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Deformation and damage mechanisms of Fe-14Cr based oxide dispersion strengthened (ODS) steels have been
investigated through a multi scale approach on model materials elaborated by powder metallurgy

Uniaxial tensile behavior was studied from room temperature to 800 °C at several strain rates. Furthermore,
the plasticity of Fe-14Cr ODS steels has been analyzed at the grain scale by in situ transmission electron mi-
croscopy (TEM) straining experiments between room temperature and 650 °C, evidencing a clear evolution with
temperature of the dislocation motion. The evolution of yield stress with temperature has been separated into
three domains, which can be explained by changes of deformation mechanisms. At low temperatures, the harden-
ing is associated to the pining of dislocations on nano-oxides whereas dislocations motion is thermally activated
at higher temperatures. At high temperatures, a competition between intra- and inter-granular mechanisms is ob-
served. The transition in damage mechanism, related to the change of deformation mode, explains the observed

reduction of ductility.

1. Introduction

Among materials approached for fuel cladding applications in the
next generation of nuclear reactors (GEN IV), Oxide Dispersion Strength-
ened (ODS) ferritic steels have been particularly studied over the last
decade owing to their combination of outstanding mechanical proper-
ties at high temperature and their excellent resistance to swelling under
irradiation [1-4].

ODS ferritic steels are elaborated using a powder metallurgy pro-
cess route. A metallic powder is milled with an oxide powder, generally
Y,03 and sometimes TiH, using a high energy attritor and under a pro-
tective atmosphere, which drives a large part of Y, Ti and O in solid so-
lution in the matrix [5]. Then the milled powder must be consolidated,
which is usually achieved at high temperature using Hot Extrusion (HE)
or Hot Isostatic Pressing (HIP) [4,6]. Besides, several studies of ferritic
ODS steels have been carried out on Spark Plasma Sintered (SPS) ma-
terials [7,8]. According to a recent in-situ characterization [5], oxide
nano-clusters, already present in the form of clusters after ball milling,
precipitate during the consolidation process.

In a recent paper, the impact of microstructural parameters on the
mechanical properties of ODS steels has been evaluated by studying
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materials where the different components of the microstructure were
varied systematically [9]: size and volume fraction of oxide precipi-
tates, grain size, dislocations density. However, this study was limited
to macroscopic properties, such as yield stress or creep resistance as
a function of temperature. The understanding of the controlling defor-
mation mechanisms as a function of deformation conditions (tempera-
ture, strain rate) and complex microstructural features (nanoparticles,
high dislocations density, fine grains ...) are still largely unclear. Dif-
ferent methods, based on mechanical tests such as stress relaxation,
creep or tensile tests, in situ straining in a transmission electron mi-
croscopy (TEM) [10-13] have been applied to analyze the properties
and deformation mechanisms of ODS alloys. Consequently, different
mechanisms have been proposed [9,14]. At low temperature, the plas-
tic properties are linked to the combination of dislocation/particles in-
teraction [15,16], grain boundary strengthening [17] and solute solid
solution hardening [18]. With increasing temperature, thermally acti-
vated mechanisms have been identified: Brandés et al. [12] suggested
that creep is controlled by stress assisted-thermal activation. Siska et al.
[10] proposed that deformation is governed by dislocation glide/climb
mechanisms. Kim et al. [19] found in 14YWT ODS alloys an activa-
tion energy between 600 °C and 800 °C close to the activation energy
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for dislocation climb. Chauhan et al. [15] identified an attractive dislo-
cation/particles interaction (interfacial pinning mechanism where the
dislocations are pinned on the departure side of the precipitates), as
also previously observed by Artz and Wilkinson [20] or Nardone et al.
[21]. The transition temperature for the activation of this mechanism
is however not well known. Ramar et al. [22] suggested from volume
activation measurements in ODS Eurofer alloy that the transition be-
tween weakly thermally activated dislocations/dislocations and disloca-
tions/particles interactions to dislocations climb controlled mechanisms
is around 500 °C. Siska et al. [10] suggested a slightly higher temper-
ature (>600 °C) for this transition. Moreover, a contribution of grain
boundary sliding to plastic deformation is also evidenced at high tem-
perature, but the temperature above which this effect happens is still not
well defined. Praud et al. [16] indicated activity close to grain bound-
aries around 500 °C. Chauhan et al. [15] and Salmon-Legagneur et al.
[23] identified a modification of fracture mechanisms from intragran-
ular to intergranular above 500 °C. The change in fracture mechanisms
appears to occur at higher temperature for high Cr ODS steels, e.g., 12Cr-
ODS steel [24] and 14Cr-ODS steel [25,26]. Kim et al. [27] also noticed
a change of fracture surface morphology between 700 °C and 900 °C to
grain boundary decohesion. Sugino et al. [28] identified grain boundary
sliding for temperature>900 °C at a strain rate <103 s~1. At this tem-
perature Masuda et al. [29] also evidenced grain boundary sliding but
accommodated by dislocation activity near the grain boundary, possibly
leading to continuous dynamic recrystallization.

