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1. INTRODUCTION

Oxide dispersion strengthened (ODS) steel is the most 
promising candidate for use as a core structural material 
of the next-generation nuclear systems such as a Gen. IV 
fission and DEMO fusion reactor [1]. This is due to its 
excellent creep strength at an elevated temperature, irra-
diation resistance, and compatibility with coolants [2-5]. 
Finely dispersed nano-oxide particles with a high number 
density in the homogeneous grain structure are essential 
to achieve the superior mechanical properties at high temper-
atures, and these unique microstructures can be obtained 
through mechanical alloying (MA) and a hot consolidation 
process. The microstructure and mechanical properties of 
ODS steels significantly depend on its powder property 
and purity after the MA process. These contents should 
be carefully controlled to improve the mechanical property 
at elevated temperatures. In particular, oxygen plays an 
important role in forming the fine particles, and thus the 
appropriate control of its concentration improves the 
mechanical property of ODS steels at high temperature. 
S. Ukai et al. reported that oxygen concentration can be 
controlled by the additions of Fe2O3 and FeY intermetallics 
[6]. An effective method is considered to be one which 
controls the mechanical alloying atmosphere by high purity 

inert gas. It was reported that a mechanical alloying at-
mosphere such as argon and hydrogen can change the 
oxygen concentration, and the impact properties were 
significantly changed in the 14Cr and 16Cr reduced acti-
vation ferritic ODS steels [7, 8]. 

In the present study, ODS ferritic steels were fabricated 
through mechanical alloying in various gas atmospheres 
and hot isostatic pressing. To investigate the effects of 
mechanical alloying atmospheres, MA powder particles 
of particle size distribution and oxygen concentration 
were analyzed. ODS steels were consolidated by hot isostatic 
pressing and hot rolling, and their microstructural and 
mechanical properties were also evaluated. 

2. EXPERIMENTAL

The ODS ferritic steels used in this study are Fe-15Cr-
1Mo-0.3Ti with 0.35Y2O3 in wt%. The ODS steels were 
fabricated by mechanical alloying, hot isostactic pressing 
(HIP), and hot rolling. Metallic raw powders and Y2O3 
powder were pre-mixed and mechanically alloyed using a 
horizontal ball-mill apparatus (Model: Simoloyer CM20). 
Mechanical alloying atmospheres are thoroughly con-
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trolled in three kinds of atmosphere gas, i.e., high purity ar-
gon (99.999%), a mixture gas (Argon-4vol.% Hydrogen, 
99.999%), and helium (99.999%). The mechanical alloy-
ing was performed at an impeller rotation speed of 240 
rpm for 48h with a ball-to-powder weight ratio of 15:1. 
Detailed conditions for the mechanical alloying process 
are summarized in Table 1. After the mechanical alloying 
process, the particle distribution was measured using a 
laser diffraction scattering method with a particle size 
analyzer. SEM was utilized to observe the surface mor-
phology of the MA powders. The chemical composition 
and oxygen concentration of the MA powders were ana-
lyzed by ICP-AES and inert gas fusion methods, respec-
tively. The MA powders were then sieved and charged 
in a stainless steel capsule. All powder processes for the 
weighing, collection, sieving, and charging were handled 
in a completely controlled high purity argon atmosphere 
to prevent oxygen contamination during the fabrication 
process. Sealed capsules were then degassed at 400 ºC 
below 5×10-4 torr for 3h. The HIP was carried out at 1150 
ºC for 3h at a heating rate of 5 ºC/min, and followed by a 
furnace cooling. Hot rolling at 1150 ºC was conducted in 
a fixed rolling direction for a plate shape with 65% of the 
total thickness reduction rate. Final heat treatment after 
a hot rolling process was done at 1150 ºC for 1h. The 
fabrication process of ODS steels is schematized in Fig. 
1. The grain morphology and oxide particle distribution 

were observed by FE-SEM and TEM. Samples for FE-
SEM observations were electronically polished in a 5% 
HClO4 + 95% methanol solution in vol. % at a voltage 
of 18V with a current of 0.5mA at -50 ºC to eliminate the 
work hardened surface layer induced by the mechanical 
polishing. Twin-jet polishing and extraction carbon replica 
methods were employed for the sample fabrication to ob-
serve the TEM. Specimens for mechanical property eval-
uations were taken out by electro-discharge machining in 
the rolling direction. A sheet type tensile specimen with 
a gauge length of 25.4mm, width of 3.7mm, and thick-
ness of 1mm was used. The tensile tests were carried out 
at room temperature and 700 ºC in air at a strain rate of 
3.2×10-4s-1. Creep rupture tests were carried out under a 
stress range of 100–120MPa at 700 ºC in air.

3. RESULTS AND DISCUSSION

3.1  Powder Properties after MA Process in Different 
Atmospheres
The surface morphologies of alloy powder after the 

MA process in different gas atmospheres are shown in 
Fig. 2. Powders milled in Ar were irregularly spherical 
and flake shaped with a somewhat rough surface. A more 
spherical shape with a smooth surface was observed in 
an Ar-H2 mixture gas and He milled MA powders. The 

Fig. 1. Fabrication Process of ODS Ferritic Steel Plate.

