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Abstract
Nuclear energy is a low-carbon, safe, efficient, and sustainable clean energy. The new
generation of nuclear energy systems operate in harsher environments under higher working
temperatures and irradiation doses, while traditional nuclear power materials cannot meet the
requirements. The development of high-performance nuclear power materials is a key factor for
promoting the development of nuclear energy. Oxide dispersion strengthened (ODS) steel
contains a high number density of dispersed nano-oxides and defect sinks and exhibits excellent
high temperature creep performance and irradiation swelling resistance. Therefore, ODS steel
has been considered as one of the most promising candidate materials for fourth-generation
nuclear fission reactor cladding tubes and nuclear fusion reactor blankets. The preparation
process significantly influences microstructure of ODS steel. This paper reviews the
development and perspective of several preparation processes of ODS steel, including the
powder metallurgy process, improved powder metallurgy process, liquid metal forming process,
hybrid process, and additive forging. This paper also summarizes and analyzes the relationship
between microstructures and the preparation process. After comprehensive consideration, the
powder metallurgy process is still the best preparation process for ODS steel. Combining the
advantages and disadvantages of the above preparation processes, the trend applied additive
forging for extreme manufacturing of large ODS steel components is discussed with the goal of
providing a reference for the application and development of ODS steel in nuclear energy.

Keywords: nuclear energy, oxide dispersion strengthened steel, preparation process,
powder metallurgy, additive forging
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1. Introduction

In recent years, energy conservation and environmental pro-
tection have become common issues all over the world. As
a result, clean and renewable energy has become more desir-
able. Nuclear energy is the only clean, low-carbon, safe, effi-
cient, and sustainable baseload energy, which will play an
important role in enhancing energy supply and security and
solving environmental pollution problems [1–5]. The fourth-
generation nuclear energy system operates at high temperature
and pressure, high creep, strong corrosion, and high dose neut-
ron irradiation. Under these conditions, the mechanical prop-
erties and irradiation resistance of traditional reactor struc-
tural materials can no longer meet the service requirements
[6–8]. In order to make new generation nuclear power systems
with the characteristics of sustainability, safety and reliabil-
ity, economy, antiproliferation, and physical protection, nuc-
lear power materials must have irradiation embrittlement and
swelling resistance, strong corrosion resistance, good mech-
anical properties, and chemical compatibility with coolant at
high temperatures [7, 9, 10]. Therefore, nuclear powermaterial
is one of the key factors restricting the development of nuclear
energy and has become a research hotspot in this field.

The typical microstructures of oxide dispersion
strengthened (ODS) steel include: sub-micron grain size,
defect sink strengths near or greater than 1016 m−2, nano-
oxides with average diameters <d> ≈ 1–5 nm, number dens-
ity N ≈ 1023−24 m−3 and volume fraction f ≈ 0.5%–1%,
coherent and semi-coherent interface relationships, and misfit
dislocations between the nano-oxides and matrix [11–16]. The
dispersed nano-oxides in ODS steel hinders the movement of
dislocations and grain boundaries, and the high temperat-
ure strength and service temperature increases significantly
[17]. Plenty of phase interfaces between nano-oxides and
matrix can effectively trap point defects and bubbles caused
by the agglomeration of helium—which is a major product
from nuclear reactions between the incident neutrons and the
material—which enhances the recombination of point defects,
suppresses the growth of bubbles, and greatly improves irra-
diation swelling resistance [14, 18]. Therefore, ODS steel has
been considered as one of the most promising materials for
fourth-generation nuclear fission reactor cladding tubes and
nuclear fusion reactor blankets [19–22].

The excellent properties of ODS steel come from its unique
microstructure, especially nano-oxides. However, the alloy
composition and preparation process influence the formation
of dispersed nano-oxides [23, 24]. Numerous studies regard-
ing the formation mechanism of dispersed nano-oxides in
ODS steel show that the preparation process significantly
affects the average size, number density, and distribution of
nano-oxides. The preparation process also determines the high
temperature service performance and irradiation swelling res-
istance. This paper systematically summarizes the research
progress on ODS steel preparation, including the powder
metallurgy process, improved powder metallurgy process,
liquid metal forming process, hybrid process, and additive
forging, as shown in figure 1. Furthermore, the relationships

between microstructures, properties, and the ODS steel pre-
paration process are discussed. Finally, this paper proposes a
preparation process that is expected to meet the requirements
of high performance and homogenization of large-size ODS
steel for nuclear power by combining the advantages and dis-
advantages of above preparation processes.