In this context, the aim of the present study is to elucidate the defor-
mation mechanisms of Fe-14Cr ODS steels at different scales, combin-
ing macroscopic properties and the microscopic investigation of plastic-
ity. The influence of microstructural parameters on these deformation
mechanisms is studied following on the systematic materials database
presented in our former paper [9].

The evolution of ductility, measured both by the total elongation
and by the necking coefficient to enable a distinct characterization of
damage resistance, is followed as a function of temperature and for two
strain rates, and for the variety of microstructures found in these differ-
ent materials.

The distribution of strain in the different constituents of the mi-
crostructure is first followed indirectly by its effect on orientation ob-
served by electron back scattered diffraction (EBSD) in the scanning
electron microscope (SEM). At a microscopic level the dislocation mo-
tion and their interaction with the oxide nano-particles is studied by in
situ straining in TEM [16,18].

To evaluate the spatial distribution of deformation, and in particular
evaluate the presence of grain boundary sliding [28,29], digital image
correlation using focused ion beam (FIB) deposited platinum grids has
been carried out on interrupted tensile specimens tested under vacuum.

2. Materials and methods

The alloy compositions and processing details are given in Ref. [9].
Following the same nomenclature the different materials consist of:
US (unstrengthened), containing no oxide nano-precipitates, LS (low
strength) containing a low volume fraction of oxide nano-precipitates,
Ref (reference), containing a medium volume fraction of oxide nano-
precipitates, HS (High strength), containing a high volume fraction
of oxide nano-precipitates, CP (coarse precipitates), where precipitates
have become coarser due to additional heat treatment as compared to
the Ref material, with little evolution of grain size, and Rc (recrystal-
lized) where cold compression deformation followed by additional heat
treatment promotes low temperature recrystallization (and thus a large
grain size) with a precipitate size comparable to the CP material. Me-
chanical alloying of a pre-alloyed powder and Y,05 and TiH, powders
have been used to produce reinforced ferritic steels. The mixture of pow-
ders were canned and annealed at 400 or 300 °C, depending of the mate-
rial, during two hours to reduce the oxygen content. The powders were
then subsequently consolidated mainly by Hot Isostatic Pressing (HIP)
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Table 1
Summary table of elaboration processing for the different ODS
steels.

Material ~ Elaboration processing

us Atomized powder + HIP

LS Ball-milled + HIP

Ref Ball-milled + HIP

HS Ball-milled + HIP

CP Ball-milled + HIP + Heat treatment

Re Ball-milled + HIP + cold compression + Heat treatment

except for one material (Rc) that was consolidated by Hot Extrusion
(HE). Tables 1 and 2 summarize respectively the processing details and
the main microstructural results of Ref. [9].

EBSD analyses were realized with a Field Emission Gun SEM JEOL
JSM-7001FLV apparatus with a voltage of 20 kV. Orientation maps were
taken with several acquisition steps. Samples for EBSD were mechani-
cally mirror polished followed by electropolishing during 30 sec at 5°C
with a tension of 27 V in an electrolyte containing 70% of ethanol, 20%
of ethylene glycol monobutyl ether and 10% of perchloric acid.

