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1. Introduction

Development of fuel cladding materials is inevitable for
high-burnup operation in next generation of advanced nu-
clear systems such as super critical water-cooled reactor
(SCWR) and lead-bismuth-cooled fast reactor (LFR). The
major material requirements for nuclear fuel claddings are:
(i) high strength at elevated temperature, (ii) high resistance
to irradiation embrittlement and void swelling, (iii) corro-
sion resistance in high temperature coolant, and (iv) low
susceptibility to hydrogen induced cracking (HIC) and irra-
diation assisted stress corrosion cracking (IASCC), etc.

Oxide dispersion strengthened (ODS) ferritic/martensitic
(F/M) steels have been developed for applying them as fuel
cladding material in sodium-cooled fast breeder reactor
(SFR) systems.1–4) The 9Cr ODS F/M steels have shown 
an excellent high-temperature strength and low void
swelling.5,6) As for irradiation effects on the mechanical
properties, recent irradiation experiments clearly showed
that the ODS F/M steels were rather highly resistant to neu-
tron irradiation embrittlement at temperatures between 300
and 500°C up to 15 dpa.7,8)

A drastic improvement in high-temperature strength of

the conventional ODS F/M steels containing chromium
ranging from 9 to 12 wt% was attained by dispersing nano-
sized oxide particles. The corrosion resistance in high-tem-
perature water environment is, however, significantly re-
duced by decreasing Cr content, particularly below 13 wt%.
Thus, for the previous 9Cr and/or 12Cr ODS F/M steels,
the most critical issue for the application to SCWR systems
is to improve their corrosion resistance.

For achieving sufficient corrosion resistance in severe en-
vironment, a new series of high-Cr ODS ferritic steels have
been developed.9–15) In our previous works,12–15) it was
found that the ODS ferritic steels containing 16 to 19 wt%
Cr and 4.5 wt% Al showed excellent corrosion resistance in
a super critical pressurized water (SCPW) environment
(510°C, 25 MPa). In order to overwhelm the requirements
for advanced nuclear fuel claddings, “Development of
super ODS steels with high-resistance to corrosion towards
highly efficient nuclear systems” was started as a national
project supported by the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT).16)

Mechanical alloying (MA) is a useful powder metallurgy
processing technique involving mixing, coalescing, fractur-
ing and remixing of powder particles in high-energy ball
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High-Cr oxide dispersion strengthened (ODS) ferritic steel powders with the nominal composition of
Fe–16Cr–4Al–0.1Ti–0.35Y2O3 in wt% were produced by milling of elemental powders and Y2O3 particles in
argon atmosphere to investigate changes in the particle properties during mechanical alloying (MA). SEM
observation and PSD analysis revealed that the MA powders milled for different times were composed of
agglomerated particles having multimodal distributions with substantial size variation ranging from several
mm to 350 mm. The mean size of particles rapidly increased at the initial stage of MA, then gradually 
decreased to 22 mm with increasing milling time up to 48 h, and kept constant thereafter. During milling of
the Fe–16Cr–4Al–0.1Ti–0.35Y2O3 powder, MA within 6 h had mainly taken place between Fe and Al to form
a bcc-Fe(Al) solid solution. The lattice constant of bcc-Fe steadily increased with a drastic increase in the
solute concentrations of Cr, Al, and Ti in Fe. Alloying between Fe and alloying elements is almost fulfilled
after milling for 48 h. The MA powder milled in air was much smaller than that milled in gaseous argon under
the same conditions. Milling in an air atmosphere is effective to reduce the particle size of the ODS ferritic
steel powder, although the pickup of oxygen from environment causes too high excess oxygen content.
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mill, and has now become a viable commercial technique to
manufacture ODS alloys. It is well known that the material
performance of the ODS steels is controlled by the nature
and morphology of the oxide particles dispersed in the ma-
trices that is significantly influenced by the processing con-
ditions such as MA and hot extrusion processes.

The contamination of powder particles during MA is a
major concern. Recent efforts clearly showed that the high-
temperature strength and microstructure can be improved
by lowering excess oxygen (Ex.O) content in ODS marten-
sitic steels.17,18) Where Ex.O is defined as a subtraction of
oxygen content in Y2O3 powder from the total O content in
steel, and oxygen is easily picked up in powder particles
during the milling process. That is, the Ex.O content de-
pends on the milling conditions (grinding medium, grind-
ing bowl, milling time, milling intensity, etc.) and the at-
mosphere under which the powder is being milled.

Although the physical and/or chemical properties of
high-Cr ODS ferritic steels have been widely examined,
there have not yet been enough evaluation studies so far to
adequately comprehend the particle properties of each pow-
der produced by MA. In the present study, MA powders for
high-Cr ODS ferritic steel were characterized by means of
various techniques as a function of milling time. The effects
of milling environment on the particle size of MA powders
were also investigated to understand the milling process.