2. Powder metallurgy process

At present, the main preparation method for ODS steel is the
powder metallurgy process, including gas atomization, mech-
anical alloying, canning, consolidation forming (e.g. hot iso-
static pressing (HIP), spark plasma sintering, and hot extru-
sion), and thermo-mechanical treatment, as shown in figure 2.
Mechanical alloying was first proposed by Benjamin of the
International Nickel Corporation in the 1960s [25] and was
widely used in various research fields, such as dispersion
strengthened alloy materials, nonequilibrium materials, and
nano-materials. Mechanical alloying is a process in which
metal or alloy powders are repeatedly flattened, cold wel-
ded, fractured, and rewelded with a milling medium in a
milling container for long periods [26], as shown in figure 3.
During mechanical alloying, extremely stable oxides continu-
ously dissolve into the matrix, increasing the solid solubility
of alloying elements, which ultimately yields a supersatur-
ated solid solution. Mechanical alloying is a severe deform-
ation process that supplies more than the estimated 24 eV of
energy needed to fully dissolve Y and O from a Y2O3 ref-
erence state [27]. Consolidation at high temperature gener-
ates a dense material and induces stable nano-oxides. Usually,
higher consolidation temperatures are preferred to increase the
bonding energy between powder particles and formmore ther-
modynamically stable nano-oxides. Nano-oxide precipitation
occurs rapidly at relevant consolidation temperatures above
800 ◦C [28]. However, with the increase of consolidation tem-
perature, the size of nano-oxides increases and the volume
fraction and the particle density decrease. The precipitates
in ODS Fe-14Cr-1W steel occurred through structural and/or
chemical evolution around 900 ◦C by in-situ small angle x-ray
scattering during continuous heating up to 1100 ◦C [29]. The
presence of Ti strongly affects particle chemistry and reduces
the average particle diameter. The addition of Cr reduces the
particles’ surface energy, which lowers the rate of coarsen-
ing [30]. Therefore, despite the higher consolidation temper-
ature (about 1150 ◦C), the alloy containing Cr and Ti still con-
tains smaller oxide particles.Mechanical alloying is a complex
process and some of the important process parameters affect
the final constitution of the powder in terms of milling speed,
ball-to-powder weight ratio, milling time, milling atmosphere,
milling temperature, etc. In addition, mechanical alloying has
the disadvantages of low efficiency, poor stability between
batches, and susceptibility to grinding medium, container, and
air pollution [31–33]. In order to minimize the disadvant-
ages of mechanical alloying, scholars have proposed improved
powder metallurgy processes called cryomilling and internal
oxidation.
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Figure 1. Classification of preparation processes toward ODS steel.
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Figure 2. Schematic representation of ODS steel processing and
fabrication paths by powder metallurgy process. Reprinted from
[28], Copyright (2019), with permission from Elsevier.

2.1. Cryomilling

Mechanical alloying increases the temperature of alloy
powders at room temperature, which can produce excessive
welded particles and agglomerations, hindering atomic dif-
fusion and reducing the number density of nano-oxides in
ODS steel [34]. However, the brittleness of alloy powders
improves at low temperatures. The cryomilling process takes
advantage of cryogenic temperatures and conventional mech-
anical alloying. During this process, the alloy powders are
milled in an attrition ball mill vessel under liquid nitro-
gen at cryogenic temperature [35]. There are several advant-
ages to cryomilling compared to conventional mechanical
alloying [34–39]. Cyromilling suppresses agglomeration and
welding of alloy powders to the milling media. It also bal-
ances the crushing and cold welding of alloy powders, res-
ulting in a more efficient milling outcome. The oxides can
be completely dispersed through physical mechanisms. Cryo-
milling significantly reduces the milling time required to

Figure 3. Interaction between ball media and alloy powder.
Reprinted from [26], Copyright (2001), with permission from
Elsevier.