In situ straining TEM investigations were carried out with a JEOL
2010 microscope operating at 200kV, on micro-tensile specimens (a
gauge section of 0.5mm x 0.9mm), which were prepared by conven-
tional mechanical polishing down to a thickness smaller than 100 pm.
All micro-tensile specimens were electropolished with the same elec-
trolyte as for the EBSD preparation. The polishing voltage for TEM thin
specimens was 30V with an intensity of 170 mA at 5°C.

Tensile tests were carried out under crosshead displacement control
in air at temperature ranging from room temperature to 800 °C in an
Instron tensile machine with a load cell of 2kN and equipped with a
radiation furnace. The mean strain rate was applied through a constant
crosshead speed. Strain rates of 7.10~% s~1 and 1.1075 s~! were used.
The specimen temperature was measured by thermocouple. The tensile
specimen geometry had a 6 mm gauge length and a 1.5mm X 0.75mm
rectangular section.

Microscopic measurements of deformation fields by digital image
correlation were carried out using Correlmanuv software [30-33] on
SEM images based on microgrid deposition at the sample surface. To re-
duce the high temperature oxidation of ferritic steels, a thin coating of
tungsten of about 100 nm was applied using a Gatan Precision Etching
Coating Surface (PECS) 682 before the deposition of microgrids. Plat-
inum microgrids (40 x 30 um with a spacing of 0.75 pm and 95 x 95 um
with a spacing of 5 um) were deposited on the protected surface with a
FIB FEI Helios Nanolab.

3. Results

3.1. Influence of temperature and strain rate on yield stress and fracture
strain

Tensile tests have been performed on all materials from room tem-
perature to 800 °C at two strain rates, 7.10~* s~1 and 1.107> s~1. Fig. 1
presents for all alloys the evolution of three parameters: the yield stress
(measured at 0.2% plastic strain), the total elongation (expressed in en-
gineering strain in %) and the necking coefficient defined by:

SO — SR
S(J

Z = x 100

Where S, and S are respectively the initial and fracture sample sec-
tions. Schematically, the difference between the total elongation and
the necking coefficient provides an indication of the resistance to dam-
age accumulation after the onset of necking. The influence of strain rate
on yield stress is a measurement of the material’s strain rate sensitivity
(SRS). It was defined using the tensile tests carried out with a strain rate
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Fig. 1. Evolution with temperature and strain rate of yield stress and ductility parameters for all studied materials.
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Table 2
Summary table of microstructural data for the different ODS steels.
us LS Ref HS CP Re
Mean grain size (um) 27.6+0.5 4.3+0.5 6.5+1.2 1.8+0.05 45+1.0 9.5+0.6
Mean radius (nm) - 1.56 +0.34 1.27 +0.03 0.9+0.1 3.1+0.5 2.55+0.45
Volume fraction (%) - 0.31+0.03 0.52+0.05 1.03+0.1 0.53+0.05 0.62+0.06

Dislocation density (m=2) 5102 +210? 110“+410%

9.7 103 +£3.9 10"

2.510%+1 10M 110 +4 102 510'2+2 102

50 T T T T Tl (|
40
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Fig. 2. Evolution with temperature of the strain rate sensitivity for all studied
materials.

of 7.10~% and 1.107° s71;

AYS

SRS = -
Alné

With YS the yield stress and ¢ the strain rate. The strain rate sensitivity
is represented in Fig. 2 for all tested alloys and temperatures.

The US material’s behavior is representative of a classical stain-
less steel without the influence of oxide strengthening. This material
presents a relatively low yield stress, which further decreases with in-
creasing temperature. The influence of strain rate on this yield stress is
non-monotonous. It exhibits a negative value of SRS above room temper-
ature till about 500 °C. As it will be shown later in this paper, it is due to
dynamic strain ageing (DSA). Both the total elongation and necking co-
efficient continuously increase with temperature above 400 °C, reaching
of the order of 100% at 800 °C, representative of high temperature plas-
ticity. The difference between total elongation and necking coefficient
decreases until these two parameters become equal at 800 °C, illustrat-
ing the progressive decrease of damage resistance after necking. There
is no significant effect of strain rate on these two fracture parameters.

