safe. These improved reactors are expected to have operating
temperatures on the scale of 803 K-823 K for sodium fast reactors (SFRs), and up to 1123 K for
very high temperature reactors (VHTRS) [7].

Powder used to make ODS steel can be consolidated through many different processes
which impact both microstructure and performance. Traditional consolidation techniques include
hot isostatic pressing, and hot extrusion, but there are many techniques used in research such as
additive manufacturing techniques, spark plasma sintering, and friction based consolidation.
Three major microstructure characteristics influencing the mechanical properties of this
structural material are the oxides present, grain size, and porosity, which are all influenced by



processing parameters. This study focuses on how the microstructure and mechanical properties
of ODS steel are influenced by consolidation method and parameters across the solid state
consolidation techniques hot extrusion, spark plasma sintering, and friction based consolidation.
Table 1 shows the general processes for each, which is described in more detail below. After
assessing effects from processing parameters, resulting microstructure and performance are
compared across studies to determine which process and parameters are most promising for
applications in extreme environments. This review does not compare powder processing
techniques, just consolidation techniques and further modifications through thermal mechanical
treatments. Current literature across each subject suggest that hot extrusion is currently the most
suitable candidate for structural applications such as cladding, and that the microstructure and
performance is most sensitive to sintering temperature and post consolidation processing.

Table 1. General Procedure for Each Consolidation Step.

Step Hot Extrusion Hot Isostatic Spark Plasma Friction
Pressing Sintering Consolidation
Preparing Encapsulation of Encapsulation of Load powder into Load powder into
Powder powder in soft steel powder in can or graphite die crucible
can and degas at other container
elevated temperature
Source of Hydraulic press Compressed argon | Powder sandwiched Rotating tool bit
Pressure extruding material gas between graphite
through a die using hydraulic press
Source of Energy | Powder directly Powder and gas Current applied across | Heat applied through
heated directly heated powder and resistance | friction with tool bit
creates heat

Hot Extrusion (HE)

HE is one of the traditional consolidation techniques for ODS steel. Ferritic ODS steel is
typically made by consolidating steel powder mechanically alloyed with additions through hot
extrusion or hot isostatic pressing [8, 9]. The hot extrusion process involves placing
mechanically alloyed powder into a metal can, degassing the can at elevated temperatures to
remove all oxygen, and then forcing the metal through a die [10, 11]. As shown in Figure 1,
mechanical alloying occurs when two or more materials are placed in a container with an inert
atmosphere and harder metal balls and alloyed together through plastic deformation as the
container moves. Mechanical alloying is not required for this specific consolidation technique,
but is used across studies [8-19] with varying parameters in order to disperse additions necessary
to produce the nanoscale oxides. There are many parameters in the mechanical alloying process,
and factors such as grinding medium, temperature of milling, and ball to powder ratio influence
the time necessary for processing, so it highly depends on equipment available [20]. Degassing
takes a couple hours, and after this step, the powder is heated to a higher desired temperature [8,
10, 11, 14, 15]. The extrusion step itself involves significant plastic deformation, forcing the
billet through a die which reduces the cross section of the part and increases the length of the
metal. An example of a typical processing route for hot extrusion is shown in Figure 1 below, in
which a FeCrWTi powder is alloyed with yttria. Extrusion processes result in objects with a
consistent cross section, which is the shape of the die. After cooling, experimentally produced
ODS steel has been hot rolled [12, 16, 19], cold rolled [9, 17], compressed at room temperature
[10], and heat treated [8-10, 15-19] to influence microstructure and performance.
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Fig. 1. Fabrication route for hot extrusion of ODS steel. Reprinted with permission from [11].
HE: Structure and Processing Variables

One microstructural characteristic consistent across printing parameters is the grain
structure produced during HE. As shown in Figure 2 below, grains grow in parallel with the
extrusion direction, resulting in columnar grains in the longitudinal direction and finer, equiaxed
grains in the transverse direction, which are evident even after heat treatment. This directional
grain growth results in anisotropic mechanical properties, with the strength in the transverse
direction typically higher than in the longitudinal direction [12, 16]. However, at higher
temperatures the differences in strength between the two directions diminishes [16]. It has also
been found that the longitudinal direction has better impact properties and creep strength than the
transverse direction, but they both have similar ductile to brittle transition temperatures [16, 21].
These results show that mechanical properties will not be consistent in different directions for
extruded metals, and it is important to keep track of the extrusion direction and understand which
direction loading will be highest on structural components made.
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Fig. 2. Grain structure of extruded Fe-14Cr based ODS steel before (top left) and after
(top right) heat treatment of 1673 K for one hour [10] and ODS Fe-14CrWTi steel rod in
longitudinal (bottom left) and transverse (bottom right) directions. Reprinted with permission
from [17].

Very few studies have focused on the optimization of HE parameters, and comparing data
between studies is hindered by the large variability in materials and characterizations that were
reported. Nevertheless, some trends consistent with known theory can be observed. Processing
parameters during the extrusion process include the encapsulation temperature and duration,
extrusion temperature, duration of heating prior to extrusion and cross section of the die. Table 2
below shows the range in extrusion parameters, as well as post consolidation treatments that
were used to produce ODS steel across studies. While the capacity of the hydraulic press has
been noted in literature [8, 9, 11, 17], the pressure used for consolidation is not reported. As
shown in Table 2 below, the types of parameters most frequently changed in the extrusion
process are extrusion temperature, cross section of extruded part, and post-consolidation
treatments.

Table II. Processing Space across Parameters Specified in Literature for Hot Extrusion.

Process Parameter Range in Literature References
Encapsulation Temperature [K] 573 or 673 [8, 10-12, 14, 15, 17, 18, 22-25]
Encapsulation Duration [Hr] 2 [8, 10, 11, 14, 15]
>3 [24]
Temperature Before Extrusion [K] 1123-1423 [8-12, 14-18, 22-28]
<1123 [19]
Duration of Heating Before 1 [8,9, 11, 22]
Extrusion [Hr]
Channel Cross Section Circle, Rectangle, Ring [8,12,13]
Heat Treatment (Optional) 923-1673 K [8-10, 12, 13, 15-19, 22-24, 26-28]
0.25-20 Hrs
1-4 times
Cold Rolling (Optional) 30-80% Thickness Reduction [9, 17, 24]
Hot Rolling (Optional) Temperature: 923-1223 K [12, 16, 19]
20%-50% Thickness Reduction
Forging (Optional) 1423 K [24, 25, 28]

HE: Extrusion Temperature

A study done by Dou et al. on aluminum alloyed high-Cr ODS ferritic steel has observed
the differences in steel extruded at 1423 K and 1323 K [26]. Both steels had the same
compositions and were both heat treated at 1323 K for one hour. Increasing the extrusion
temperature to 1423 K increased the grain length from 3.16 um to 4.24 um and grain width from
0.52 um to 1.18 um [26]. Both grain size was increased and the aspect ratio of the grains
decreased, which should reduce the strength of the material, but also make the material less
anisotropic. Moreover, the increase in extrusion temperature was observed to have a clear impact
on oxide distribution, evidenced in Figure 3. Increasing from 1323 K to 1423 K increased mean
oxide diameter from 3.21 nm to 6.68 nm, and decreased the density of oxides from 9.28x10%/m?
to 1.72x10%%/m3 [26]. This increase in oxide size and reduction in oxide density increases
interparticle distances which results in reduced contributions from dispersion strengthening [15].
The coherency of the oxide particles was also reduced from mainly coherent, to mostly semi-



coherent from the heat increase. With this information, extrusion temperature should be kept to a
minimum. It should be high enough for extrusion to occur, and to prevent significant porosity,
but further increases in temperature will reduce both dispersion strengthening and strengthening
from grain boundaries, since both oxides and grains will grow and reduce in number.
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Fig. 3. TEM bright fields of oxide particles within the 1423 K hot extruded matrix (left) and
1323 K hot extruded matrix (right). Reprinted with permission from [26].