attain a supersaturated solid. The low temperature suppresses
the annihilation of dislocations, making the accumulation of
a higher dislocation density possible. This process minim-
izes oxidation reactions and inhibits recovery and recrys-
tallization during milling, resulting in smaller grain sizes
and increased nanostructure formation kinetics. The trans-
ition electron microscopy (TEM) images showing the nano-
oxide particles of 14Cr-ODS steel produced by conventional
mechanical alloying and −150 ◦C cryomilling are shown in
figure 4. Cryomilling effectively changes the microstructure,
and it produces homogeneous microstructures with narrow
oxide particle grain boundary spacing and sub-micron-sized
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(a) (b)

50 nm 25 nm

Figure 4. TEM images of 14Cr-ODS steel produced by (a) conventional mechanical alloying and (b) −150 ◦C cryomilling. Reprinted from
[40], Copyright (2020), with permission from Elsevier.

Bulk metal

Or

Powders Grain boundary Oxygen Dispersed Oxide

Figure 5. Schematic representation of ODS steel produced by internal oxidation.

grains. The resulting microstructures exhibit a lower creep
rate and higher creep strength [41]. The 14Cr-ODS steel pro-
duced by cryomilling exhibits superior oxidation resistance
compared to that of conventional mechanical alloying. This
difference is due to the fine grain size, small nano-oxides,
and naturally formed oxide-film [40]. The mean diameter of
nano-oxides below 10 nm decreases, and the number density
of the particles increases as the mechanical alloying temper-
ature decreases, according to small-angle neutron scattering
analyses. The high temperature strength increases consider-
ably as the mechanical alloying temperature decreases [42].
However, mechanical alloying at−150 ◦C significantly deteri-
orates the fracture toughness, which could be due to increased
pore volume fraction and segregation at the grain boundaries
[42].

2.2. Internal oxidation

Internal oxidation is a process in which alloy powders or bulk
metals are subjected to high temperature heat treatment under
an oxygen atmosphere, so oxygen can diffuse into the mat-
rix and combine with alloy elements to form oxides, thus
avoiding the time intensivemechanical alloying step, as shown
in figure 5. Schneibel et al [43] studied nano-scale oxide
dispersoids by internal oxidation of Fe–Ti–Y intermetallics.
Their results showed that in addition to Y2O3 and Y2Ti2O7

nano-oxides, large YFeO3 and Fe2TiO4 oxide particles were
also produced by internal oxidation of Fe17Y2 and Fe11YTi
intermetallics in a closed heat treatment environment where
the Fe/Fe2O3 mixture provided oxygen partial pressure. In
an environment where VO/V2O3 mixed powder served as the
oxygen source, no oxide layer appeared on the microstructure
surface of cast Fe-16Cr-0.2Al-0.05Y alloy after heat treatment
at 1450 ◦C for 20 h, but there was a 2000 µm deep internal
oxidation zone, and nano-scale Y–Al–O particles were present
in the matrix [44].

The diffusion distance of oxygen in a matrix is limited
by the oxygen partial pressure, thus the number density and
the homogeneity of nano-oxides in ODS steel prepared by
internal oxidation is significantly lower thanmechanical alloy-
ing. In order for oxygen to diffuse fully into matrix to form
the desired microstructure, some scholars proposed improved
internal oxidation methods:

(a) Gas atomization reaction synthesis (GARS) [45]: GARS
is a high-flux rapid solidification process that utilizes a react-
ive atomization gas (Ar-O2) to surface oxidize nascent alloy
droplets in-situ during the primary disintegration of molten
metal in gas atomization. Rapid reaction kinetics promote the
formation of a metastable surface oxide layer, which simul-
taneously provides a source of oxygen and a means of trans-
porting large quantities of oxygen into a consolidated micro-
structure along prior particle boundaries and grain boundaries.
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(a) (b)

200 nm 200 nm

Figure 6. TEM images of ODS steel prepared by (a) STARS and (b) internal oxidation to improve oxygen diffusion ability. Figure 6(a)
reprinted from [46], Copyright (2018), with permission from Elsevier. Figure 6(b) reprinted from [47], Copyright (2019), with permission
from Elsevier.