When adding progressively an increasing fraction of oxide nanopar-
ticles (nano-oxides or NOs) (in the LS, Ref and HS materials), the be-
havior is observed to change drastically. As discussed in details in [9],
the prime effect of these particles is to increase the yield stress, at all
temperatures, and monotonically with respect to the oxide fraction. The
effect of strain rate on this yield stress evolution is also different from
that of the US material: although the low temperature yield stress is in-
sensitive to the strain rate, the SRS increases above 400 °C, to reach a
maximum between 500 and 600 °C. This increase of SRS is illustrative of
a change in the mechanisms controlling plasticity, presumably linked to
the interactions of dislocations with the main obstacles added, namely
the oxide nanoparticles. It will be discussed later in this paper in light of
the in situ tensile tests realized in the transmission electron microscope.

In all these materials, the strength increase brought by the addition
of NOs comes together with a dramatic decrease of ductility, both in
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terms of elongation to fracture or necking coefficient, and this decrease
is monotonic with the volume fraction of NOs as well. As already ob-
served before [9], a peak of ductility as well as a peak of necking coeffi-
cient is observed around 650 °C, although this is not so obvious for the
Ref material. Interestingly, a large difference between elongation and
necking coefficient is observed in the LS material until 650 °C (and then
vanishes at 800 °C like in the US material), whereas this difference van-
ishes already at 600 °C for the Ref and HS materials. This suggests that
adding a large fraction of NOs decreases significantly the resistance to
post-necking damage of the material, particularly at high temperature,
consistently with the decreased overall ductility. Another very interest-
ing feature observed in these results is the influence of strain rate on
these ductility parameters. Contrarily to the US material, in the NOs-
added materials the ductility is observed to drop very significantly in the
temperature range 500 and 650 °C when the strain rate is lowered, with
commonly a drop of a factor 2 and sometimes more (e.g., Ref material,
650 °C). Such a large difference suggests that the damage mechanisms
activated in these temperatures range are strongly time-dependent, so
that at low strain rate damage accumulates in a smaller strain range and
provokes early fracture.

The two last materials, CP and Rc, present both NOs of larger sizes
due to an additional high temperature annealing, with a volume frac-
tion of NOs similar to that of the Ref material. The CP material has a bi-
modal grain microstructure similar to that of the Ref material, and the
Rc material is recrystallized with a larger grain size. These two materials
present a behavior similar to that of the Ref material, with a lower yield
stress at lower temperature but similar yield stress at high temperature,
and comparable ductility. However, one can observe two interesting dif-
ferences with the Ref material: these two materials keep until 800 °C a
significant difference between total elongation and necking coefficient
(although smaller as compared to low temperature), and they present a
smaller sensitivity of ductility to strain rate. Both these effects suggest
that the increased NOs size and / or the modified grain microstructure
improved the resistance to damage accumulation.

3.2. Plasticity mechanisms

The above results suggest that at low strain rates, high temperature
and in the presence of nano-oxides, damage is localized at the grain
boundaries. Such intergranular damage can be easily observed by post-
mortem SEM observations on specimens tested with very low strain rate
at 650 °C. As illustrated in Fig. 3, corresponding to samples fractured
under conditions of creep, in such cases most damage is localized at
grain boundaries, especially in nanometer-size regions.

The development of intragranular misorientations after plastic de-
formation will be now shown, as a first indicator of the extent of intra-
granular deformation. Fig. 4 shows EBSD maps of longitudinal sections
of fractured samples of the Ref alloy deformed respectively at room tem-
perature and at 650 °C with a strain rate of 7.10~* s~1. Analyses have
been carried out close to the fractured surface. The materials deformed
at room temperature and 650 °C present a comparable total deformation
(respectively 17-19%).