HE: Die Cross Section

The cross section of the die used in HE directly determines the cross section of the
resulting part. As shown in Table 2, ODS steel bars and circular rods are typically produced, but
ODS steel tubes have also been produced via hot extrusion [17]. Rods produced experimentally
have ranged in diameter from 13mm to 20mm [8, 9, 17, 18], and one study successfully
produced a 10.74mm diameter, 0.5mm thick tube, and a 18.3mm diameter ODS steel tube,
1.25mm thick [17]. The customizability of the cross section is a desirable option when
manufacturing ODS steel for different applications, but it is important to consider how the
extruded cross section impacts microstructure and mechanical properties. Studies have tested the
effects of cross section on performance, by machining charpy specimens out of ODS steel,
extruded with identical parameters except for cross section shape [9, 16]. However, in the study
done by A.L. Rouffié et al. the extruded bar was also hot rolled [16]. The results from both have
found that extruded rods had a higher upper shelf energy than bars, showing that rods are tougher
at elevated temperatures past the ductile to brittle transition temperature. In the study done by
A.L. Rouffié et al., it was determined that both the rod and the bar have a (110) fiber texture in
the extrusion direction, but the rod material had delamination along grain boundaries during
impact tests, increasing upper shelf energy [16]. Optical microscopy in the study performed by P.
Olier et al. displays similar grain structures for both rods and bars, and it has been shown that
tensile properties are not significantly varied between rods and bars produced via hot extrusion
[9]. Therefore, overall grain structure does not appear to be significantly impacted by the cross
section selected, but rods have been shown to be tougher than both hot rolled and as-extruded
bars.

HE: Powder Chemistry

Factors such as the chemistry of the ODS steel precursor powder and post consolidation
treatments strongly influence the resulting microstructure and performance. One addition used to
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improve mechanical performance through solid solution strengthening is tungsten, which also
helps form ferrite [25]. This addition has been shown to improve tensile and creep strength at
elevated temperatures with additions up to 2.0 wt%, but starts forming a Laves phase past 2.0
wt% [25]. Many steels are produced with chromium in them to stabilize the ferrite phase,
compositions with a 14 wt% chromium results in a fully ferritic microstructure [13, 29].
Chromium also provides a passive oxide layer, which protects the material from corrosion [30],
and chromium additions above 13 wt%, as well as aluminum additions have been shown to
improve corrosion resistance in super critical pressurized water conditions [1]. Thus, chromium
can help ensure a homogeneous matrix, and can be used to protect ODS steel components such
as those in nuclear reactors in corrosive environments. Typically, yttria additions are
mechanically alloyed with steel powders containing titanium in order to produce nanoscale
oxides during extrusion [8-19, 26]. However, multiple oxides have been used in hot extruded
ODS steel, and some oxidizers and oxides such as MgO, La203, Ce203, ZrO2 and Zr have been
used in other ODS steel consolidation techniques [31, 32]. S. Ukai et al. has produced hot
extruded Fe-Cr-W-Ti ODS alloys with increasing amounts of Y203 and titanium, as well as
additions of titanium oxides, aluminum with yttria, and niobium [15]. Results from these
experiments have shown that increasing yttria content up to 0.56 wt% increases ultimate tensile
strength and creep rupture strength in the longitudinal and transverse directions, while reducing
ductility at the elevated temperature 923 K. Furthermore, increasing the titanium within the
metal powders up to 0.55 wt%, and increasing excess oxygen to up to 0.08 wt% has been shown
to improve rupture strength at 923 K, although further oxygen additions do not appear to have a
significant effect [15]. When comparing titanium, titanium oxide, aluminum, and niobium
additions on ODS steel used at elevated temperatures, niobium was determined to provide the
best creep rupture strength, niobium additions resulted in the highest ultimate tensile strength,
and titanium oxide additions resulted in highest ductility at elevated temperatures [15]. As shown
in Figure 4 below, titanium additions have the largest influence on oxide distribution resulting in
the finest oxides, which are uniformly distributed. Niobium has been found to partially reduce
the size of oxides, and while aluminum influences the oxide composition, it does not influence
oxide size distribution as an addition to yttria [15]. However, it is important to note that coarse
titanium, chromium carbides and aluminum precipitates have been identified in experimentally
produced ODS steels [12, 17]. This takes away available additions for nanoscale oxides used for
dispersion strengthening, as well as chromium used for corrosion resistance. Overall, increasing
titanium and yttria additions appear to have the highest benefits to ODS steel, improving
mechanical properties and resulting in the smallest oxides, which is desirable for oxide
dispersion strengthening.
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Fig. 4. TEM images of ODS steel with Ti additions (left) TiO2 additions (middle left) Al
additions (middle right) and Nb additions (right) showing a reduction in oxide size, and
improved density with Ti additions. Reprinted with permission from [15].

Chemistry changes in the form of carbon, aluminum, titanium and zirconium have also
been found to influence grain structure in ODS steels. Increasing the carbon content has
significant impacts on the phases formed. Carbon helps form austenite delaying the transition
from austenite to ferrite [19]. It has been shown that carbon can lead to the formation of
martensite and equiaxed grains with thermal mechanical processing, as well as carbide
precipitation around grain boundaries [15, 19]. The drawbacks of carbon additions is inferior
mechanical properties in both the longitudinal and transverse directions. Studies have also shown
that annealing ODS steel containing aluminum additions leads to grain coarsening and reduced
anisotropy [15]. Another important effect from titanium and zirconium beside oxide formation
and refinement, is that these additions are known to refine the grain structure in steels [32-34].

One important compositional influence on extruded ODS steel is elements we would
consider contamination, which can be traced to powder MA steps. While MA efficiently
disperses oxidizing elements, and can be done on both an industrial scale and small scale, it has
risks in contaminating the powder through wear particles and the remains from previous alloyed
powders used in the same machine, such as aluminum [12], or introducing carbon, nitrogen and
oxygen to the powder during processing [17].

HE: Post Consolidation Processing

Post consolidation processes are frequently used to control the microstructure and
mechanical properties of hot extruded ODS steel. These processes include heat treatments, cold
rolling, hot rolling, hot forging and deformation at room temperature, with heat treatments being
the most common across studies. Cooling after thermal processing is done with either air cooling
[14], furnace cooling [8] or quenching [16]. The thermal mechanical processing after
consolidation can also require multiple steps, with either repetition of the same type of step, or
combinations. The processing space for heat treatments of experimentally produced ODS steel is
shown in Table 2 above. In a study done by A.L. Rouffié et al. changing the traditional heat
treatment to a series of heating and cooling-1323 K for 30 minutes, water quench, 1023 K for
one hour, 1323 K for 30 minutes, and furnace cooling for 30 hours-resulted in changing the
microstructure from a <110> texture in the extrusion direction into a quasi-isotropic material,
reducing anisotropy in toughness at elevated temperatures [16]. It has also been determined that
annealing at 1273 K for one hour slightly reduces hardness but does not coarsen 2 nm
nanoclusters of oxides within hot extruded ODS steel, evidenced by APT, hardness testing, and
TEM [22]. However, growth has been evidenced by Dadé et al., with an increase in average
oxide particle radius from 1.3 nm to 3.7 nm with a 1673 K heat treatment for one hour [10].
Extensive heat treatments can clearly be used to significantly alter the grain structure in extruded
ODS steel and reduce anisotropic properties. Heat treatments up to 1273 K for one hour does not
appear to influence stable Y-Ti oxides, which is promising for the dispersion strength supplied
for heat treated ODS alloys for use in nuclear reactors.

Additional processing includes cold working, hot forging and hot rolling. Cold rolling
and hot rolling involve rolling the metal between metal cylinders with a thinner gap than the
extruded metal, reducing the thickness. The main difference between the two is the temperature
at which the process is performed. For ODS steels, rolling has been done to reduce thickness by
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20-50% [9, 12, 16, 19, 21] with one study severely cold rolling by 80% [9]. Hot rolling at
various temperatures has been found to improve the fracture toughness of ODS steels, and it was
determined that the 1173 K rolling lead to the most improvement, with toughness above 150

MPa+/m at room temperature and elevated temperatures [19]. One drawback found from hot
rolling is delamination from impurities, which become compressed and spread along the
material’s grain boundaries as a result of hot rolling [12], potentially weakening the material.
These impurities have been named “stringers” and have been identified as carbon and aluminum
rich features in a MA957 material, which likely came from milling contamination [35].