Then, consolidation forming and high temperature heat treat-
ment drive oxygen to combine with alloy elements to form
highly stable and dispersed nano-oxides throughout the mat-
rix. However, due to the rapid melting speed of the metallic
matrix in the gas atomization process, the metallic matrix can-
not fully react with oxygen. Themetastable surface oxide layer
that forms on the gas atomization powder has an heterogen-
eous distribution and thin thickness, resulting in ODS steel
containing a lower number density of irregularly distributed
nano-oxides.

(b) Surface treatment of gas atomized powder followed
by reactive synthesis (STARS): Gil and Ordás [32, 46] pro-
posed STARS in response to the disadvantages of GARS.
This method can improve the insufficient oxidation reaction in
GARS by oxidizing gas atomization powders for a long time
and ensuring the formation of a homogeneous oxide layer on
the surface of alloy powders. Themain steps include: 1. obtain-
ing Ti and Y alloy powders by gas atomization; 2. formation
of a homogenous metastable oxide layer of Cr2O3 and Fe2O3

on the surface of the gas atomization powders by oxidation
reactions; 3. obtain oxygen by dissolving the metastable oxide
layer so Cr2O3 and Fe2O3 diffuses into the matrix to form Y–
Ti–O nano-oxides during consolidation via HIP; 4. residual
oxides at a prior particle boundary are further decomposed by
plastic deformation and heat treatment. The obtained nano-
oxides have poor homogeneity and larger than average size,
as shown in figure 6(a). The oxides do not completely decom-
pose at low temperature HIP. Hence, a higher temperature heat
treatment is required to fully decompose the residual oxides.
However, the harmful effects of high temperature heat treat-
ment, such as grain growth, heat-induced pore and aggregation
of residual Ti (C, N), should be avoided.

(c) Enhance oxygen diffusion capacity [48]: the diffusion
of oxygen into matrix determines the homogeneity and num-
ber density of nano-oxides in ODS steel. The oxidated alloy
powders increase dislocations and vacancy defects through
short-term milling, which promotes oxygen diffusion. The

resulting ODS steel contains a higher dislocation density,
finer grain size, and more dispersed nano-oxide particles. The
mechanical properties of the ODS steel obtained by above pro-
cess were equivalent to those obtained through mechanical
alloying, but the average size of the nano-oxides are above
20 nm [47], as shown in figure 6(b). The smaller the size of
nano-oxides, the stronger the irradiation swelling resistance
[14]. Hence, ODS steel prepared by this method has poor irra-
diation swelling resistance.

In addition, improved powder metallurgy processes also
include two-step ball milling to promote the formation of
nano-oxides [23] and the flake powder metallurgy process
[49] and water atomization for cost reduction [50]. Although,
improved powder metallurgy processes can minimize the dis-
advantages of mechanical alloying, the traditional powder
metallurgy process is still a more suitable preparation process
for ODS steel considering its comprehensive performance and
preparation cost.

3. Liquid metal forming process

The liquid metal forming process is a process in which fine
oxide powders are added to liquid steel and dispersed oxide
particles are formed in the matrix [51]. The liquid metal form-
ing process has attracted sustained attention attributed to its
advantages, such as short process flow, low preparation cost,
and large-scale preparation in a single batch. However, the
agglomeration and coarsening of oxide particles are inevit-
able in melting and solidification [52]. The reasons for the
above phenomenon are as follows [51, 53]: (a) the wettability
of oxide particles is limited in liquid steel; (b) the density of
oxides is generally lower than liquid steel and oxides are easy
to suspend and form residue during smelting; and (c) the added
oxides are thermally stable and are difficult to dissolve in
smelting and solidification. In addition, the liquid metal form-
ing process also needs to solve some complicated problems

5
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(a) (b)

10 μm 5 nm

Y2O3

Figure 7. (a) SEM image of extraction oxide of the 9Cr ODS steel produced by the direct casting method, (b) TEM image of the T91 ODS
steel produced by intermediate alloy casting method [55]. No permission required.

[53], such as how to disperse the added oxide particles in liquid
steel, how to generate nano-oxides in a matrix, and how to pre-
vent the generated oxides from dissolving or overreacting with
the liquid alloy.