2. Experimental Procedure

2.1. Powder Processing

Elemental Fe (ca. 220 mm in size), Cr (�250 mm in size),
Al (ca. 20–30 mm in size), Ti (�150 mm in size) powders,
and Y2O3 (ca. 30 nm in size) particles were used as starting
materials in the present study. High-Cr ODS ferritic steel
powders with a nominal composition of Fe–16Cr–4Al–
0.1Ti–0.35Y2O3 in wt% were produced by milling of pow-
der mixtures in argon (Ar; 99.9999% purity) atmosphere.
MA was performed in a planetary mill (PM; Pulverisette 5,
Fritsch GmbH) using a chrome steel bowl (500 mL in vol-
ume) and balls (10 mm in diameter) at a rotational speed of
180 rpm with a ball-to-powder weight ratio of 15 : 1. The
duration of repetitive MA conducted at a milling/pausing
cycle of 60/15 min was between 3 and 96 h except for the
pausing time. The rotational direction of grinding bowl was
alternated between clockwise and counterclockwise at each

cycle. All the powder handling was done in a glove box
under Ar to prevent the excessive oxidation of the powder
particles before and after milling. In order to investigate the
effect of milling environment on the MA powder, additional
milling was also carried out in air under the same condi-
tions.

2.2. Powder Characterization

The morphology and size of the powders were observed
by a scanning electron microscope (SEM; VE-9800,
KEYENCE Co.). The particle size distribution (PSD) was
measured by a laser diffraction particle size analyzer
(LDPSA; LS 230, Beckman Coulter, Inc.) with a small vol-
ume module. The crystal structure was examined using an
X-ray diffractometer (XRD; RINT-2500VHF, Rigaku Co.)
with CuKa radiation (l�0.15405 nm) operated at 50 kV
and 300 mA. Since the matrix of the powder is a cubic crys-
tal structure, the lattice constant, a, was calculated by sub-
stituting lattice spacing, d(hkl), into the following equation.

......................(1)

An accurate lattice constant was obtained from the intercept
of the linear extrapolation of cos2 q . A cross-section sample
of powder particles was prepared by a cross section pol-
isher (CP; SM-09010, JEOL Ltd.) using Ar ion beam,
coated with platinum on the surface, and then investigated
by a field emission electron probe microanalyzer (FE-
EPMA; JXA-8500FK, JEOL Ltd.) and a high-resolution
SEM. The oxygen content in MA powders milled in
gaseous Ar and air was also analyzed by an oxygen/nitro-
gen determinator (TC-436AR, LECO Co.).

3. Results and Discussion

3.1. Effects of Milling Time on Particle Size

The SEM photomicrographs of MA powders milled for
different times are shown in Fig. 1. The initial powder mix-
ture before milling naturally consists of each raw powder
particle, i.e., blocky and flat Fe particles, large Cr particles,
fine Al particles with smooth surfaces, spherical Ti parti-
cles, and tiny needle-like Y2O3 particles, with different par-
ticle size and shape. After milling for 3 h, it is obvious that
the average size of small and very fine particles increased
due to agglomeration of the primary particles into larger

a h k l d hkl� � �2 2 2 ⋅ ( )
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Fig. 1. SEM photomicrographs of MA powders milled for different times in Ar atmosphere.
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secondary particles, whereas the size of blocky particles
clearly decreased and became irregular in shape. Almost
the same trend can be observed in the MA powder milled
for 6 h. These trends are quite similar to the results reported
in our previous works.10,11) Beyond 12 h of milling, the 
apparent size of particles gradually decreased with increas-
ing milling time up to 48 h. It is considered that the second-
ary particles in the MA powders milled beyond 12 h be-
come work-hardened and get brittle to crush into small
fragments.

PSD analyses, before and after milling of the powder
mixtures, were carried out by laser diffraction method. As
shown in Fig. 2, the simply well-blended powder before
milling has a multimodal distribution peaking at around 10,
15, 30, 60, and 200 mm, respectively. After milling for 3 h,
the obtained PSD profile of the MA powder showed appar-
ently a trimodal distribution and the highest peak position
shifted to a larger size as compared to that of the unmilled
powder. This is considered to be due to interparticle ag-
glomeration, as evidenced in the SEM image (Fig. 1). After
milling for 6 h, the highest peak clearly narrowed and
moved to a slightly smaller size in contrast to the MA pow-
der milled for 3 h. The PSD profiles of the MA powders
milled beyond 12 h gradually shifted to smaller sizes with
increasing milling time and the largest particle diameter of
the MA powder milled for 48 h became less than 100 mm.
On the contrary, it is found that some coarse particles (ca.
100–200 mm in diameter) probably caused by interparticle
reagglomeration are present in the MA powder milled for
96 h. The mean particle size of each powder before and
after MA was determined by performing the said PSD
analysis and also represented in Fig. 3 as a function of
milling time. The mean size of particles rapidly increased at
the initial stage of MA and reached to a maximum value of
74 mm after milling for 6 h. Beyond 12 h of milling, the ob-
tained value gradually decreased to 22 mm with increasing
milling time up to 48 h and became constant thereafter.

