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Creep experiments performed at 650 �C and 250 MPa on MA957 and CEA-developed 18%Cr ferritic Oxide
Dispersion Strengthened (ODS) steels emphasize the particular creep behavior of ODS alloys. To under-
stand the influence of oxide particles, we focused on the dislocation microstructure and their interaction
mechanisms with precipitates. Microstructural characterization were performed using Transmission
Electron Microscopy (TEM) on both un-deformed alloys and on 650 �C–250 MPa creep tested MA957
samples. No noticeable differences were observed, and dislocations seem to be anchored by precipitate
particles. The dynamic behavior was studied by in situ TEM straining experiments at room temperature
on MA957. Observation of dislocation motions indicates that interactions with particles, including pin-
ning, control the flow stress at least at room temperature. At 650 �C, other mechanism is probably
predominant.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Advantages of the ferritic/martensitic steels (high thermal
conductivity, low thermal expansion coefficient, and in particular
good resistance to void swelling) make them candidate materials
for fusion power plant first wall and blanket structures, and for
fuel cladding and structural applications in Generation IV fission
reactors. However, the upper operating temperature would be
limited to 550–600 �C to avoid large deformation, especially
during creep. Oxide dispersion (usually Y2O3) is a way to improve
their mechanical properties [1–3], without losing ferritic/martens-
itic advantages, especially their resistance to void swelling
[4–6].

Many studies have been completed on Oxide Dispersion
Strengthened (ODS) alloys, however, the strengthening mecha-
nisms associated with the deformation mechanisms, i.e. the inter-
action between precipitates and dislocations has not yet been
clearly identified.

In this work, we focused on the creep behavior of two ODS
alloys and then on the microstructure of commercial ODS alloy
MA957 before and after creep deformation using Transmission
Electron Microscopy (TEM). In situ TEM straining experiments
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were also performed at room temperature to analyse the
deformation mechanism leading to the oxide dispersion
strengthening.
2. Experimental procedure

The commercial ODS ferritic alloy MA957 from INCO and a
18%Cr ferritic alloy developed by the CEA (referred as CEA 18%Cr-
ODS) were used for creep tests. Their nominal compositions in
wt.% are Fe–14Cr–0.3Mo–1.0Ti–0.25Y2O3 and Fe–18Cr–1W–
0.3Ti–0.5Y2O3, respectively. The CEA 18%Cr alloy was produced
by mechanical alloying, hot extrusion at 1100 �C, hot rolling 20%
at 700 �C and finally annealing at 1050 �C. Cylindrical samples
were cut from the MA957 rod (with longitudinal direction (LD)
parallel to the extrusion direction) and coupon samples were cut
from the 18%Cr rectangular shape rod (with longitudinal direction
parallel to the extrusion direction). Creep tests were carried out at
650 �C and 250 MPa for both alloys.

TEM samples were prepared from MA957 before and after creep
deformation. Specimens were mechanically thinned down to about
100 lm (70 lm for in situ straining). Punched 3 mm diameter TEM
discs and 3 by 1 mm TEM in situ rectangles were electropolished at
�10 �C in a 10% perchloric acid, 90% ethanol solution.

TEM observations were performed on a 2010FEG JEOL and a 430
FEI operating at 200 kV and 300 kV respectively. In situ TEM strain-
ing experiments were carried out on a 2010 JEOL equipped with a
25 frames per second camera. A Zeiss analyzer was used to study
the precipitation size and distribution.
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Fig. 1. Creep curves of MA957 and 18%Cr-ODS at 650 �C and 250 MPa.

Fig. 2. Microstructure (a) of MA957 and (b) CEA 18%Cr-ODS before deformation and (c) of
by arrow).
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3. Results and discussion

3.1. Creep curves

Fig. 1 shows creep curves obtained at 650 �C under a tensile
stress of 250 MPa. CEA 18%Cr-ODS LD shows a higher creep resis-
tance than MA957 LD, since MA957 LD failed after about 3500 h.
The test on the CEA 18%Cr-ODS LD sample is still running.