T91 steel and 9Cr low-activated steel strengthened byY2O3

were prepared by directly adding micron Y2O3 particles into
liquid steel. Y2O3 particles can be effectively added into a
matrix according the results of tensile fracture and extrac-
tion. However, oxide particles agglomerated and coarsened,
so the size was still on the micron-scale [54, 55], as shown
in figure 7(a). Therefore, adding smaller oxide particles to the
liquid steel forms smaller dispersed oxide particles in liquid
steel. The wettability of oxide particles is a critical problem,
Shi [55] proposed the intermediate alloy process combining
the advantages of metallurgy and casting to improve wettabil-
ity and bonding force with liquid steel. The intermediate alloy
was prepared by sintering the mechanical alloy powder of Fe
and Y2O3 particles. The T91 steel with dispersed nano-scale
Y2O3 particles was realized by vacuum induction melting,
as shown in figure 7(b). Verhiest et al [56] tried to use low-
concentration and low-viscosity colloidal Y2O3 powder sus-
pension as an additive to reduce agglomeration of Y2O3 in
liquid steel. The results showed that simply adding colloidal
Y2O3 with low-concentration and low-viscosity into liquid
steel cannot uniformly disperse in the matrix. However, the
addition of Y on the above basis improved the wettability of
the Y2O3 particles in the liquid Fe–Cr alloy, and inhibited
agglomeration, and promoted dispersive distribution of Y2O3.

In the powder metallurgy process, Y2O3 powders produce
a kind of heterogeneous size distribution of particles and large
flakes mixed with fine particles phenomenon in the ball mill.
The morphology of Fe2O3 powders was controllable during
ball milling, so it was used as an additive for mechanical
alloying [57, 58]. Similarly, in the liquid metal forming pro-
cess, oxides with thermal stability or melting points lower than
Y2O3 can be added into the liquid steel containingY as oxygen
carriers. Meanwhile, the wettability between oxides and liquid
steel can be improved. Hong et al [59] prepared 9Cr-ODS steel
with Fe2O3 as the oxygen carrier. The main process flows are

shown in figure 8: (a) Y powders were added to liquid steel and
dissolved; (b) the oxygen carrier Fe2O3 powders were placed
at the bottom of the mold; and (c) the liquid steel with Y was
poured into the mold, and the oxygen was provided by dis-
solving Fe2O3 powder reacted with Y in the liquid steel to
form uniformly distributed Y2O3. The above Fe2O3 powder
dissolution and Y2O3 generation were completed simultan-
eously in a very short time during pouring and solidification,
which inhibited the coarsening and agglomeration of Y2O3.
This process avoids the mechanical alloying process, but the
resulting oxides are of sub-micron scale, as shown in figure 9.
Yan et al [60] proposed a prelaying powder casting techno-
logy based on the oxygen carrier casting technology and the
preparation principle of rare earth steel. The liquid pure iron
was alloyed by adding alloying elements at a certain oxygen
concentration and then casted into the die containing Y, which
promoted the reaction of Y and oxygen to form nano-oxides
with the size of 1 ∼ 5 nm.

When oxide particles mix with liquid steel, the oxide
particles distribute heterogeneously due to the suspension
caused by the density difference, which causes stress at the
interface between the oxide particles and the matrix [61].
Oxide particles can be uniformly distributed in the liquid
steel by auxiliary stirring during casting, but doing so causes
agglomeration, hence noncontact stirring is required. Grants
et al [62] used a magnetically driven tornado-like vortex
formed by the superposition of two different alternating mag-
netic fields to agitate suspended particles to disperse them in
liquid metal. Tang et al [61] used electromagnetic stirring to
disperse pure Ti wires in liquid steel at multiple points and
generated in-situ nano-oxides through internal oxidation, as
shown in figure 10. The interfacial energy between the mat-
rix and oxide particles decreased and the stability of the oxide
particles improved due to the coherent or semi-coherent rela-
tionship between the oxide particles and the matrix.

The liquid metal forming process is a feasible ODS steel
preparation process. Blending fine oxide particles with liquid
steel and dispersing them in a matrix are still great challenges.
However, the simplicity, low cost, and size scalability of the

6
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Figure 8. Schematic representation of producing ODS steel by the Fe2O3 oxygen carrier casting method. Reprinted from [59], Copyright
(2019), with permission from Elsevier.
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50 μm 10 μm

Figure 9. (a) SEM of the cast microstructure of the 9Cr ODS steel produced by the oxygen carrier casting method; (b) high magnification
SEM micrograph of the selected region in (a).