In a study done by Olier et al., severely cold working ODS steel by 80% improved
hardness values, increased yield strength, and reduced ductility [9]. However, as temperature
increases, the effects of cold working on the strength and elongation diminishes, as evidenced in
Figure 5 [9]. The spreading of impurity defects seen in hot rolling would also be expected to
occur in cold rolling, as grains would be deformed and elongated. Cold work in the form of
compression by 10-70% at room temperature also introduces dislocations to the matrix,
impeding dislocation motion and improving hardness. However, as the temperature approaches
and passes 1223 K, the hardness decreases then drops, as a result of recovery eliminating
dislocations, and recrystallization occurring above 1223 K [10]. Lastly, compression led to a
change in grain morphology as shown in Figure 6, but the change in grain morphology should
highly depend on the rolling direction. These techniques improve certain mechanical properties
including strength, hardness, and toughness, while reducing ductility, but these effects are
reduced with increasing operating temperatures. Effects from dislocations caused by cold work
appear to disappear the fastest. In addition to these observations, the combination of cold rolling
and heat treatment of an ODS steel resulted in the coarsening of nanoscale oxides, and increase
in interstitials within the matrix [17]. Thus, post consolidation thermal mechanical processing not
only helps control the shape of the material but can also improve grain structure and mechanical
properties depending on application. It does however come with the risk of oxide coarsening at
high temperature treatments and delamination caused by the spreading of impurities.
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Fig. 5. Strength and elongation of ODS steel of varying cross sections before and after
cold rolling as a function of temperature. Reprinted with permission from [9].
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Fig. 6. As extruded ODS steel (left) and ODS steel 40% cold deformed. Reprinted with
permission from [10].

In summary, HE is a traditional technique used to produce larger ODS steel products,
with constant cross sections. Oxide size and density in the steel produced is sensitive to both
chemistry of powder and extrusion temperature. Grain structure has been shown to be influenced
by extrusion temperature and post consolidation processing. Dislocations and changes in grain
structure are also introduced through forging, hot working and cold working of the material.
Plastic deformation clearly improves mechanical properties, while heat treatments reduce
anisotropy. Drawbacks to these techniques include anisotropic grain structure and limited
geometries in the hot extruded part, as well as the spreading of impurities during rolling
processes.

Hot Isostatic Pressing (HIP)

A second conventional method for ODS steel production is HIP. The concept of gas
pressure bonding was conceived in the mid-1950’s in an attempt to bond zirconium to a
zirconium-uranium alloy, leading to the development of HIP [36]. The combination of both
applied heat and isostatic pressure from surrounding argon gas is used to sinter powder in the
shape of its container. Figure 7 displays a schematic of a typical system used. In the example
shown below, band heaters are used to heat the gas and powder, and a piston is used to compress
the gas chamber.
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1. Vacuum and gas atmosphere connection

I

Band Heaters
3. Pressure vessel upper cap
4. Pressure vessel cylinder

5. Inner chamber

6. Powder compact
7. Outer chamber bleed tube
8. Connecting piston with tapered lower section

9. Elastic beam

10. High temperature strain gauges

L 1. Outer chamber
12. Pressure vessel lower cap

13. Pressure fluid inlet

14. Pressure fluid outlet

Fig. 7. Diagram of HIP system Reprinted with permission from [37].

Hot isostatic pressing of ODS steels results in equiaxed grains that typically vary in size.
High variations in grain size distribution is attributed to “abnormal grain growth” [38, 39] which
can be reduced by the presence of thermally stable precipitates [38]. As-HIPed grain structures
of an ODS alloy with and without aluminum additions made with the same processing
parameters are shown below in Figure 8 [39]. These results depict a wide range in grain sizes
both with and without aluminum which is known to coarsen grains. While many studies observe
a wide range of grain sizes, some report a bimodal grain size distribution in their as-HIPed
material with a grain size of approximately 200—250 nm for small grains and grains on the
micron scale, or close to a micron for coarser grains [40-42]. Additionally, residual porosity has
been observed in as-HIPed samples [42, 43] which can affect the performance of these steels. In
one study, higher porosity was found towards the center of parts [42]. Pycnometer and TEM
characterization paired with positron annihilation experiments for ODS EUROFER was used to
determine that argon atoms introduced from mechanical alloying reduced porosity within the
steel lead to formation of vacancies clusters within the steel. However, the interface between
yttria oxides and matrix present in the study act as a sink for argon and vacancies [43]. Thus,
characteristics of as-HIPed ODS steel include equiaxed grains that vary in size, and residual
porosity.
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Fig. 8. Inverse pole figure (IPF) and grain boundary maps of (a) 9Cr-ODS and (c) 9Cr-

ODS-AI; grain size distribution of (b) 9Cr-ODS and (d) 9Cr-ODS-Al. Reprinted with permission
from [39].

For most ODS steel produced through HIP, powder is produced through mechanical
alloying, and powder can be sealed and degassed at varying temperatures, pressures, and
durations in order to remove oxygen from the system. Variables during the hot isostatic pressing
include sintering temperature, and sintering pressures. Post consolidation processing in the form
of a heat treatment, or combination of heat and deformation can be applied to further alter
properties. Table 3 below shows the variations in process parameters found across literature.
Experimental studies have produced ODS steel on the scale of both semi-industrial and industrial
scales [13] and have been hot rolled, hot pressed, extruded, and forged to alter part geometry and

microstructure [31, 44, 45]. The effects of sintering temperature, sintering pressure, and post-
consolidation treatments are discussed below.

Table III. Processing space across parameters specified in literature for Hot Isostatic Pressing.

Process Parameter Range in Literature References
Encapsulation Temperature 673-723 [42, 46, 47]
[K] (when applicable)
Encapsulation Pressure [Pa] 104-102 [42, 46, 47]
(when applicable)
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Encapsulation Duration [Hr] 1-4 [42, 46, 47]
(when applicable)

Sintering Temperature [K] 873-1433 [10, 13, 31, 38-55]
Sintering Pressure [MPa] 100-300 [13, 31, 38-49, 51, 52, 54, 55]
1200 [53]
Sintering Duration [Hr] 0.75-4 [13, 31, 38-49, 51-55]
Heat Treatment (optional) 1023-1573 K [31, 44, 46, 48, 52]
1-16 hours
Hot Forging (optional) 1373-1423 K [41, 44]
3:1 forging ratio [41]
Hot Rolling (optional) 1023-1473 K [31, 41, 45, 50, 55]

20-70% Height Reduction
(Can include multiple passes,
some details on number of
passes omitted in studies)

Hydrostatic Extrusion 1173 K [45]
(optional) 4:1 Reduction Ratio
Hot Pressing (optional) 1123 K [45]

HIP: Sintering Temperature

Sintering temperature is a processing variable that is widely varied across HIPed ODS
steels found in literature. In one study analyzing the effects of sintering nanostructured ferritic
alloys at 1273 K and 1423 K, density, hardness, and fracture toughness was evaluated. The
pressure and duration of both were 200 MPa and 4 hours respectively. The density of the
produced alloys were 7.01+0.02 and 7.92+0.06 g/cm? for the 1273 K and 1423 K specimens
respectively [40]. Mechanical testing showed that sintering at 1273 K instead of 1423 K
increased hardness, but did not have a significant influence on fracture toughness [40]. In a
separate study, increasing sintering temperature with all other processing parameters constant
resulted in a reduction of porosity from 5.52%, to 1.69%, to 0.12% for sintering temperatures of
873 K, 1073K, and 1273K respectively. This change in parameters from 873 K to 1273 K also
lead to an increase in hardness from 17.6 to 20.8 GPa and improved wear resistance [53]. Lastly,
the use of SANS has been used to evaluate ODS steel produced across chemistries and sintering
temperatures of 1123 K, 1273 K, and 1423 K. Results determined that with increasing sintering
temperature, the radius of precipitates formed within the steel decrease, while the density
increases [51].

HIP: Sintering Pressure

Sintering pressure is a variable frequently changed across studies with temperature and
duration, but is rarely changed alone. One study focused solely on sintering pressure changes
over the course of 185 MPa to 300 MPa, with a sintering temperature of 1423 K and duration of
4 hours [42]. Changes in pressure resulted in a slight increase in relative density from 98.2% to
99.75% of the theoretical density 7.82 g/cm?®. In addition to optical microscopy, hardness tests
and tensile tests were performed across temperatures, showing a negligible increase in hardness
no significant change in tensile strength, and an increase in ductility [42]. Therefore, changes in
pressure can help reduce porosity in HIPed samples, but does not appear to have a significant
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influence on mechanical performance for nuclear applications once the powder is fully
consolidated.