3.2. Examinations by X-ray Diffraction

The effects of milling time on the crystal structure of the
powders were examined by powder XRD method. Figure 4
presents the XRD patterns of MA powders milled for dif-
ferent times. In the powder mixture before milling, the dif-
fraction peaks of Fe, Cr, Al, and Y2O3 were detected but no
Ti peak was observed because of its low concentration. The
Cr (110) peak overlapped with the Fe (110) peak and, fur-
thermore, the Al (200), (220), and (222) peaks overlapped
with the Fe (110), (200), and (211) peaks, respectively.
After milling for 3 h, the strongest Fe (110) peak became
asymmetric and broad, accompanied by a small peak shift
to a lower angle than that of the unmilled powder. In addi-
tion to that all the Al and Y2O3 peaks had almost disap-
peared. This is considered to be due to introduction of 
internal strains, dissolution of alloying elements into Fe,
and amorphization of Y2O3 particles. Moreover, it should
be noted that the strongest peak became symmetric after
milling for 6 h. With further milling, all the diffraction
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Fig. 2. PSD profiles of MA powders milled for different times in Ar atmosphere.

Fig. 3. Mean particle size of MA powders as a function of
milling time.
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peaks became broader and shifted to smaller angles.
Using the peak positions of Fe (110), (200), and (211) in

the XRD patterns, an accurate lattice constant of each pow-
der before and after MA was obtained by using the extrapo-
lation method explained above, and shown in Fig. 5 as a
function of milling time. The lattice constant of bcc-Fe
drastically increased within 12 h and became saturated after
milling for 48 h. It is well known that the dissolution of Al
into bcc-Fe results in an increase in the lattice constant of
bcc-Fe. As clearly seen in Fig. 4, no diffraction peak of Al
was observed in the XRD patterns even after milling for
3 h. The lattice constant of the MA powder milled for 6 h is
0.2871 nm. This is in well agreement with that of bcc-
Fe(Al), as observed in the Fe–28Al (ca. 16 wt% Al) powder
milled for 5 h.19) These facts prove that MA within 6 h had
mainly taken place between Fe and Al to form a bcc-Fe(Al)
solid solution. It is also worth noting that the lattice con-
stant of the MA powder milled for 48 h is 0.2889 nm. Ac-
cording to the Vegard’s law describing a lattice constant of
solid solutions as a linear function of their component con-
tents,20–22) the relationships between the lattice dilation, Da,
of Fe(M) (M�Cr, Al, and Ti) and the weight percentage
concentration of Cr, Al, and Ti in Fe(M), x, can be de-
scribed as follows:

Da(Cr)�0.000059x (wt% Cr) nm .................(2)

Da(Al)�0.00033x (wt% Al) nm ..................(3)

Da(Ti)�0.00036x (wt% Ti) nm...................(4)

Therefore, the lattice constant, a, of Fe(M) is:

a(Fe(M))�0.2866�Da(Cr)�Da(Al)�Da(Ti) nm .........(5)

If all of the Cr, Al, and Ti atoms enter into the bcc-Fe lat-
tice, the value of a is estimated to be 0.2889 nm (approach
to 16 wt% Cr, 4 wt% Al, and 0.1 wt% Ti). This value is
equal to those of the MA powders milled for 48 and 96 h.
The results show that after milling for 48 h, most of the Cr,
Al, and Ti atoms diffuse into the bcc-Fe lattice to form bcc
Fe-based solid solutions. As the milling time increases, the
solute concentrations of alloying elements in Fe is not ap-
parently changed thereafter, which indicates that the alloy-
ing process in the initial target composition was approach-
ing its completion.