From this figure, two important points must be emphasized:
first, it can be noticed that the deformation remains low for the
two alloys (rupture elongation is reached after only a few percents
of strain) and second, MA957 LD, shows little or no tertiary creep,
i.e. acceleration creep is almost absent. Although failure has not
been reached for the CEA 18%Cr-ODS sample, the same trend can
be observed for this alloy at higher stresses. This behavior is com-
mon to ODS alloys, as for instance in DY, DT [7], 14YWT [8], dual
phase 9Cr-ODS [9], 8Cr J1 and J2 [10]. The particular shape of the
ODS creep curve can probably be associated to the fine oxide dis-
MA957 after creep at 650 �C 250 MPa (dislocation pinned on precipitate is indicated
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persion. These ODS alloys also exhibit a high stress exponent
[7,9,11], around 20 for MA957 LD.

3.2. Deformation mechanisms

3.2.1. Microstructure before deformation
The microstructure of MA957 alloy is composed of micrometer

grains elongated along the extrusion direction (Fig. 2a). The grain
size distribution was measured and lead to a mean size of
1.5 lm by 600 nm. A high dislocations density was observed, with
an estimated value of 3 � 1014 m�2. The dislocations appear to be
pinned by obstacles (Fig. 2a). Precipitates of several tens of nano-
meters were observed in MA957 as in [2]. A fine dispersion of pre-
cipitates (<10 nm) was also present. The particle size and number
density were estimated at 2 nm and 1023 m�3, respectively. EDS
analysis on this samples [11] confirmed the particles are Y–Ti–O.
Similar particle size and composition have been determined by
atom probe in another study of MA957 [12].

First microstructural observations of CEA 18%Cr-ODS indicate
that the grains are also elongated in the extrusion direction
(Fig. 2b); compared to MA957, a similar mean grain size (1.2 lm
by 400 nm) and a slightly higher dislocation density (about
1015 m�2) are observed. Dislocations are also pinned at obstacles.
A nano-precipitate dispersion was also identified. Estimated parti-
cles size and density are comparable to MA957.

3.2.2. In situ deformation at room temperature
In situ TEM straining tests were performed on MA957 samples

cut parallel or perpendicular to the extrusion direction. They show
dislocations moving jerkily between two positions where they stay
pinned. While pinned, the dislocations bow-out under stress.
When the stress is high enough, the dislocations quickly move to
the next pinning point. Similar observations were made in samples
cut perpendicular or parallel to the extrusion direction, indicating
that at room temperature plasticity is controlled by intragranular
mechanisms. Intergranular mechanisms (grain boundary sliding,
cavitation) may operate at higher temperatures. These mecha-
Fig. 3. Moving dislocations at room temperature (a) increasing of the screw part by edge
indicated by arrows).
nisms have to be investigated in order to explain the creep
properties.

Dislocation Burgers vectors were found to be ½h1 1 1i. The dis-
locations, preferentially aligned along their screw direction, glide
in the (1 1 0) planes. Their preferential alignment and their jerky
motion indicate that the friction stress is high. Their screw part
quickly increases due to the faster motion of their edge part
(Fig. 3). Bowing-out and un-pinning of screw parts was also ob-
served but less often. When observed, the motion of screw seg-
ments appears jerky over distances larger than the mean inter-
particles spacing. This indicates that screw segments move at a
stress larger than the stress required to overcome oxide precipi-
tates. This shows that the Peierls stress controls the motion of
the screw segments and is larger than the stress required to over-
come oxide particles. Because dislocation glide in a Peierls poten-
tial is a thermally activated motion, a different behavior can be
expected at higher temperature.

The edge dislocation segments are probably stopped by nano-
precipitates. Due to the small size of the precipitates, it is difficult
to surely observe the precipitates on the dislocations. However the
distance between two pinning points, ranging from 70 to 90 nm, is
in good agreement with the estimated distance between two pre-
cipitates from the nano-precipitation analyses on the un-deformed
samples (Section 3.2.1). The same order of magnitude can be found
for other ODS alloys [9,13].

Dislocations piled up at grain boundary and dislocation source
(single arm type) have also been observed.