HIP: Post Consolidation Processing

Similar to HE, HIPed ODS steel samples are frequently processed further after
consolidation to control microstructure and performance. To begin with, heat treatments are
performed to influence the grain structure present but are not intended to coarsen oxides. The
average oxide diameter of 3.2 nm in ODS steel measured by SANS remained constant over the
course of 16 hours at 1373K, evidencing the stability of these oxides at elevated temperatures
[48]. Additionally, in a study comparing various post consolidation techniques, the addition of a
1323K treatment for one hour between hot rolling and tempering resulted in a finer distribution
of oxides from 8.34 nm to 5.16 nm diameter, with a higher volumetric density in a dual phase
ODS steel [56]. However in a ferritic ODS steel, the addition of a heat treatment lowered
hardness measurements in the steel, and increasing treatment temperature further reduced
hardness values [45].

Additionally, studies have shown that heat treatments can influence phases present within
ODS steels. On a study performed by Cayron et al. two separate heat treatments were performed
on ODS EUROFER [52]. Treatment #1-1123K heat treatment for 1 hour, water quench, and
tempering at 1023K for 2 hours-applied to a 1 wt% Y203 steel improved strengths but reduced
ductility, and a ferritic structure was maintained. However, Treatment #2-1573K heat treatment
for 3 hours, 1423K heat treatment for one hour, a water quench, and tempering at 1023K for one
hour-with heat treatments at higher temperatures and durations, reduced strength in the steel. For
a 0.2 wt% Y203 steel and 1 wt% MgAI204 steel, Treatment #2 resulted in the formation of
martensite. The resulting effects were an improved yield strength in the 1 wt% MgAl20a4 steel,
with a reduction of ductility, and a reduction in both strengths and ductility in the 0.3 wt% Y203
steel [52]. Since martensite was not present beforehand, heat treating to high temperatures was
necessary for austenite formation. Rapid cooling to room temperature helps form martensite
within the steel, which would occur during water quenching [57]. Cooling rate’s influence on
martensitic formation has also been observed experimentally, as a slow cooling rate of 5 K/min
over fast cooling lead to the formation of large ferrite grains, and significantly less martensite in
a dual phase HIPed ODS steel [56]. In a separate study, heat treatments were utilized to influence
HIPed gas atomization reaction synthesis powder. The heat treatment was used to dissociate
oxidation at prior particle boundaries, leading to the Fe-(Y,Hf) forming Y2Hf.O7, and Y203, and
HfO: dispersoids [46]. Therefore, the combination of heat treatments and composition can have
varying effects on both the mechanical performance and phases present in ODS steels.

Lastly, the combination of both heat and plastic deformation can be used to control
properties. Forging involves heating and deforming the ODS steel component and is a useful
method for controlling part geometry. Forging of ODS steel components have been shown to
improve ductility as result of reducing porosity but did not have a significant influence on tensile
strength [41]. Testing of varying consolidation treatments in the form of hydrostatic extrusion,
hot rolling, and hot pressing with following heat treatments determined that all three treatments
resulted in finer grains than the heat treated as-HIPed sample, as well as increased dislocation
densities and strengths [45]. Extrusion of HIPed material resulted in the highest yield strength,
ultimate strength and ductility, with values of 1280+34 MPa, 1350+23 MPa, and 21.7+1.2%
respectively. Hot rolling resulted in the second highest strength values, but the lowest ductility,
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with a yield strength of 108565 MPa, ultimate strength of 1195+27 MPa, and ductility of
8.4+1.5%. Both processes resulted in elongated grains, but improved yield strength by at least
30% ultimate tensile strength by at least 25%, and reduced grain size by more than 75% on
average [45]. Thus, the combination of both deformation and heat is an efficient way to improve
the grain structure and performance of HIPed ODS steels.

HIP is a technique that produces equiaxed grain structures. Sintering temperature has
been shown to heavily influence porosity, mechanical properties, and the size of oxides within
ODS steels, while thermal mechanical treatments have been used to influence mechanical
properties, grain morphology, and phases present.

Spark Plasma Sintering (SPS)

Another heavily researched technique for producing oxide dispersion strengthened steel
is SPS. This form of consolidation was first developed in 1930 with further development in the
1980s, and production of SPS machines began in Japan in the 1990’s once patents on the
technique expired [58]. This method involves the use of external pressure, and a direct current,
pulsed with a low voltage, to sinter powder, or consolidate below the melting point of the
material [58]. The technique is very similar to hot pressing, except the pulsed direct current
passes through a conductive graphite die and the sample, causing the powder to be sintered
without an external heat source [58]. The production method involves loading powder into the
die, creating a vacuum in the chamber, applying a load with the die, and creating resistance
heating by applying a current, and then allowing the part to cool [58]. Cooling after
consolidation or thermal treatments can either be done in the furnace, in the air, or through
quenching. A schematic of the apparatus used for this process is depicted in Figure 9 below,
showing the location of the die, powder, and electrodes. One concern for applying this
experimental technique to industry is that increasing die assembly size reduces current densities
and voltages applied across the powder, making it difficult for the production of parts larger than
the centimeter scale. Another concern is heterogeneous heating during consolidation across
larger samples [59]. This form of consolidation results in a bimodal distribution of grain sizes
across studies [60-65] and factors considered to cause this include heterogeneous heating [60-62,
64, 65], the uneven microstructure of the mechanically alloyed powder [62, 63, 65] and the
precipitating nano-oxide particles pinning grain boundaries [60]. An example of a bimodal
distribution is shown in Figure 10 below. As expected, hardness tests have displayed that the fine
grain regions are harder than the coarse grain regions [62].

15



Upper punch i
electrode

Lower punch electrode

T
2
[ NS
S | |
S
g! Upper =
— Powder graphite _g w5
2 punch $23
- = -
o Graphite BB -
9 die Lo 5
© Lower 7
3 graphite
punch
=
3
3
i@
>

P

Fig. 9. Schematic of Spark Plasma Sintering apparatus. Reprinted with permission from

Fig. 10. EBSD Maps of Spark Plasma Sintered ODS Steel Consolidated with
mechanically alloyed powder at parameters considered standard (left) and activated (right).
Reprinted from [60] under the terms of Creative Commons License CC BY-NC-ND.

There are many different processing variables that go into spark plasma sintering. Similar
to hot extrusion, most powder for spark plasma sintering starts with the mechanical alloying of
yttria additions with stainless steel powders [60-63, 65-68]. A couple alternative approaches have
been applied and consolidated with spark plasma sintering, including reactive inspired ball
milling [69] which is a similar process, and the sol-gel process [70]. Reactive inspired ball
milling, is used as a substitute to attempt the dissolution of yttria into austenite. The process
requires the same equipment as mechanical alloying, and similar operating parameters, with the
objective to have a different oxide react with yttrium to produce a new oxide, valued for
dispersion strengthening [69]. Table 4 below shows the variations in parameters used across
experiments. Across experiments, SPS has been used to produce ODS steel cylinders ranging
from 20-40mm in diameter, and 5-20mm in height [60, 64-69, 71]. Across studies, as evidenced
in Table 4, it has been possible to produce ODS steel with a wide variety of sintering
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temperatures, sintering durations, heating rates, and applied pressures. One advantage to this
technique in particular is faster consolidation times than conventional consolidation techniques,
which reduces the time for grains and oxides to grow [65]. The combination of the small scale of
parts possible and fast production rate makes this process efficient for the production of samples
and small parts, but currently impossible for large scale steel components. One compositional
impact from this technique is the increase in carbon content, as a result of carbon diffusion at the
steel-graphite die interface during sintering [66], and carbides have been observed in both ferritic
[60, 66, 68] and austenitic ODS steels [65, 69]. While most studies heat to one sintering
temperature. Some experiments have performed a two-step heating process [67, 68, 72].

Table IV. Processing Space across Parameters Specified in Literature for Spark Plasma
Sintering.

