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A 9Cr-oxide dispersion strengthened (ODS) steel was thermally aged at 873 K for up to 5000 h. The size distribution
and chemical composition of the dispersed oxide nanoparticles were analyzed by small-angle neutron scattering under a
magnetic field. Combined with transmission electron microscopy, Vickers micro-hardness tests and electron backscattered
diffraction measurements, all the results showed that the thermal treatment had little or no effect on the size distributions
and volume fractions of the oxide nanoparticles in the ferromagnetic matrix, which suggested excellent thermal stability of
the 9Cr-ODS steel.
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1. Introduction
Oxide dispersion strengthened (ODS) steels are consid-

ered to be one of the most promising candidate structural
materials for generation IV fission and fusion reactors.[1–7]

Their attractiveness as nuclear structural materials lies in
their excellent irradiation tolerance and creep strength at high
temperature.[3–6] In comparison with conventional steels, ODS
steels contain a high density of oxide nanoparticles.[7,8] These
oxide nanoparticles block dislocation motion and grain bound-
ary migration, and thus effectively increase the ultimate tensile
strength and almost double the yield strength compared with
conventional steels above 773 K. Therefore, the thermal stabil-
ity of oxide nanoparticles in ODS steels is an important factor
that directs their application.

Oksiuta et al.[9] and Zhong et al.[10] observed that the
Y–Ti–O-enriched nanoparticles in 14Cr-ODS steel exhibited
high stability at several annealing temperatures below 1573 K
for 1 h and decreased micro-hardness above 1573 K for 1 h
due to significant coarsening of the nanoparticles. Ribis et
al.[11] suggested that the high stability of nanoparticles might
be the result of a low interfacial energy. It was reported[12–14]

that the Cr-rich α ′ phase forms in 20Cr-ODS steel and the
micro-hardness is significantly increased during thermal ag-
ing at 758 K for 1000 h. Although many studies have reported
on the effects of thermal aging on dispersed nanoparticles in
high-Cr ODS steels, the stability of nanoparticles in 9Cr-ODS
steel during long-term thermal aging has not been extensively

studied.
The small-angle neutron scattering (SANS) technique is

a powerful tool for probing nano-sized precipitation in ferro-
magnetic steels.[15–18] Because neutrons carry no charge they
can penetrate deeply into bulk materials and detect buried
structures. Further, neutrons have a small magnetic moment
and are sensitive to magnetic structures. ODS steels can be
considered as non-magnetic nanoparticles dispersed in a fer-
romagnetic matrix. SANS is the most convenient tool for
studying this dispersion. When a saturating magnetic field
is applied to the sample, statistically quantitative information
about the size, shape, volume fraction and number density of
the precipitate can be obtained.[19] Furthermore, additional in-
formation on the composition of the precipitates can be ob-
tained from the ratio of magnetic scattering to nuclear scatter-
ing intensities.[14]

As reported in several papers,[20–22] the typical operat-
ing temperatures for ODS steels range from 823 K to 973 K.
Throughout this work, the thermal aging temperature was set
at 873 K. The stability of oxide nanoparticles in 9Cr-ODS steel
during long-term thermal aging treatments up to 5000 h was
studied by SANS, transmission electron microscopy (TEM)
and Vickers micro-hardness measurements.

2. Experimental procedure
The 9Cr-ODS steel was prepared by mechanical alloy-

ing of a mixture of the corresponding metallic powders with
†Corresponding author. E-mail: jux@ustb.edu.cn
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Y2O3. Then the resulting mixture was consolidated by hot iso-
static pressing (HIP) at 130 MPa for 4 h at 1443 K. The steel
was normalized at 1323 K for 1 h followed by air-cooling, and
was subsequently tempered at 1053 K for 1 h followed by air-
cooling. The chemical composition of the steel used in this
study is given in Table 1. Isothermal aging at 873 K was per-
formed on the 9Cr-ODS steel for durations of 100 h, 500 h,
1000 h, 3000 h, and 5000 h under ambient pressure.

Table 1. Chemical composition of 9Cr-ODS steel (wt.%).