TixOyTi+O
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Figure 10. Schematic of the processing method for forming nanoparticles in melt through electromagnetic stirring. Reprinted from [61],
Copyright (2014), with permission from Elsevier.
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Figure 11. Schematic representation of cold spraying technology [64]. Reproduced from [64]. CC BY-NC-ND 4.0 with permission.

liquid metal forming process will continuously to be favored
among researchers and encourage the development of the new
liquid metal forming process.

4. Hybrid process

4.1. Cold spray

The cold spray process operates by propelling powder particles
onto a substrate surface at supersonic velocities to form a
near-net shape component or coating [63–65]. Bonding of
particles occurs by plastic deformation and the adiabatic shear
mechanism. Due to the lower particle deposition temperature,
the original phase and compositional purity of the powders
are preserved during deposition, and a high-density, nonoxid-
ized coating or deposition layer can be produced. Benjamin
et al [64] used the cold spray process to deposit gas atom-
ized 14YWT powders on a rotating 6061-T6 aluminum tube
mandrel, and obtained a cladding tube with a thickness of
1 mm by removing the 6061-T6 aluminum tube mandrel in
an alkaline solution, as shown in figure 11. The cold spray
process prevents a large number of extrusion and annealing
steps and reduces the production cost associated with ODS
steel cladding tubes. However, the low densification of ODS
steel tubes and the low number density of nano-oxides result
in poor mechanical properties.

4.2. Melt spinning

In the melt spinning process, a molten alloy is pressurized and
sprayed onto a spinning drum to attain a rapid cooling rate
inside a vacuum chamber, and the products come out as con-
tinuous thin ribbons and are collected on the other side of the
chamber [35]. Due to the rapid cooling rate, melt spinning has
been used to obtain supersaturated solid solutions containing
fine precipitates. To form fine dispersed oxides in ribbons, the
environment of melt spinning needs to contain oxygen par-
tial pressure, so oxygen can diffuse into the liquid ribbon to
form fine dispersed oxides. Hong et al [66] conducted melt
spinning of Fe-1Y-1Ti to produce a uniformly distributed solid
solution of Y and Ti. A ODS steel with rich Y oxides of less
than 20 nm was obtained by heat treatment at 700 ◦C under

the environment of Fe2O3 as the oxygen source, as shown in
figure 12. However, the heterogeneous size of the nano-oxides
and the existence of a small portion of permanent holes in mat-
rix reduced the performance.

4.3. Additive manufacturing

Selective laser melting is developed based on the rapid pro-
totyping method [67]. The product shape is decomposed into
several layers, and the geometric shapes of each layer are con-
tinuously scanned by the laser beam on the powder bed cover-
ing with metal powders. Finally, the metal components form
after melting and consolidation of the metal powders. The
basic principle is shown in figure 13(a). Walker et al [68] pre-
pared PM2000-ODS alloys containing nano-oxides with sizes
ranging from 50 to 60 nm by selective laser melting. Boegelein
et al [69] studied the tensile properties of thin-walled PM2000-
ODS alloy components with different thicknesses prepared by
selective laser melting. Their results showed that the tensile
strength at room temperature was comparable to the recrys-
tallized PM2000-ODS alloy prepared by conventional meth-
ods after heat treatment at 1200 ◦C for 1 h. Elodie et al [70]
prepared 14Cr-ODS steel by optimizing selective laser melt-
ing process parameters (e.g. laser power, scanning speed, etc)
with up to 98% densification and dispersed Y–Ti-rich oxide
particles.

In selective laser melting, the fluidity of powders is a com-
plex process, and the flow behavior is multi-dimensional and
changeable [72, 73]. The morphology of powders should be
spherical to promote the flow of powders. Laser deposition has
a high deposition rate and a relatively wide process window.
The coaxial powder nozzle equipped with an ultrasonic vibra-
tion system can make full use of irregular powder particles. At
the same time, Ar gas is directly delivered to the laser focusing
area to prevent oxide formation during melting [71]. The pro-
cess setup is shown in figure 13(b). ODS steel prepared by the
laser deposition method contains Y–Ti–O-type nano-oxides
with an average size of 45 nm [71], and the nano-oxides and
grains are larger than those of ODS steel prepared by powder
metallurgy, which results in lower microhardness. The Y2O3

and HfO2 powders with 14Cr ferritic steel gas atomized alloy
powders were alloyed by mechanical milling, respectively;
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Figure 12. (a) Backscattered electron micrograph with inset image of the as-spun ribbon, (b) high-magnification scanning transmission
electron microscopy (STEM) micrograph with inset energy dispersive X-Ray spectroscopy (EDX) elemental maps from the red rectangle
area [66]. Reproduced from [66]. CC BY 4.0. Copyright 2017, The Author(s).