Process Parameter Range in Literature Sources
Heating Rate [K/min] 50-600 [13, 32, 60-65, 67-73]
Sintering Pressure [MPa] 36-80 [13, 32, 60-74]
First Elevated Temperature [K] 973 and 1073 [67, 68, 72]
(Optional)
Sintering Temperature [K] 1123-1423 [13, 32, 60-74]
Sintering Duration [min] 2-30 [13, 32, 60-74]
200 [13]
Heat Treatment Temperature: 973-1423 K [13, 62, 65-67, 70, 73]
(Optional) Duration: 1-16 Hrs
1 or 2 times
973 K for 400 and 1000 hours [73]
Heat Treatment + Compression 1373 K [70]
(Optional) 55 MPa
3 min

SPS: Sintering Temperature

One major parameter during SPS processing is the sintering temperature. Studies focused
solely on sintering temperature have shown that porosity in steels is reduced as sintering
temperature is increased within the tested range of 1173 K to 1373 K, including samples with
silicon additions [61, 62, 72]. However, in one study done by Fu et al., heating to 1423 K
resulted in negative impacts on microstructure, by causing localized melting [62]. An example of
this improved densification can be seen in optical microscopy of samples, shown in Figure 11
below. It has also been observed that increases in temperature enlarges grains [61, 72]. Increases
as low as 25K has a large influence on grain structure by forming coarse grains, which increased
average grain size from 290 nm, to 530 nm, to 880 nm, and finally 2420 nm over the range of
1223 K to 1298 K [61].
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Fig. 11. Optical micrographs of SPS prepared samples from powder milled for 30h and
consolidated at 1323 K (a) and powder milled for 30h, consolidated at 1373K (b). Reprinted with
permission from [62].

In a study by Li et al. measuring oxide sizes, yttrium precipitates identified as pyrochlore
Y2Ti207 were found in the sample, as well as much larger chromium oxides. By increasing
sintering temperature from 1223 K to 1298 K, the pyrochlore average oxide diameter increased
from 7.8 nanometers to 12.5 nanometers and oxide density decreased from 4.2x10%2 oxides per
cubic meter to 0.95x102? oxides per cubic meter [61]. The effects of the oxide density reduction,
and oxide size increase were also observed in mechanical testing. Hardness values decreased
from 858 HV to 553 HV, and tensile yield stress decreased from 1401 MPa to 878 MPa with the
increase in sintering temperature [61]. Thus, sintering temperature has a large impact on the
growth of both oxides and grains, which directly impacts the performance and applications of the
ODS steel.

In another study done by Ninawe et al., fully austenitic samples were produced with
sintering temperatures ranging from 1173 K to 1323 K and resulted in slightly different effects
[65]. Density of samples increased with sintering temperature until the density peaked at 99.1%
at 1273 K. Yield strength and ductility increased from 1223 K to 1273 K sintering temperature as
a result of improved density, and samples exhibited a brittle failure as a result of the presence of
chromium carbides along grain boundaries [65]. Similar to the other ODS steels, the austenitic
ODS steel contained a bimodal distribution of grains, and the average grain size was 840+480
nm and 1070+£720 nm for the 1223 K and 1273 K samples respectively. These results show how
a change in composition can influence the appropriate processing space for ODS steel. Ferritic
steels consolidated at the same temperatures as the austenitic steels had higher yield strengths
despite having the same sintering temperature and duration [61, 65], which shows how changes
in other parameters such as composition and pressure can influence performance.

SPS: Sintering Pressure

Another important processing parameter for SPS is the pressure applied during sintering.
This parameter is typically varied across produced samples but is rarely isolated for study. One
study by Fu et al. produced ODS steel via SPS with identical mechanical alloying milling times
at 30 hours, sintering temperatures, at 1373K, and heating rates, at 100K/min, with applied
pressure varying from 40 MPa to 80 MPa [62]. Increasing the pressure improved density and
hardness values, until 60 MPa, after which these values did not significantly change. The
maximum density was achieved with 99.2%, and the study determined that 60 MPa is the
optimal pressure for conditions stated above in terms of density and mechanical performance
[62].

Another study tested a pressure change of 16 MPa, from 60 MPa to 76 MPa, and saw an
increase in density from 95+1% to 99+1%, with a sintering temperature of 1423K and duration
of two minutes [13]. Both studies showed an improvement in density with pressure, and one
study showed improvement in mechanical performance. However, density values between
studies are significantly different for samples at 60 MPa, indicating that the density is highly
controlled by the sum of processing parameters, and not just pressure.

SPS: Heating Rate and Duration of Sintering
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Additional processing parameters include sintering time and heating rate. Sintering
duration is rarely studied in spark plasma sintering of ODS steel, but typically varies in studies
from 3 minutes to 10 minutes [60, 61, 63, 65-69]. However, it has been set to as low as 2 minutes
[13, 72], and as high as 30 minutes [62] and 200 minutes [13] in literature. In one study varying
heating duration from 2 minutes to 200 minutes, density of the steel increased from 95+1% to
98+1% [13], showing that increasing duration can slightly improve porosity. However, densities
in austenitic and ferritic ODS steels as high as 99.1% and 99.8+0.2% have been achieved with
heating durations of 5 minutes [65] and 3 minutes [60] respectively, demonstrating that other
processing parameters have a better control over this aspect.

Heating rate is a variable frequently overlooked in thermal processing, but is a large part
of the thermal history of a sample. For spark plasma sintering, it is typically 100 K/min [60-63,
65, 67, 69]. A study by Fu et al. testing heating rates between 50K/min and 400 K/min in ODS
Eurofer found improved densification from 50 K/min to 100 K/min but no further significant
changes from accelerating the heating rate up to 400 K/min [62]. Another study showed a slight
reduction in density from 99.4+0.5% to 98.6+0.1 when heating rate was increased from
100K/min to 600K/min [63], suggesting that heating rates above 100 K/min are not necessary for
improved densification. When an ODS steel was produced with Y, Ti, Al, and Zr additions, with
heating rates varying between 100 K/min and 600 K/min, overall trends show an increase in the
amount of fine grain regions, a reduction in average fine grain size, and an increase in dislocation
density. Mechanical testing determined that the 600 K/min sample had the best ultimate tensile
strength and hardness at room temperature, but punch tests done at elevated temperatures
revealed that samples behaved similarly at 773K [63]. This demonstrates how heating rate can
influence the performance of ODS steel at room temperature, but at typical operating
temperatures for ODS steel applications, the microstructural changes made during consolidation
has a smaller impact. Thus, a heating rate of 100K/min is preferred for densification, and higher
values can influence grain structure, which becomes less significant at elevated temperatures,
where ODS steel is valued.

SPS: Prevention of Unwanted Phases

Certain elements or materials can be added to influence SPS processing. Silicon is an
addition that helps stabilize the ferrite phase, but also results in the formation of silicon dioxide
[72]. Depending on your composition, additions such as silicon may be required to eliminate
unwanted iron phases in spark plasma sintered samples. Due to the tendency of spark plasma
sintering producing carbides, barriers between the powder and graphite dies have been
researched. However, most of these studies focus on the prevention of forming carbides within
tungsten, which is known to be structurally sensitive to the presence of carbon [75]. These
studies have shown that tantalum and a sacrificial layer of tungsten both act as barriers to carbon
diffusion, by forming carbides with the carbon diffusing through the layer [75, 76]. However, it
has also been shown that molybdenum, which is also a carbide forming material, will not prevent
carbon from diffusing through, and did not prevent carbides in the consolidated tungsten [76].
While these techniques have not been applied to ODS steels, they do provide promising results in
the ability to control the formation of carbides or martensite within SPS ODS steel. For steels in
particular, niobium foil [77] and boron nitride [62, 72] has been considered as a spray coating
between sample and graphite reduce the diffusion of carbon during processing. It has been
shown that the use of boron nitride and graphite foils prevent chromium carbides from forming
in steel which improved mechanical properties [78]. Despite the presence of boron nitride,
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carbides have still been identified in some samples produced via SPS, and annealing after
consolidation was performed to produce a more uniform distribution of carbon [62]. This
resulted in a change from higher hardness and tensile strength towards regions closer to the
graphite die, to consistent and lower mechanical properties throughout the material [62].
Annealing of austenitic ODS steel containing chromium carbides has also improved the ductility,
and XRD revealed that annealing removed the chromium carbides [65].

SPS: Thermal Stability of Oxides and Grains

Lastly, heat treatments have been shown to not only influence the carbon content in SPS

samples, but also the oxide and grain sizes. Table 5 below shows oxide and grain size

distributions after the annealing of spark plasma sintered sample.