TEM observations seem to indicate that the motion of the dislo-
cations is controlled by the passing of the nano-precipitates. The
back stress can be estimated in a first approximation, by measuring
the curvature radius R of the dislocation line before the precipitate
is overcome [14]:

sb ¼
lb

4pð1� mÞR ln
R
r0

� �
ð1Þ

with l = 90 GPa, b = 0.248 nm, r0 = b, R � 40 nm, m = 0.3, this yields
sb � 376 MPa.
part motion (b) un-pinning and re-pinning of an edge part (oxide pinning points are
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In [13], the authors also performed in situ TEM straining exper-
iments at room temperature on an ODS alloy, called MA956. The
back stress value obtained in that case was lower. It is consistent
with the higher strengthening in MA957 as usually observed in
tensile tests [1]. These authors also concluded that the Orowan
mechanism is operative at these low temperatures. Even if an eval-
uation of the Orowan stress, soe � 130 MPa [15] is close to the
measured back stress, clear evidence of Orowan loops around pre-
cipitates are still missing. Further experiments should focus on this
point.

Based on the results of dislocation density before deformation,
the Taylor hardening (r = Malbq1/2) can be estimated around
450 MPa. We can then reasonably assume that precipitates/dislo-
cations, dislocations/dislocations interactions and the friction
stress are the three main contributions to the flow stress at room
temperature.

3.2.3. Deformation at high temperature
TEM observations of creep tested samples did not reveal large

microstructural differences with the un-deformed samples
(Fig. 2c). A high dislocation density was still present (about
4 � 1014 m�2), and the dislocations were also pinned on precipi-
tates. Nevertheless, the interaction mechanisms proposed at room
temperature are probably less efficient at these higher tempera-
tures and then may not control the flow stress anymore. Indeed,
the noticeable decrease of the flow stress observed in these mate-
rials [1] above 400 �C could suggest that particles can be more eas-
ily overcome by thermal activation. The theory of Rösler and Arzt
[16], assuming that after overcoming the particle by climb the dis-
locations become pinned at their departure side, might be consid-
ered. This theory is based on an ‘‘attractive’’ interaction resulting
from a dislocation located on the ‘‘exit’’ of the clusters. Although
it is difficult to observe dislocation behavior to the precipitate
scale, this mechanism could be effective in our samples. As already
suggested, due to precipitates loss of efficiency at high tempera-
ture, alternative mechanisms could become more important. For
instance, studies on MA957 [2] have shown that at temperatures
above 600 �C, the grain size has an influence on the creep rate, sug-
gesting also that mechanisms involving diffusion towards grain
boundaries can be efficient. These mechanisms could play a signif-
icant role in our fine grain microstructure. In particular, the simi-
larity of the microstructure of MA957 and CEA 18%Cr-ODS
(Section 3.2.1) suggests that the intragranular plasticity is equiva-
lent for these two alloys. Therefore, the differences in creep behav-
ior should not come from particles/dislocations interactions, but
from other processes.

It would be interesting to perform in situ straining experiments
at room temperature on the CEA 18%Cr-ODS to confirm that the
particles/dislocations interactions are similar to MA957. Then it
would also be interesting to perform high temperature in situ
straining experiments on these alloys to give a dynamic insight
into the deformation mechanisms. Indeed, although the micro-
structure before deformation of the two ODS alloys seems to be
quite equivalent, the CEA 18%Cr-ODS alloy exhibits better creep
behavior. Such type of experiments would be helpful to investigate
the origin of this discrepancy.

4. Summary

The creep behavior of ODS alloys was addressed, focusing on the
dislocations/nano-precipitate interaction mechanisms. MA957 and
CEA 18%Cr-ODS alloys exhibit a ‘‘non-classical’’ creep behavior,
with low creep strain and no tertiary creep regime. At room tem-
perature, first results obtained by in situ TEM straining experi-
ments show that nano-precipitates are strong obstacles to the
dislocation glide. After creep at high temperature, TEM observa-
tions reveal that dislocations are still pinned, confirming that
nano-precipitates still play a role on the creep behavior at higher
temperature.
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