Diode laser(a) Alloy Laser (b)
powder Generator head

PowderODS powder streamdelivery with Arnozzle
Focus

Deposition layer laser beam
Part Recoater Melt pool

Powder bed
Substrate

Building plate Scanning
direction

Figure 13. Schematic of ODS steel produced by (a) selective laser melting and (b) laser deposition [71]. Figure 13(a) reprinted from [67],
Copyright (2017), with permission from Elsevier.

then a 14Cr-ODS steel was prepared by laser deposition [74].
The results showed that both types of ODS steel had nano-
oxides, but their number density was much lower than that of
ODS steel prepared by powder metallurgy.

Alloy powders undergo severe plastic deformation during
mechanical alloying, and the morphology is generally irreg-
ular and spherical. The irregular powders can cause unstable
injection of the powder nozzle system in laser deposition and
nonuniform layer thicknesses in selective laser melting [75].
Carlos et al [76] proposed a new process for preparing ODS
steel powders by laser beam and producing fragmented nano-
particles, as shown in figure 14. The dispersed nanoparticles
were produced by pulsed laser irradiation of nanoparticle
aggregates in water and adsorbed on a ferrite stainless steel
powder carrier by a pH controlled electrostatic interaction. The
results of high temperature compression of ODS steel prepared
by laser deposition via the above alloy powders showed excel-
lent mechanical properties, but it was not suitable for the pre-
paration of large ODS components.

ODS steel prepared by a hybrid process has a low
densification, and the average size and dispersion degree of

the nano-oxides are not as good as those prepared by powder
metallurgy. The dispersed nano-oxides in ODS steel hinder
the dislocation movement and significantly increase strength,
which elevates the dynamic recrystallization temperature and
increases the manufacturing difficulty of products with com-
plex shapes. Cold spray, additive manufacturing, and other
hybrid processes can reduce the mechanical properties of the
materials, but they are helpful for manufacturing products
with complex shapes. In conclusion, ODS steel prepared by
hybrid processes is not expected to obtain smaller size and
more homogeneously dispersed nano-oxides, achieves a com-
promise between the performance of the final product and the
applicability and cost of industrial production.

5. Additive forging

At present, the powder metallurgy process can produce gen-
erally a few kilograms to dozens of kilograms of ODS steel.
The liquid metal forming process can prepare hundreds of
kilograms of ODS steel under the condition of compromised
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Figure 14. Schematic representation of the preparation of ODS steel powder by laser beam producing fragmented nanoparticles. Reprinted
from [76], Copyright (2018), with permission from Elsevier. Reprinted from [75], Copyright (2018), with permission from Elsevier.

Powder metallurgy
process
Liquid metal
forming process

Workpiece Surface treatment (milling) Stacking Vacuum electron
beam welding

Plastic forming Upsetting and forging Heating and insulation

Figure 15. Schematic representation of the additive forging process for ODS steel.

performance. Cold spray, additive manufacturing, and other
hybrid processes are applicable for the preparation of small
and complex ODS steel components. ODS steel is not suitable
for fusion welding since local melting will fracture the elong-
ated grain structure and destroy the dispersed nano-oxides
in the matrix [77], which enhances the manufacturing diffi-
culty of large ODS steel components. However, it is partic-
ularly important to prepare large-size ODS steel for applic-
ation in nuclear power, especially the first wall structure of
nuclear fusion reactors. The Institute of Metal Research of the
Chinese Academy of Sciences first put forward a novel techno-
logy to manufacture heavy, high-quality forgings by additive
forging in the world. Homogenized, small-sized, high-quality
slabs are used as the base elements. After surface treatment,
stacking, vacuum electron beam welding, and lager plastic

deformation—characterized by pressure-forging and multi-
directional forging at high temperature—the homogenized
heavy forgings can be obtained with fully healed interfaces,
which breaks through the traditional concept that a heavy for-
ging must be created using a large steel ingot and realizes the
new manufacturing technology of ‘by making greatly small’
[78–81]. This technology has been applied to 110-ton hydro-
electric alloy steel spindles and giant stainless steel support
rings (15.6 m in diameter) for nuclear power [81].

