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Threshold stress of ODS (Oxide Dispersion Strengthened) alloy is well known as a value which can quan-
titatively shows the effect of oxide dispersion strengthening. However, the threshold stress cannot be
clearly observed in the result of creep tests for the commercial ODS alloy MA957. In this work, the thresh-
old stress of MA957 was carefully evaluated using TEM (Transmission Electron Microscope) with EDS
(Energy Dispersive X-ray Spectrometer). From the result, it was revealed that MA957 has an inhomoge-
neous dispersion of oxide particles. The inhomogeneous dispersion caused different threshold stresses
between observed areas. This is probably a reason why the threshold stress cannot be clearly seen in
the result of creep tests. This inhomogeneous dispersion appeared to be partly caused by aluminum con-
tamination, because aluminum made much larger complex oxide particles than the fine oxide particles
with no aluminum. Consequently, aluminum should be strictly controlled or eliminated for the homoge-
neous dispersion of oxide particles of MA957.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

ODS alloys are attractive structural materials for advanced fis-
sion and fusion reactors, because of their highly improved creep
properties [1–8] and good irradiation resistance [3,9–16] com-
pared to conventional ferritic/martensitic and austenitic steels.
Such superior properties are obtained through nanosized oxide
particles dispersed in the matrix. These nanosized oxides are very
stable under heavy irradiation and at high temperatures. Conse-
quently, many researches have been conducted to finely disperse
oxide particles in the matrix by modifying chemical compositions
and developing material processing procedures [17–22].

In general, creep properties of ODS alloys and creep mecha-
nisms have been studied and analyzed using threshold stress and
power law type equation. However, it is well known that threshold
stresses cannot be clearly seen in results of creep tests and their
stress exponent values are too high for any creep mechanisms the-
oretically explained [6,7,23].

In this work, the threshold stress of MA957 was carefully eval-
uated based on the result of TEM observation and the reason why
the threshold stress cannot be clearly seen in creep tests was
studied.
ll rights reserved.
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2. Experimental

The specimen used was the commercial ODS ferrtic alloy
MA957 with a nominal composition of Fe–14Cr–0.3Mo–1.0Ti–
0.25Y2O3 in wt%. A longitudinal section was cut from the specimen
and ground to a thickness of about 100 lm for electropolishing.
Punched discs with 3 mm diameter from the ground sheet were
electropolished at 253 K using an electrolyte containing 10% per-
chloric acid in a mixture of ethyl alcohol with 20% butoxyethanol.
The observation of oxide particles was performed using TEM with
EDS. EPMA (Electron Probe X-ray Microanalyzer) was additionally
used for observing micrometric structures.

3. Results and discussion

Fig. 1 gives a TEM image of grains in MA957. These grains were
elongated parallel to the extrusion direction. Fig. 2 gives higher
magnification TEM images with nanosized particles. In general,
fine oxide particles can be only seen in areas with a very thin thick-
ness around the hole of TEM disk. The thin area had locally bended
parts, so imaging conditions locally changed. In this work, the ob-
served areas were randomly selected keeping a long distance be-
tween them to obtain the information of nanosized particles
from the entire sample. Fig. 3 gives the size distributions of oxide
particles obtained from the image analysis results in Fig. 2. Differ-
ences of size distribution were seen between the observed areas.
MA957 had an inhomogeneous dispersion of oxide particles.
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Fig. 1. TEM image of grains in MA957.
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Chemical compositions of nanosized oxide particles were ana-
lyzed using EDS. The ratio of titanium to yttrium of the analyzed
oxide particles are shown in Fig. 4 and the ratio was about 1.
Therefore, these dispersed fine oxide particles were identified as
Y2Ti2O7.