Table 1.  Mechanical Alloying Process Conditions of ODS Ferritic Steels

Milling time (hrs) Milling speed (rpm) BPWR Atmosphere Remarks

1 48 240 15:1 Ar (99.999%) Effect of Ar atm.

2 48 240 15:1 Ar-H2 (99.999%) Effect of H2 

3 48 240 15:1 He (99.999%) Effect of He atm.
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It is considered that MA powders were not exposed in air 
by completely controlling the inert gas atmospheres during 
the process. The size distributions and mean particle size 
of MA powders are represented in Fig. 3. MA powder milled 
in Ar and Ar-H2 showed a mono-modal distribution with a 
regular peak, while the powder in He has a bi-modal distri-
bution with two peaks in a wide range of particle sizes. 
The mean particle size of Ar milled MA powder was a lot 
smaller than the Ar-H2 mixture and He gases. MA powder 

spherical shape with the smooth surface means that the 
pulverization of the raw powders was not sufficient during 
the MA process and a partial agglomeration occurred. The 
smooth surface normally contributes to lowering the oxygen 
contamination owing to less adhesion sites of oxygen on 
the surface when the powder was exposed in air. However, MA 
powders milled in Ar had a lower oxygen concentration 
than that milled in He, as shown in Table 2, which sum-
marizes the results of the chemical composition analysis. 

Fig. 3. The Results of MA Powder Analysis showing (a) Particle Size Distributions and (b) Mean Particle Diameters.

Fig. 2. Surface Morphology of ODS Steel Powders Milled in Various Atmospheres: (a) Ar, (b) Ar-H2 Mixture Gas, and (c) He.

Specimen Fe C Cr Mo Ti Y O Y2O3
*Ex.O

1 Ar

bal.

0.014 14.66 0.99 0.33 0.26 0.20 0.33 0.12

2 Ar-H2 0.007 14.85 0.99 0.31 0.26 0.25 0.33 0.18

3 He 0.006 14.81 0.99 0.31 0.26 0.23 0.33 0.16
*Ex.O = Total oxygen conc. - oxygen conc. in Y2O3

Table 2.  Chemical Compositions of ODS Ferritic Steels
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were clearly distinguished by an observation of the back-
scattered secondary electron image mode. The grain dis-
tributions of ODS steels milled in the Ar and Ar-H2 mixture 
gas were quite homogeneous, while the He milled ODS 
alloy showed the co-existence of fine (<1μm) and coarse 
(>3μm) grains. Bright field TEM images showing the 
nano-oxide particle distribution of ODS steels milled 
in different MA atmospheres. Ar and He, are shown in 
Fig. 5. The images are slightly under-focused because the 
nano-oxide particles were extremely fine and located at 
a different depth. Therefore, black dots normally indicate 
the nano-oxide particles. Very fine oxide particles were ho-
mogeneously distributed in the Ar milled ODS steel, while 
the ODS steel milled in He had comparably coarse oxide 
particles. This is due to different excess oxygen concen-
trations, and Ar milled ODS steel was at 0.12wt%, and 
He milled ODS alloy was at 0.16wt%. An excess oxygen 
concentration is usually involved in the formation of nano-
oxide particles. The oxide particles in Ti-added ODS 
steels are precipitated as some complex oxides, namely 
Y2Ti2O7 and Y2TiO5, which are formed by a combination 
of Y, Ti, and O during the hot consolidation process [9]. S. 
Ohtsuka et al. reported that excess oxygen around 0.1wt% 
makes the oxide particle finer and more uniform in 9Cr 
ODS martensitic steels [10]. The TEM images taken 

in He had the largest mean particle size among the three 
kinds of MA atmospheres. Smaller MA powder with irreg-
ular shapes normally has an advantage in a higher charg-
ing density when a capsule fills with MA powders, and 
thus the milling in Ar is more favorable from this point 
of view. Meanwhile, the prior particle boundary (PPB) 
pores, which come from the packing of various sizes of 
powders, usually affects the creep property of the powder 
consolidated alloys, because they become an origin of 
the fracture and develop into large creep cavities when 
deformed at high temperatures. Despite the particle size 
difference of MA powder in various atmospheres, PPB 
pores were rarely observed in all ODS ferritic steels owing 
to a hot rolling process at 1150 ºC with a final thickness 
reduction rate to 65%, which is enough to eliminate the 
PPB pores in the ODS ferritic steels.

3.2  Microstructures of ODS Ferritic Steels Milled in 
Different Atmospheres
The SEM images of grain morphology on ODS ferritic 

steels milled in different atmospheres are shown in Fig. 4. 
The grains were elongated toward the hot rolling direction, 
which is parallel to a horizontal direction in the images. 
Secondary recrystallization seemed to occur during the 
hot rolling process at 1150 ºC because elongated grains 

Fig. 4. Microstructures of ODS Ferritic Steels Milled in (a)Ar, (b) Ar-H2 Mixture Gas, and (c) He Atmospheres.