Zhou et al [82] studied the interfacial microstructure evol-
ution and bonding mechanisms of 14Cr-ODS steel produced
by additive forging. A schematic representation of the addit-
ive forging process for ODS steel is shown in figure 15.
Owing to the large number of dispersed nano-oxides in ODS
steel, a large strain gradient energy storage was formed near
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Figure 16. Microstructure evolution of bonded interfaces in 14Cr-ODS steel during metal additive forging. Reprinted from [82], Copyright
(2019), with permission from Elsevier. Reprinted from [83], Copyright (2019), with permission from Elsevier.

the bonding interface, which provided a driving force for
the strain-induced grain boundary migration and led to the
discontinuous dynamic recrystallization phenomenon. As the
amount of deformation increases, the migration rate of the
interface grain boundary increases, which promotes the long-
range migration of the grain boundary and ultimately achieves
metallurgical bonding, as shown in figure 16. Therefore, addit-
ive forging provides a new idea for the preparation of large
ODS steel components. However, due to the special micro-
structure of ODS steel and the large deformation at high tem-
perature during additive forging, the size, morphology, and
distribution of nano-oxides in the interface area still require
further exploration.

6. Conclusion and prospect

The excellent performance of ODS steel is derived from the
highly dispersed nano-oxides or clusters in the matrix. How-
ever, the preparation process significantly affects the average
size, number density, and dispersion degree of nano-oxides.
It also determines the high-temperature creep performance
and irradiation swelling resistance. Comparedwith the powder
metallurgy process, cryomilling can reduce agglomeration of
alloy powders and obtain homogeneous microstructures and
smaller nano-oxides, but the cost of preparation is higher.
Internal oxidation avoids the shortcomings of mechanical
alloying, but due to the extent of internal oxidation and the
limitation of oxygen partial pressure, the distribution of nano-
oxides is nonuniform, the size is large, and the number dens-
ity is lower. How to promote the diffusion capacity of oxy-
gen and the homogeneity of nano-oxides will be the critical
focus for obtaining special microstructures of ODS steel. The
simplicity, low cost, and size scalability of the liquid metal
forming process is a feasible method to prepare large-size
ODS steel. However, blending fine oxide particles with liquid
steel and dispersing them in the matrix still present significant
challenges. ODS steel prepared by cold spraying, melt spin-
ning, and additive manufacturing has lower densification. The
size and dispersion degree of nano-oxides are not as good as

those prepared by powder metallurgy. However, these method
have the potential to prepare products with complex shapes,
which is the compromise between the performance of the final
product and the applicability and cost of industrial manufac-
turing. In addition, thematerial database of ODS steel obtained
by the above preparation processes is incomplete, and the
mechanical properties and microstructures should be further
studied to enrich the database. After comprehensive consider-
ation, powder metallurgy process is the best process to prepare
ODS steel.

It is very important to prepare large-size ODS steel for pro-
moting the application of ODS steel in nuclear power. At the
same time, ensuring the formation and stability of nano-oxide
particles and controlling their interfacial relationship with the
matrix for large-size ODS steel require further study. Additive
forging provides a new idea for the preparation of large ODS
steel components. Although the joint interface of additive for-
ging could achieve metallurgical bonding by dynamic recrys-
tallization, due to the special microstructure of ODS steel and
the large deformation at high temperature during the additive
forging, the size, morphology, and distribution of nano-oxides
in the interface area still require further exploration.Moreover,
the mechanical properties of the interface should be evaluated
to ensure that the properties of the interface are equivalent to
the matrix, which will lay a foundation for the application of
additive forging in ODS steel. With the development of ODS
steel preparation processes, homogenized high-performance
ODS steel slabs are obtained by the liquid metal forming pro-
cess and then homogenized large-size ODS steel components
are prepared by additive forging, which promotes the engin-
eering application of ODS steel in nuclear power and other
harsher service environment fields.
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