Fe Cr W C Ti Ni Si Y2O3

Balance 8.88 2.10 0.13 0.16 0.067 0.072 0.35

SANS measurements of the samples were carried out at
the China Mianyang Research Reactor on the Suanni small-
angle neutron spectrometer. The measurements were per-
formed using neutron wavelength (λ ) of 0.53 nm and the dis-
tances between the sample and the detector were 1.9 m and
5.9 m, respectively. A scattering vector (q) range of 0.08 nm−1

to 2 nm−1 was covered. During measurements, saturated mag-
netic fields (H = 1.5 T) perpendicular to the direction of the
incident neutron beam were applied to the samples. The az-
imuthal dependence of scattering intensities is expressed as[23]

I = Inuc + Imag sin2
α, (1)

where Inuc and Imag are the nuclear and magnetic scattering
intensity, respectively, and α is the angle between the mag-
netic field direction and scattering vector q. The I–q curves
were radially averaged by taking 20◦ sectors in the horizontal
(α = 0) and vertical (α = 90) directions of the detector plane.
According to Eq. (1), the magnetic scattering intensities were
calculated by Imag = I(α = π/2)− I(α = 0). The measured
data were corrected for sample transmission, background and
detector efficiency. The absolute intensity was calibrated us-
ing a 1 mm thick water sample. Data reduction was processed
using the program BerSANS.[24]

The TEM experiments were performed with a FEI Tec-
nai G20 FEG microscope at an accelerating voltage of 200 kV.
Thin foils for TEM observation were mechanically polished
to a thickness of about 100 µm and then electropolished
by the twin-jet technique using an electrolyte consisting of
95 vol.% ethanol and 5 vol.% perchloric acid at 233 K. Elec-
tron backscattered diffraction (EBSD) analysis was performed
in a field emission scanning electron microscope with a step
size of 0.12 µm. The micro-hardness of these specimens was
measured with a Vickers diamond pyramid under a load of
9.8 N for 10 s. Each micro-hardness value was determined
through averaging 10 independent measurements of the same
sample.

3. Results and discussion
3.1. Model

The ODS steel under study can be considered as a disper-
sion of non-magnetic spherical oxide particles in a ferromag-
netic matrix. The magnetic scattering intensity from a system
of polydisperse particles can be described as[25,26]

I(q) = (∆ρmag)
2
∫

∞

0
N(R)Vp(R)2F2(qR)dR, (2)

where N(R)dR is the number density of particles with a size
between R and R+ dR and Vp(R) is the particle volume. F(qR)
is the form factor of the spherical particles with radius R which
can be expressed as

F(qR) =
3 [sin(qR)−qRcos(qR)]

(qR)3 , (3)

∆ρmag is the magnetic contrast given by

∆ρmag =
bp

mag

vp
a
−

bm
mag

vm
a

, (4)

where vp
a (vm

a ) is the mean atomic volume of the precipitates
(matrix) and bp

mag (bm
mag) is the respective mean magnetic scat-

tering length. The size distribution of the nanoparticles of the
sample under study can be approximately described by a log-
normal function[26]

N(R) =
N0

σR
√

2π
exp
[
− (lnR− lnRm)

2

2σ2

]
, (5)

where Rm is the median radius, σ is the width of the size
distribution and N is the number density. The mean radius
of nanoparticles is evaluated as Rm exp(σ2/2). The distribu-
tion of the volume fraction of the nanoparticles is Dv(R) =
N(R)Vp(R).

The SANS magnetic scattering curves of the aged 9Cr-
ODS samples are shown in Fig. 1(a). No obvious changes
can be observed for q ranging from 0.3 nm−1 to 2 nm−1,
which corresponds to the scattering from the oxide nanopar-
ticles. As q approaches 0, the form factor F(qR) is close
to 1, and thus I(q) should become constant, which can be
derived from Eqs. (2)–(5). However, as shown in Fig. 1(a),
the measured magnetic scattering intensities increased at low
q values, due to the scattering from large inhomogeneities at
length scales larger than 30 nm (as estimated by π/q) such as
carbides and magnetic domain boundaries. The low-q region
(q < 0.2 nm−1) could be fitted by a power law[27] which de-
cays very fast toward high q. Therefore, the SANS magnetic
scattering data in the measured full q range were modelled by

Imag(q) = I(q)+Bq−α +C, (6)

where C is a constant that relates to the background. An ex-
ample of a fitted profile is shown in Fig. 1(b). All the fitted
curves matched well with the measured data.
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Fig. 1. (a) SANS magnetic scattering intensities for 9Cr-ODS steel for un-
aged sample and five different aging durations. (b) Measured (circles) and
fitted (line) SANS spectra of the unaged sample.