Fig. 5. TEM Bight Field Images Showing nano-oxide Particles of ODS Ferritic Steels Milled in (a) Ar and (b) He.
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showed the lowest total elongation at the high temperature. 
This different behavior of tensile properties at the high 
temperature can be correlated with the different grain 
and oxide particle distribution. According to the Orowan 
strengthening mechanism, hard dispersoids like Y2O3 are 
bypassed through the formation of Orowan loops. When 
this occurred, finer diameter and a higher number density 
of oxide particles gives higher Orowan stress. Uniform 

from the extraction carbon replica method showing nano-
oxide distribution of ODS steels are presented in Fig. 6. 
ODS steel milled in Ar had fine and homogeneous oxide 
particles below 10nm in diameter. ODS steels milled in 
Ar-H2 mixture gas and He also had very fine oxide par-
ticles below 5nm in diameter However, the distributions 
of oxide particles were not so uniform, and coarse oxide 
particles co-existed and agglomerated. Analysis results of 
the chemical composition by the TEM-EDS revealed that 
the fine oxide particles below 10nm in diameter were Y-
Ti-O complex oxides. On the contrary, coarse oxide par-
ticles of Ar-H2 and He milled ODS steels over 20nm in a 
diameter consisted of Cr or Ti and O, which means they 
are to be Cr2O3 and TiO2. Thus, microstructural inhomo-
geneity of these ODS steels is attributed to coarse oxide 
particles with diameters of several tens of nm cause by a 
high oxygen concentration in ODS steels.

3.3  Tensile and Creep Properties of ODS Ferritic 
Steels Milled in Different Atmospheres
Microstructural observation revealed that different 

MA atmospheres affected the powder morphology and 
oxygen concentration of ODS ferritic steels. MA in Ar gas 
showed the lowest excess oxygen concentration, while 
MA in Ar-H2 mixture gas had the highest excess oxygen 
concentration. This corresponded to nano-oxide particle 
morphologies such as diameter and distribution homoge-
neity. Tensile tests of the ODS ferritic steels milled in dif-
ferent atmospheres were carried out at room temperature 
and 700 ºC. Significant tensile property changes at room 
temperature were not observed in spite of an increase of 
excess oxygen, as shown in Fig. 7. At the high temperature 
of 700 ºC, however, excess oxygen concentrations of 
ODS ferritic steels significantly affect both the tensile 
strength and the total elongation. ODS ferritic steel with 
low excess oxygen of 0.12% showed the highest tensile 
strength and total elongation, while higher excess oxygen 
made the tensile properties deteriorate; and the ODS steel 
milled in Ar-H2 which has the highest excess oxygen 

Fig. 6. Carbon Replica Images Showing nano-oxide Particle Distribution of ODS Ferritic Steels Milled in (a) Ar, (b) Ar-H2 Mixture 
Gas, and (c) He Atmospheres.

Fig. 7. Change in Tensile Properties of ODS Ferritic Steels as a 
Function of Excess Oxygen Concentration.
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were coarse and spherical in shape with a smooth surface. 
Moreover, ODS ferritic steels milled in Ar showed a lower 
excess oxygen concentration than those milled in the Ar-H2 
mixture and He gases. This led to a microstructural ho-
mogeneity with a fine oxide particle distribution. Low 
excess oxygen under 0.12wt% is favorable to form a ho-
mogeneous microstructure including fine grains and ox-
ide particle distributions, and to generate excellent creep 
strength.
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distribution of grains and oxide particles also affect the 
ductility of ODS steels. High excess oxygen concentration 
gives inhomogeneous microstructure with a co-existence 
of fine and coarse oxide particles as well as grains as 
shown in Fig. 4. An area partially concentrated with oxide 
particles had insufficient ductility. Coarse particles can 
also be an initiation site of the micro-crack when the alloy 
deforms. As shown in Fig. 4 and 6, inhomogeneous oxide 
particle distribution makes grains to grow partially, and 
this corresponded to the deterioration of the tensile proper-
ties at high temperature. Creep rupture tests of the ODS 
ferritic steels with different inert gas atmospheres were 
also performed at 700 ºC in a stress range between 100 
and 120MPa. The test results are plotted on log-log scale 
in Fig. 8. The creep strength of Ar milled ODS ferritic 
steel was higher than that of the He milled ODS steel. 
This also coincides with the results of the microstructural 
analysis described above. Consequently, the mechanical 
alloying atmosphere mainly affects the oxygen concen-
tration and powder particle size of ODS steels. Under the 
argon atmosphere, the ODS ferritic steel with lower excess 
oxygen generated a homogenous distribution as well as 
nano-oxide particles with a fine diameter as shown in 
Figs. 5 and 6. These microstructural features lead to ex-
cellent creep rupture strength at the high temperature. 

4. CONCLUSIONS

ODS ferritic steels were fabricated through mechanical 
alloying in different atmospheres and HIP processes to 
investigate the effects of MA atmospheres on the micro-
structures and mechanical properties. MA powder milled 
in Ar was fine with an irregular particle shape, while 
the powders milled in an Ar-H2 mixture and He gases 

Fig. 8. The Creep Strength of ODS Ferritic Alloys Milled in 
Various Atmospheres with Excess Oxygen.
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