Table V. Average Sizes of Grains and Oxides after Annealing Spark Plasma Sintered ODS Steel.

Source Prior Heat Annealing Average Average Oxide | Method of Oxide
Treatment Temperature and Grain Size Diameter [nm] | Measurement
Duration [um]

[13] None None Not Reported | 2.8 SANS
None 1373K for 1 hour Not Reported | 3.2 SANS
None 1373K for 16 hours | Not Reported | 3.6 SANS

[73] None None 0.8+0.3 4.0 TEM
1323K for 1 hour, None 1.0+0.4 5.4 TEM
1023K for 1 hour
1323K for 1 hour, 973K for 400 hours | 1.1+0.5 6.2 TEM
1023K for 1 hour
1323K for 1 hour, 973K for 1000 1.3+0.6 7.0 TEM
1023K for 1 hour hours

Both heat treatments and annealing of SPS samples at elevated temperatures slightly
coarsened oxides, and grains. However, coarsening of these structures is expected at elevated
temperatures, and these studies have shown that the structure is stable at high operating

temperatures.

In conclusion, spark plasma sintering is a quick consolidation technique that can produce
ODS steel with a bimodal grain structure. The porosity, grain size, and oxide size are very
sensitive to extrusion temperature, so it is crucial to minimize sintering temperature once full
consolidation is achieved. Increasing sintering pressure has been shown to improve densification
and should be done to help drive down extrusion temperature. Heat treatments have been shown
to help diffuse carbon present in the samples, and result in more isotropic mechanical properties.
Current drawbacks to this technique include challenges to scaling up part size, limited sample
geometries, and carbon contamination creating carbides within the steel.

Friction Consolidation (FC)
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Friction consolidation (FC) is an alternative consolidation technique for ODS steel

production. The process involves placing divided precursor materials into a chamber and adding

a rotating cylindrical tool bit into the chamber, applying a compressive force and heat to

consolidate the material [79]. The apparatus for this type of consolidation is shown in Figure 12
below. For ODS steel, steel powders made via mechanical alloying [79, 80] and gas atomization

reaction synthesis [81] have been used in friction stir consolidation to produce ODS steel, but
other mediums such as machining chips have been consolidated using this technique [82]. Gas
atomization reaction synthesis is a technique used to introduce oxygen to the oxide powder, by
dispersing the melt using an Ar-O gas, instead of just argon during the gas atomization process.
During consolidation of ODS steel, a dull red glow has been observed [79], and cooling water

loops have been added to the design to prevent overheating [81]. Applying the heat and pressure
from the die consolidates the material in the shape of the chamber, resulting in cylindrical discs,

25.4mm wide and on the scale of 6-8mm tall [79, 81]. One issue important to note with this

process is unconsolidated powder on the bottom of these discs caused by a lack of deformation in

the bottom of the chamber [80].

Z-force

Rotational tool

Fig. 12. Apparatus for Friction Consolidation. Reprinted with permission from [79, 81].

There are a few processing parameters for this type of consolidation which are listed in
Table 6 below. Force and tool speed have been adjusted for synthesis to influence the
deformation and heat applied through friction by the rotating die. However, current work on
friction consolidation has not changed the chamber and die dimensions to influence part

geometry.

Tension bolt
Top half of split die

=n Tungsten plate

Base of split die

Sample material

CR-166 GARS
ODS Powder

W-Re-HfC
Tool with Scrolls

Thermocouple
Insert Point

Ring
Inconel 718

W Foil

Backing Block
H13 Tool Steel

Table VI. Processing Space across Parameters Specified in Literature for Friction Consolidation.

Parameter Range Source
Inner Diameter of Powder Chamber 254 [79-81]
[mm]
Diameter of Rotating Die [mm] 25 [79-81]
Composition of Rotating Die W-Re and We-Re-HfC [79-81]
Die Surface -Spiral scroll with 4mm advance [79, 81]
per revolution
-Scroll with 7.6mm advance per
revolution
-4 scroll pattern
-Flat end
Force Applied [KN] 22.24-44.48 [79-81]
Tool Speed [rpm] 100-500 [79, 81]
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FC: Variations in Structure and Hardness

Production of ODS steel via FC results in a unique microstructure and mechanical
properties. As a result of higher deformation rates and heat towards the top of the sample, the
grain structure and hardness of samples varies from the top to the bottom of the sample. As
shown in Figure 13, D. Catalini et al. determined that grain size increased with decreasing
hardness values towards the surfaces in contact with the die [79], while D. Zhang et al. observed
the opposite effect [81]. The main difference between these two studies is the fact that D.
Catalini et al. used mechanically alloyed powders, while D. Zhang et al. used gas atomization
reaction synthesis powder. This especially becomes a critical factor since the bottom of each
sample was not completely consolidated. D. Zhang found that the grains towards the top of the
sample were 2.4 um in diameter on average and the grains >5um were typically on the lower side
of the sample towards loose powder, while the GARS powder had an average grain size of 7.7
pum [81]. D. Catalini determined that grain sizes were 3.6-7.2 um on average along the surface of
a friction consolidated sample, and 0.9-1.0 um on average along the bottom of the sample [79].
As shown in Figure 13, a sample was flipped and processed again to reduce variations in the top
and bottom of the sample, as well as improve densification.

Fig. 13. Hardness map, grain size measurement, and direction of grain growth comparison
between friction consolidated ODS steel processed once (top), and a consolidated sample flipped
halfway through processing (middle) [79] and optical microscopy and hardness of friction
consolidated GARS CR-166 Powder [81]. Reprinted with permission from [79] and [81].

Nano-oxides have been produced with both forms of powder used. D. Catalini et al.
determined through TEM that YAIOs, Y3AlsO12 and TiN were present within the consolidated
steel, and that oxide size increased with grain size as well as in regions where high material flow
was expected [79]. This means both temperature increases, and deformation resulted in the
growth of oxides, which ranged in size on average from 75 nm to 339 nm, based on location.
Meanwhile, D. Zhang determined an average oxide diameter of 4.33 + 1.95 nm with the use
APT, with a density of 2.27+1.46x10%2/mq. Finer and more YTiO oxides were found in the
harder regions of the samples caused by deformation induced Fe-Y intermetallic, and Y-
containing oxides [81]. Additionally, oxide layers from the GARS powder surface did not fully
dissolve in the bottom region resulting in linear oxide features and stringers [81]. Based on these
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combined observations, the powders’ microstructure dictated mechanical and microstructural
properties toward the bottom of the sample. The mechanical alloying may have played a key role
in reducing grain size, which improved mechanical properties of the partially consolidated
material. In addition, nanoscale oxide size is reduced in high deformation regions for the
consolidated GARS powder, but not for the mechanically alloyed powder. The deformation led
to coarsening of Y-Al oxides formed from dissolved elements, but supported nucleation of
smaller Y-Ti oxides, by breaking up previous phases, influencing the dispersion strength in each
region. Thus, there are large amounts of mechanical and microstructural anisotropy in friction
consolidated material, which is influenced by powder properties.

FC: Further Advancements

Lastly, other forms of friction processing have been done to alter ODS steel. Friction stir
welding is a similar technique, using friction from a spinning welding tool between ODS steel
parts. The intention of this is to join ODS steel without clustering or coarsening the nanoscale
oxide distribution, which could potentially weaken the welded region [83]. Friction processing
has also been done to simply modify the microstructure of already extruded ODS steel, resulting
in equiaxed, coarsened grains without impact on nanoscale oxides. In the study testing this, the
oxide average size and density remained consistent at 10 nm and 1x10%2/m? respectively [27].
These observations show promise in the use of friction processing to weld ODS steel
components together without weakening the structure, since the oxide density is maintained. This
is especially crucial for processes such as HE, SPS, and FC, which are all not capable of
producing complex geometries.