3.2. Effects of thermal aging on oxide nanoparticles

The size distribution of oxide nanoparticles in 9Cr-ODS
steel under various aging conditions is described pictorially
in Fig. 2. The calculated magnetic contrast of 9Cr-ODS steel
was 4.5× 1010 cm−2. The characteristics of the mean size of
nanoparticles and the volume fractions are listed in Table 2.
The mean radius of the precipitates of the unaged sample was
2.54±0.05 nm, with a volume fraction of 0.57±0.03 vol.%.
For the sample aged for 5000 h, the mean radius and vol-
ume fraction of the nanoparticles were 2.52± 0.05 nm and
0.53± 0.03 vol.%, respectively. Within the uncertainties of
the measurements, the fitted size distributions of all the aged
samples remained unchanged.

Table 2. Characteristics of nanoparticles deduced from SANS.

Aging time (h) Mean radius (nm) Vol. fraction (vol.%) A ratio

0 2.54±0.05 0.57±0.03 2.61±0.40
100 2.49±0.06 0.56±0.03 2.51±0.37
500 2.52±0.05 0.56±0.03 2.57±0.42

1000 2.48±0.06 0.54±0.03 2.56±0.41
3000 2.48±0.06 0.58±0.03 2.64±0.40
5000 2.52±0.05 0.53±0.03 2.53±0.40

TEM analyses were performed to cross-check the SANS
results for the samples. TEM micrographs of the aged samples
are shown in Fig. 3. They indicate that the oxide nanoparticles
were homogenously distributed in the matrix. In this study,

TEM images were analyzed using the program Nano Mea-
surer to obtain the nanoparticle size distribution; more than
1000 particles in each specimen were statistically analyzed.
Figure 4 shows the size distributions obtained by TEM and
SANS techniques for the unaged and aged samples. The re-
sults are in good agreement with each other within the uncer-
tainty of the measurements for each sample. Since the scatter-
ing intensity is proportional to the sixth power of particle size,
the SANS data were weighted by the larger particles. Accord-
ingly, the average particle size obtained from SANS is slightly
larger than that derived from the TEM results.
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Fig. 2. Nanoparticle size distributions in thermally aged 9Cr-ODS steel.
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50 nm

50 nm 50 nm 50 nm

50 nm 50 nm

Fig. 3. TEM micrographs of 9Cr-ODS steel (a) unaged; and (b) 100 h, (c)
500 h, (d) 1000 h, (e) 3000 h, (f) 5000 h thermally aged samples.

The A ratio is defined as the ratio of normalized scatter-
ing intensities perpendicular and parallel to the magnetic field
direction[28]

A =
I⊥H
I//H

=
∆ρ2

mag

∆ρ2
nuc

+1. (7)

This ratio was used to evaluate the chemical composition
of the nanoparticles as follows. By considering only the main
chemical elements, namely Fe, Cr, and W, the mean nuclear
scattering lengths for the matrix were determined. The nuclear
scattering lengths were calculated according to bp,m

nuc = ∑Xibi,
where Xi is the atomic concentration and bi is the nuclear scat-
tering length of the specific element.
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Fig. 4. Size distributions obtained by TEM and SANS for (a) unaged and (b) 100 h, (c) 500 h, (d) 1000 h, (e) 3000 h, and (f) 5000 h aged samples.

Based on the SANS study by Mathon et al.,[19] the
nanoparticle composition for 9Cr-ODS was assumed to be
Y2Ti2O7 and the theoretical value of nuclear contrast is 3.66×
1010 cm−2. The A ratio for Y2Ti2O7 calculated from Eq. (7)
was estimated to be 2.5, in good agreement with the ratios
obtained from our measurements. As shown in Table 2, the
A ratio varies around 2.5 and keeps stable within the errors.
Therefore, the chemical composition of the particles was not
affected by the thermal treatments.