3.3. Cross-section Microstructure of Particles

Figure 6 presents the cross-section EPMA elemental
mapping images of MA powder milled for 12 h. A particu-
lar region rich in Ti is present in the powder particles,
whereas Al and Y elements are relatively homogeneously
distributed in the Fe matrix. In addition to the alloying ele-
ments provided from each raw powder, a small amount of O
was detected in the particles, although no clear peak attrib-
uted to oxide compounds was observed in the XRD data as
shown in Fig. 4. These results indicate that compositional
homogeneity of the MA powder is not so high at this stage
of milling. In addition to this, the high-resolution cross-sec-
tion SEM photomicrograph of powder particle after milling
for 12 h is shown in Fig. 7. A multi-lamellar structure was
well developed in the particle having pores (�1 mm in di-
ameter). This is obviously due to mechanical deformation
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Fig. 4. XRD patterns of MA powders milled for different times
in Ar atmosphere.

Fig. 5. Lattice constant of bcc-Fe in MA powders as a function
of milling time.

Fig. 6. Cross-section EPMA elemental mapping images of MA
powder milled for 12 h in Ar atmosphere.
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and welding of work-hardened particles, as the powder is
vigorously subjected to repeated impacts in the grinding
bowl containing a number of balls during milling. Some
cracks can also be seen in the interior of the MA powder,
which is considered to be caused by intense fracturing 
effects that occur during this milling stage.

3.4. Effects of Milling Environment on Particle Size

Two types of MA powders were produced in different 
atmospheres under the same conditions to investigate the
influences of milling environment on the particle size. The
SEM photomicrographs of the each powder milled for 12 h
in (a) gaseous Ar and (b) air are shown in Fig. 8. At first
glance, the MA powder milled in air has much more small-
scale particles than that milled in Ar. Highly agglomerated
particles in each powder can be observed here as well. Oxy-
gen analyses showed that the oxygen contents are 0.48 and
1.17 wt% for the MA powders milled in Ar and air, respec-
tively.

Figure 9 presents the PSD profiles of those powders
shown in Fig. 8. The MA powder milled in gaseous Ar has
a multimodal distribution ranging from 5 to 350 mm. Mean-

while, the PSD profile of the MA powder milled in air ex-
hibited apparently a trimodal distribution ranging from 3 to
90 mm. The primary peaks obviously shifted to smaller
sizes when air atmosphere was used for MA. As for the
mean particle size, the obtained values are 57 and 20 mm
for the MA powders milled in Ar and air, respectively.
These facts prove that milling in air atmosphere consider-
ably reduces the particle size of the ODS ferritic steel pow-
der. The previous work also indicated that the PSD profile
of the MA powder milled with the grinding bowl having air
leakage was similar to that obtained for the powder milled
in air, and the consolidated bulk materials fabricated from
the former MA powder had a higher hardness than those
fabricated from the powder milled in pure Ar.23) This sug-
gests that the milling in air results in the hardening or em-
brittlement of the MA powder, and the larger particles
crush into smaller particles.

4. Conclusions

Characteristics of MA powders for high-Cr ODS ferritic
steel were extensively investigated to understand the
milling process starting from elemental powders and Y2O3

particles. The main results are summarized as follows:
(1) The MA powders milled for different times were

composed of agglomerated particles having multimodal
distributions with substantial size variation ranging from
several mm to 350 mm. The mean size of particles rapidly
increased at the initial stage of MA, reached to a maximum
value of 74 mm at 6 h, then gradually decreased to 22 mm
with increasing milling time up to 48 h, and kept constant
thereafter.

(2) At the initial stage (�6 h) during milling of the
Fe–16Cr–4Al–0.1Ti–0.35Y2O3 powder, MA between Fe
and Al mainly occurred to form a bcc-Fe(Al) solid solution.
At the middle stage (6–48 h), the lattice constant of bcc-Fe
steadily increased with a drastic increase in the solute con-
centrations of Cr, Al, and Ti in Fe. At the final stage (�48
h), alloying between Fe and alloying elements is almost ful-
filled.

(3) The SEM observation and PSD analysis revealed
that the MA powder milled in air was much smaller than
that milled in gaseous Ar under the same conditions. This
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Fig. 7. High-resolution cross-section SEM photomicrograph of
powder particle after milling for 12 h in Ar atmosphere.

Fig. 8. SEM photomicrographs of MA powders milled for 12 h
in (a) gaseous Ar and (b) air atmospheres.

Fig. 9. PSD profiles of MA powders milled for 12 h in different
atmospheres.
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indicates that milling in an air atmosphere is effective to 
reduce the particle size of the ODS ferritic steel powder, 
although the pickup of oxygen from environment causes
too high excess oxygen content.

(4) From the results thus obtained, it is concluded that
the adequate milling time can be determined to be 48 h at a
rotational speed of 180 rpm with a ball-to-powder weight
ratio of 15 : 1 to attain the minimum size of MA powder for
high-Cr ODS ferritic steel, Fe–16Cr–4Al–0.1Ti–0.35Y2O3.
It is considered that oxygen pickup from environment causes
a remarkable particle size reduction of the MA powder.
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