In order to produce metals on a larger scale, the process called ShAPE™ (Shear Assisted
Processing and Extrusion), is a method similar to friction consolidation, which uses a hole within
the die to extrude large amounts of material during continuous processing. A 3.3 m long ODS
copper rod has been produced without cracks to demonstrate the scale of products possible [84].
Friction extrusion has also been conducted on a friction consolidated sample to produce a
14YWT ODS steel rod which is still under microstructural investigation [81]. Another patented
friction based extrusion technique is SolidStir™. This technique involves using a powder hopper
to feed powder to a stirring tool, which deforms and heats the powder, and extrudes the material
through a nozzle opposite to the rotating die. Both systems are shown in Figure 14. SolidStir™
has been used to successfully create Al 6061-T6 rods [85] as well as ODS steel cladding tube
through the use of cold rolling [85]. Moreover, the oxide distribution in the heat treated ODS
steel tube is promising, with an average size of 1.71 +0.85 nm and density of 7.6x10?? oxides/m?
[85]. Thus, friction processing has been varied to influence the microstructure of consolidated
ODS steel, join ODS steel components and extrude consolidated ODS steel into larger
components suitable for nuclear engineering applications.
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Fig. 14. Schematic of ShAPE™ (top) [86]and SolidStir™ Processes (bottom) [85]. Reprinted
with permission from [86] and [85].

Comparison of Techniques

Across the three techniques listed above, there are many parameters used to influence
microstructure, which in turn, influence the performance of ODS steel alloys under irradiation,
stress, and elevated temperatures. The techniques themselves have large influences on grain
structure present, geometry, and risks of contamination, such as the formation of carbides in
spark plasma sintered samples, and the spreading of impurities through rolling processes. Figures
15, and 16 display yield strength, ultimate tensile strength, and ductility of various ODS steels
across temperatures, produced from these techniques. Values presented were either provided or
measured from graphs in literature, and some studies did not provide all three values. Yield
strength was not approximated from stress strain curves. Data on SPS and friction-based
processing were staggered by 10 K, and HIP by 20 K in plots showing all values across literature
in order to see the documented ranges from all three process types. Unspecified room
temperature tests were placed at 300 K for hot extrusion and staggered from 300 K for all other
techniques.
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Fig. 15. Ultimate tensile strength (upper left) [8, 9, 12, 13, 15, 18, 24, 25, 27, 31, 38, 39, 42, 44,
45, 47, 49, 50, 52, 55, 56, 61-70, 83, 87-93] and yield strength (upper right) [9, 12, 13, 16, 18,
19, 23-25, 27, 38, 39, 42, 44, 45, 49, 52, 55, 56, 61-70, 74, 87, 88, 90-94] of ODS steel at
varying temperatures reported across literature and best values reported (bottom).
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Fig. 16. Total elongation of ODS steel tensile specimens at varying temperatures reported across
literature [9, 12, 13, 15, 18, 19, 23, 24, 27, 39, 42, 44, 45, 47, 50, 52, 55, 62-70, 83, 87, 88, 90-

03].

Literature shows large variations in room temperature strength across ODS steel samples
processed through hot extrusion, hot isostatic pressing, and spark plasma sintering, which shows
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how crucial the processing variables are to end performance. The variation in strength across
samples within each technique is reduced at elevated temperatures which has been evidenced
across studies [9, 12, 19, 61]. Ductility also widely varied across samples at all tested
temperatures. However, for hot extruded samples, higher ductility was possible at elevated
temperatures. The sample produced by hot extrusion and modified by friction stir processing
resulted in low strengths and high ductility with respect to other consolidation techniques.
Studies done on friction consolidation alone did not produce samples suitable for machining
tensile specimens. Tests could be further explored for friction based processes through the
patented techniques ShAPE™ and SolidStir™ or by scaling up the apparatus used for friction
consolidation.

While there is significant overlap in mechanical properties between techniques, Figure 15
shows that hot extrusion currently has the highest strengths capable, followed by spark plasma
sintering, the hot isostatic pressing. Additionally, the most ductile sample reported was found to
be extruded ODS steels. An important observation is high yield strengths achieved at elevated
temperatures in nanostructured ferritic alloys-a type of ODS steel-in studies by T.S Byun et al.
and J.H. Kim et al. extruded with production parameters and tensile properties listed below [19,
87].

Table VII : Processing Parameters and Yield Strengths for Strong Hot Extruded Steels [19, 87]

Sample Name 9YWTV-PM1 9YWTV-PM2 14YWT
Composition [wt%] Fe-9Cr-2W-0.4Ti- Fe-9Cr-2W-0.4Ti- Fe-14Cr-3W-
0.2V-0.12C-0.3Y203 | 0.2V-0.05C-0.3Y203 | 0.4Ti-0.25Y203
Encapsulation <673K <673K 673K
Temperature
Temperature Before <1123K <1123K 1123K
Extrusion
Cross Section Shape Rectangle Rectangle 7:1 reduction,
shape not reported
Extrusion Pressure >700 MPa >700 MPa Not reported
Post Consolidation None None Annealing at
Processing 1273K for 1hr
Yield Strengths at RT ~1630 and ~1721 at ~1219 and ~1241 at 1600 at RT
and elevated RT RT 952 at 873K
temperatures [MPa]* ~1377 at 873K ~894 at 873K 555 at 973K
~669 at 973K ~532 at 973K 395 at 1073K
~351 at 1073K ~263 at 1073K

*Yield Strength Measured from Plots for 9YWTV-PM1 and 9YWTV-PM2

These samples had superior strengths compared to the rest of samples. All three alloys
have yttrium, titanium, and tungsten present, and have low extrusion temperatures. The
toughness of 9YWTV-PM1 and 9YWTV-PM2 at both room temperature at 773K was further
improved by hot rolling, especially in the 9YWTV-PM2, which had a lower carbon content [19].
These studies confirm observations from previously mentioned studies, that ODS steels benefit
from a low extrusion temperature and tungsten solid solution strengthening, and densification is
made possible through increased pressure. Among the samples produced through the second best
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technique, spark plasma sintering, the strongest were produced either at 1223K [61, 64, 93], or
was specifically cut from the edge of a sample, where carbon content was highest [62].

In addition to strength, microstructural measurements have also been reported across
literature. Figure 17 below shows reported oxide density vs. oxide size across consolidation
techniques and detection methods. Detection methods include identifying and physically
measuring observed precipitates through transmission electron microscopy (TEM) determining
clusters of elements and compounds through atom probe tomography (APT) and the scattering
techniques small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS). All
four methods have demonstrated the ability to produce oxides with an average diameter less than
10 nm and have achieved densities close to or exceeding the scale of 1022 oxides per cubic meter.
However, hot extruded samples overall have been shown to have finer oxides, and a high oxide
density. The spark plasma sintered sample with the larger average oxide size of 55 nm was
synthesized from powder made through the sol-gel method [70]. Oxides identified across
processing methods include Y2Ti207 [28, 61, 72], Y4Zr3012 [28, 64], ZrO2 [73], Y2TiOs [24, 28],
Y4Zr3012 [28], Y4Al209 [28, 79], Y3AIls012 [79], and YAIOs [28, 79]. Many studies have also
identified coarser precipitates in their steels which include SiOz2 [72], Cr2TiO4 [72], CrTi20s [64],
Cr23Cs [66], Cr203 [66], TiO2 [11], TiO [24], TiC [24], and TiN [79]. All techniques need to
provide oxygen for the production of nanoscale oxides, but the formation of larger oxides is
clearly capable through silicon, chromium and titanium, and must be taken into account when
choosing your chemistry. Carbides, and nitrides are also possible, especially through
contamination which can occur during spark plasma sintering and mechanical alloying.

Oxide Density vs Average Nanoscale Oxide Size Oxide Density vs Average Nanoscale Oxide Size

HE Measured by TEM

O HE Measured by SANS or SAXS

HE Measured by APT

HE Measured by Fe-M Jump Ratio

HE Measured by Fe-M Jump Ratio

o SPS Measured by TEM

0.01

Oxide Density/107° [# oxides/m?]
Oxide Density/10% [# oxides/m?]

Fig. 17. Reported Oxide Size and Density of ODS Steel Samples across Literature [3, 8, 10-12,
14,17, 18, 22, 24, 26-28, 32, 38, 45, 47, 49, 55, 56, 61, 63, 64, 68, 70, 74, 77, 81, 83, 85, 88-93,
95-98].