The micro-hardness of the aged samples as a function of
the thermal aging time is shown in Fig. 5. The micro-hardness
of the unaged sample was 365 Hv. The micro-hardness of the
aged samples was found to be similar to that of the unaged
samples. This relates to the high thermal stability of the ex-
tremely fine oxide nanoparticles, as evidenced by the SANS
magnetic scattering and TEM results. Representative inverse
pole figure (IPF) maps and the grain size distribution obtained

by analyzing EBSD results of specimens aged for different
times are shown in Fig. 6. The IPF maps of 9Cr-ODS steel be-
fore aging (Fig. 6(a)) and after aging up to 5000 h (Fig. 6(b))
revealed almost no change in grain structure. The average
grain size before and after the aging process at 973 K for
5000 h were about 0.9 µm and 1.0 µm, respectively. The grain
sizes exhibited only a slight change. This could be related to
an even distribution of oxide nanoparticles, which acted to in-
hibit the migration of grain boundaries and dislocations during
thermal aging.

In this study, the Y–Ti–O nanoparticles dispersed in 9Cr-
ODS steels exhibited good stability at 873 K. In contrast to our
recent work on as-milled mechanical alloyed 9Cr-ODS pow-
ders, the precipitation of nanoparticles with a radius of about
1 nm was observed by in situ SANS measurements at 873 K.
In that study, prolonged annealing time or increasing temper-
ature led to coarsening of the nanoparticles.[29] That is, the
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oxide nanoparticles could precipitate in the milled ODS pow-
der at ∼ 873 K. However, in 9Cr-ODS steel prepared by HIP
at 1443 K, the nanoparticles remained stable at lower tempera-
tures. Oono et al.[30] also found that the nanoparticles in 9Cr-
ODS steel began to coarsen at about 1473 K during heating
for 200 h, and had excellent thermal stability below 1473 K,
in agreement with this work. It can be remarked here that the
operating temperatures ranged from 823 K to 973 K, hence the
prepared 9Cr-ODS is a potential candidate structural material
for generation IV fission and fusion reactors.
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Fig. 5. Evolution of the Vickers micro-hardness measured on samples after
different thermal aging treatments.

0 1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

0.5

F
ra

c
ti
o
n
 (

%
) 

F
ra

c
ti
o
n
 (

%
) 

Grain size (mm)

Grain size (mm)

(b)(a)

(c)

0 1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

0.5
(d)

20 mm

20 mm

Fig. 6. Inverse pole figure maps and grain size distribution obtained by EBSD
analyses for (a), (b) unaged and (c), (d) 5000 h aged samples.

The high stability of 9Cr-ODS steel is attributed to
two factors. First, there is a coherent relationship between
the Y–Ti–O oxide nanoparticles and the matrix, resulting
in a low interfacial energy and high stability of the oxide
nanoparticles.[11,31,32] Secondly, the structural stability is de-
pendent on the Cr content in the steel. Ferritic and duplex
stainless steels with a Cr content above ∼ 12 wt.% are known

to harden and embrittle after thermal aging at temperatures be-
tween 673 K and 823 K due to the formation of a Cr-rich α ′

phase.[14,22] In this study, the 9Cr-ODS steel with a low Cr
content of 8.88 wt.% showed good structural and performance
stability.

In summary, the Y–Ti–O oxide nanoparticles in 9Cr-ODS
steel exhibited good thermal stability after aging for 5000 h
at 873 K. These nanoparticles played a key role in preventing
grain growth and dislocation motion, and therefore conferred
good thermal stability on the prepared 9Cr-ODS steel. The
structural evolution of the Y–Ti–O nanoparticles in ODS steel
at higher temperatures and longer aging times is a desirable
goal for future study.

4. Conclusion
The stability of the oxide nanoparticles in 9Cr-ODS steel

during thermal aging at 873 K for up to 5000 h was inves-
tigated by SANS and TEM analysis. The SANS technique
showed that the size distributions of oxide nanoparticles did
not change obviously after long-term thermal aging. The
mean radius and volume fraction of the oxide nanoparticles in
the thermally aged sample were estimated to be 2.50 nm and
0.55 vol.%, respectively. These values are in good agreement
with the results obtained from TEM observations. Further-
more, no significant changes to micro-hardness and grain size
were found after aging, which can be attributed to the good
thermal stability of the oxide nanoparticles.
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