Threshold stress can be calculated using the information of size
distribution and the following equation [24,25] given by
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Fig. 2. TEM image of fine dispersed oxide
where A and B are constants which changes depending on strength-
ening mechanisms and characteristics of dislocation as shown in
Table 1, M is the Taylor factor, G is the shear modulus, b is the Bur-
gers vector, r0 is the inner cut-off radius of dislocation core, k is the
average face to face distance between particles on a slip plane, and
D is the harmonic mean of 2r and k. k, D, ls, and rs are calculated
from the following equations:

k ¼ 1:25ls � 2rs; ð2Þ
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where r is the observed particle radius, and f is the volume fraction
of the dispersed oxide particles. The volume fraction can be calcu-
lated using the contents of yttrium, titanium, and oxygen in
MA957 and the density of the dispersed oxide. This was calculated
under the assumption that all the oxide particles have the same
phase as Y2Ti2O7.

Fig. 5 shows the result of the calculation of threshold stress
using the formulas (1) and the following values: m = 0.34,
G = 50600 MPa, M = 2, b = 0.248 nm, r0 = b and 3b nm, f = 0.6 vol.%
at 973 K. The temperature used is an expected operating tempera-
ture for ODS alloys. Calculated stresses have a range of about
100 MPa due to the difference of strengthening mechanism and
the difference of the inner cut-off radius of dislocation core. It
particles and image analysis result.
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Fig. 3. Size distribution of fine dispersed oxide particles.
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Fig. 4. Chemical composition map of Y–Ti–O oxide particles.

Table 1
Parameter for the calculation of threshold stress.

Mechanism Dislocation A B

Orowan Edge 1 0.7
Screw 1

1�m 0.6

Srolovitz Edge 1� m
1�m sin2 /

� �
cos / / ¼ 19� 0.7

Screw 1þm sin2 /
1�m cos / / ¼ 30� þ 48:3�m 0.6

Area 5Area 4Area 3Area 2Area 1
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Fig. 5. Calculated threshold stress.
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should be noted that two drops of threshold stress are evident at
the area 3 and 5. The difference of size distribution affects the cal-
culated threshold stresses and causes such a difference of up to
50 MPa. The threshold stress of MA957 varies between observed
areas and a fixed value cannot be determined. This fluctuation of
threshold due to the inhomogeneous dispersion probably causes
localized creep deformation at high temperatures. This could be a
reason why the threshold stress cannot be clearly observed in
the result of creep tests.

The reason why MA957 had such an inhomogeneous dispersion
has been studied. Fig. 6 shows the result of the observation using
EPMA. Pores aligned in the extrusion direction were observed
Fig. 6. Pores aligned in th
and aluminum was detected in them. The same structure was ob-
served in other reports also [1,26]. Aluminum is not in the nominal
composition of MA957. This is due to the contamination of pow-
ders. Coarse complex oxide particles containing aluminum were
observed in the matrix as shown in Fig. 7. This complex oxide par-
ticle was probably composed of two oxides: Al–O and Y2Ti2O7. Alu-
minum affected the formation of oxide particle and made a large
oxide particle about 150 nm. Kasada et al. has studied ODS alloys
with aluminum intended to improve corrosion resistance and
reported the aluminum effect [27]. When ODS alloys contained
aluminum, Y–Al–O oxides preferentially formed. These Y–Al–O
oxide particles had larger sizes than Y–Ti–O oxides. The observed
complex oxide particle was possibly a precursor based on his re-
port. Further works are necessary for this. In the case of MA957,
aluminum should be controlled and eliminated during the manu-
facturing process for the appropriate dispersion of oxide particles.
It is very important to improve the homogeneity of dispersion for
the reproducibility in mass production of ODS alloys in near future.
e extrusion direction.



Fig. 7. Coarse complex oxide particle containing aluminum.
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4. Summary

In this work, the threshold stress of MA957 was carefully eval-
uated and the reason why the threshold stress cannot be clearly
observed in creep tests was studied. The results are summarized
as follows:

� MA957 had an inhomogeneous distribution of oxide particles.
� Calculated threshold stresses varied between observed areas

depending on different size distributions of oxide particles. This
is probably a reason to explain the reason that the threshold
stress cannot be clearly seen in creep tests.

� Aluminum, which is not in the nominal composition, was
detected. This aluminum contamination affected formations of
oxide particles. Aluminum contributed to form large complex
oxide particles which were composed of Al–O and Y2Ti2O7. Alu-
minum should be strictly controlled or eliminated for the homo-
geneous dispersion of oxide particles in MA957.
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