Lastly, variations in grain size, porosity, and dislocation density can occur across
samples. As mentioned previously, HE samples have a characteristic elongated grain structure,
HIP has an equiaxed grain structure, and SPS typically results in a bimodal equiaxed grain size
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distribution. Friction consolidation has high variations in grain size depending on location in the
part, with averages varying from 0.9 to 7.2 um in one example [79]. Shown in Figure 18 below
is a plot of the grain size measurements for HE, HIP, and SPS as a function of sintering
temperature. SPS temperature was staggered by 10K, and HIP was staggered by -10 K in order to
see overlapping points. As clearly shown in the plot, higher sintering temperatures can lead to
larger grains sizes, but it is not always the case. Additionally, many SPS and HE studies have
produced samples using temperatures below 1300 K and has resulted in a consistently small
average grain size. In addition to these values, HE consolidated at less than 1123 K has resulted
in grains on the scale of 160 nm and 230 nm in diameter [19], and SolidStir™ has resulted in
grains with an average of 4260 nm in the transverse direction, and 6860 nm in the longitudinal
direction [85]. These results show that spark plasma sintering and hot extrusion done at low
temperatures result in the most promising grain structures.

Grain Size Measurments as a Function of Sintering Temperature Grain Size Measurments as a Function of Sintering Temperature
Across Literature Across Literature
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17500 > He Longitudinal TEM/STEM 7500 > He Longitudinal TEM/STEM
© HE Transverse TEM/STEM O HE Transverse TEM/STEM
E 15000 i E .
E 7 HE Overall TEM/STEM g HE Overall TEM/STEM
2 O HE Overall EBSD ] = O HE Overall EBSD
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Fig. 18. Average grain sizes of SPS, HE and HIP ODS steel as a function of sintering
temperature [8, 10, 11, 17-19, 23, 24, 26, 28, 38, 39, 45, 47, 48, 61, 64-67, 71-74, 87, 89-91, 93,
99, 100].

Porosity is not frequently noted in hot extrusion, but pores have been found in extruded
ODS steel with an average diameter of 0.26 um [8]. For HIPed samples, residual porosity has
been observed [41, 43], but thermal mechanical treatments after consolidation can be performed
to reduce porosity reduce porosity [41]. For SPS, most samples have been measured to be
between 94.20% and 99.80% [13, 60-65, 68, 69, 71-74]. However, in a sample processed at an
extremely low sintering temperature 1123 K, the sample was 16% porous [13], and incomplete
sintering has been observed in a sample with a sintering temperature of 1323 K [62]. In FC
material, incomplete sintering is present across the bottom of samples, which can be improved by
flipping and reprocessing consolidated samples [79] or by modifying the apparatus. Dislocation
density is infrequently reported across literature but has been observed ranging from 0.8-
9.4x10%/m? [28, 63, 64, 67]. In a study done with SPS, the largest dislocation density was seen
with the highest heating rate at 600 K/min, and this sample had improved mechanical properties
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at room temperature, but not at elevated temperatures, when it is easier for dislocations to
propagate [63]. In conclusion, porosity is a concern in spark plasma sintered samples with low
sintering temperatures, and in friction consolidated materials, and dislocation density is
occasionally measured across studies, but does not appear to be significant for structural
applications at elevated temperatures.

The comparisons in terms of microstructure and mechanical performance above were
critical for determining ODS steel quality as a function of consolidation technique. However,
evidence in literature shows that the parameters for powder processing prior to consolidation can
also influence the chemistry and strength of ODS steel produced [90]. Research on variations
across powder production techniques, as well as advanced characterization of powder would
provide further insight on how ODS steel can be improved in terms of strength, as well as finer
grains and oxides. Additionally, additive manufacturing techniques are a promising alternative
processing route that was not compared within this study. Performing liquid state consolidation
through localized melt pools via directed energy deposition (DED), electron beam powder bed
fusion (EB-PBF) and laser powder bed fusion (LPBF) (or selective laser melting (SLM)) has
successfully produced ODS steels with columnar grain structures and nanoscale oxides. Current
literature on experimentation and modeling suggests that the utilization of a liquid-based
consolidation technique will come with the drawback of coarser oxides due to collision
coarsening in the melt pool [101]. Recent studies on ODS steel have been performed for these
techniques [102-108] which will provide insight towards oxide refinement for additive
manufacturing, with the ability to consolidate powder in the form of complex geometries.

Conclusion

In conclusion, there are many different solid-state techniques used to produce oxide
dispersion strengthened steel which can be considered for structural applications in nuclear
reactors. For this study, traditional techniques-HE and HIP-as well as two unconventional
techniques-SPS and FC-where compared. Hot extruded ODS steel typically has anisotropic,
elongated grains, and have the ability to be extruded in large cross sections. HIP has the ability to
produce large ODS steel components containing equiaxed grains of varying sizes, occasionally
bimodal. SPS produces small ODS steel cylinders with a bimodal grain size potentially due to
uneven heating and heterogeneous microstructures across the precursor powder. Carbon is
introduced from the use of graphite dies used in sintering, resulting in the formation of carbides.
Lastly, FC is used to produce small pucks with a microstructure and mechanical properties
varying from top to bottom as a result of uneven heating and deformation. One large drawback to
this technique is the presence of unconsolidated powder stuck to the bottom of the produced
ODS steel. However, new friction-based processes make extrusion possible, resulting in larger,
fully consolidated parts. For SPS, HE, and HIP, optimal processing involves minimizing
temperature to keep precipitates and grains small, while being high enough for completely
sintering to occur. Increasing pressure to an extent has been shown to improve densification.
Heat treatments can be used to alter grain morphology, remove carbides and coarsen grains
without influencing nanoscale oxides. Hot rolling has been shown to improve strength and
hardness at elevated temperatures, and cold rolling can improve these mechanical properties at
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only low operating temperatures. There is the drawback of potentially spreading impurities,
resulting in delamination of grains from rolling. Composition of the steel also highly influences
the nanoscale oxides that form. Additions of yttrium titanium, niobium, and tungsten have been
shown to either reduce oxide size or improve mechanical performance of steels. When
comparing ODS steels produced, hot extruded steels have finer oxides with a higher density, and
both SPS and HE result in fine grain sizes when sintered at 1273 K or less. Hot extruded samples
currently show the more promising yield strength at elevated temperatures when processed at
low extrusion temperatures or hot rolled. Additionally, heating the ODS steel up to 1373 K
resulted in a slight growth of oxides, while heating to 1673 K resulted in oxide size more than
doubling within one hour, evidencing that oxide dispersion strengthening is promising for even
VHTRs.

The most matured process for producing structural components such as cladding tubes for
nuclear reactors is hot extrusion. This process has the ability to produce tubes, have high
elevated temperature yield strengths, and extremely fine oxides. The best mechanical
performance at elevated temperatures was hot rolled ODS steel containing tungsten, extruded at
low temperatures. Further advancements that can be applied to this technique include using
powder processing techniques besides mechanical alloying to decrease risk of contamination and
adjusting yttria and titanium contents to increase contributions from dispersion strengthening.
Niobium additions also show promising results and should be considered. Any joining of
extruded components should be done through friction stir welding to conserve the nanoscale
oxides. Additional characterization in terms of both mechanical testing and microstructure
evaluation should be performed on ODS steel tubes experiencing combinations of heat,
corrosion, and irradiation, to better understand the performance of these steels in operating
conditions. Further preparation for production include performing economic and life cycle
assessments for the production and use of hot extruded and rolled cladding tubes for various
generation 1V nuclear reactors in order to understand the full cost.

Research in other solid state processes for ODS is still crucial, as they may be ideal for
other applications, or eventually excel in performance past hot extruded ODS steels. Friction
based techniques are quickly advancing and has the ability to produce cladding tubes, but further
developments can be made to assess performance under irradiation, high temperatures and stress.
Additionally, composition, inputted energy, and post-consolidation thermal mechanical
processing of friction processed samples can be further explored to improve elevated temperature
strength. While SPS is not the ideal process for cladding tubes, it has the capability to produce
ODS steel quickly. Further modifications to the graphite dies and apparatus to make more
complex geometries and reduce carbon contamination may result in improvements in the
manufacturability of small ODS steel components. Ideas for this include machining the graphite
pucks for specific geometries, and modifying the composition of the graphite dies. Lastly, HIP is
a reliable technique for producing ODS steel with a varying cross section on a larger scale than
SPS. While all techniques are at varying stages of development, they all have potential use for
structural components in generation 1V nuclear reactors. Despite geometric limitations, all ODS
steels produced can be machined to desired shapes, and cold or hot rolled to a desired thickness.
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