In both cases, continuous misorientations are observed in the large
grains, while the sub-micrometric grains are too small to allow for such
observations. These misorientations seem more pronounced at room
temperature. They are a good indication that in these deformation con-
ditions a substantial intragranular plastic deformation is taking place.
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For the room temperature test, these observations are further con-
firmed by EBSD analysis realized in a same zone before and after defor-
mation, shown in Fig. 5. A crystallographic orientation effect on the de-
formation behavior of grains can be noted in these observations. Grains
initially oriented in [110], [111] and [001] directions exhibit a very
small misorientation. On the contrary, other initial crystallographic ori-
entations, such as [112] which corresponds to purple grains, show more
pronounced misorientations.

In order to study the plasticity mechanisms at a microscopic scale,
the samples of the Ref alloy have been deformed in tension in situ in
the TEM in the temperature range from room temperature to 650 °C.
Fig. 6 show images extracted from a video of an in situ TEM tensile test
performed at 400 °C. The observed dislocation motion is jerky, illus-
trated by dislocation pinning—un-pinning by nanoparticles. The dislo-
cation shapes are straight and mostly of screw character. The dislocation
motion between pinning points is very quick. Dislocation pile-ups and
intra-granular dislocation sources have also been observed in the stud-
ied temperature range. At 400 °C, additionally activation of some intra-
and inter-granular crack initiations was also noticed.

At higher temperature, a change is observed in the dislocation mo-
tion. In some materials, dislocations are observed to move by bursts as
illustrated at 450 °C in Fig. 7 in the case of the US materials. These dis-
location avalanche movements are generally associated to a dynamic
strain ageing (DSA) phenomenon, due to the interaction between the
moving dislocations and the mobile solutes, generally C in Fe-Cr steels
[34]. At higher temperature, the movement of dislocations was more
continuous. Despite a quick oxidation of the thin TEM specimens, ob-
servations have been made up to 650 °C. The viscous motion of dislo-
cations is illustrated at this temperature in Fig. 8. Dislocations are still
pinned by precipitates but it is suspected that overcoming is facilitated
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Fig. 3. Observation of damage after deforma-
tion to fracture of the Ref material at 650 °C un-
der conditions of creep at a stress of 160 MPa
(a) and 265 MPa (b) corresponding to a station-
ary creep strain rates of (a) 6.10™° s~! (a) and
(b) 5.107° s71.

Fig. 4. EBSD orientations map for the Ref material deformed
at (a) room temperature and (b) 650 °C with a strain rate of
7.10~% s71. The black arrow on (a) indicates the strain direc-
tion. (c) corresponds to the color triangle code.

as thermally activated mechanisms such as dislocation climb should be
operative at these high temperatures.

At a larger scale competition between intra- and inter-granular activ-
ities is observed. Indeed besides these thermally activated deformation
mechanisms, some inter-granular mechanisms such as grain boundaries
sliding or decohesion are observed after the in situ TEM straining.

3.3. Deformation mapping

In order to monitor the spatial distribution of plasticity, interrupted
tensile tests have been carried out on the Ref material at two temper-
atures (room temperature and 650 °C) with a strain rate of 7.10~4 s~1.
The deformation maps have been acquired by digital image correlation
using a platinum microgrid deposited by FIB. To avoid oxidation dur-
ing the high temperature test, a thin film of tungsten (100 nm) has been
coated on the polished surface and the tensile test has been carried out
under vacuum.

3.3.1. Deformation at room temperature

The room temperature tensile test has been stopped after 6.6% plas-
tic strain. The platinum microgrid before tensile test is shown in Fig. 9a.
The microstructure can be observed below the microgrid. Fig. 9b shows
the microstructure obtained after 6.6% of strain. The comparison be-
tween the initial state and the deformed specimen highlights significant
distorsions of some parts of the microgrid. As illustrated by the red cir-
cles in Fig. 9, these main microgrid distortions are located inside large
grains because of their comparatively lower strength compared to the
nano-grains, mainly related to a grain size effect since TEM observations
did not show an appreciable difference of precipitate size between the
different grain families. Some very limited inter-granular deformations
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[001]
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can also be suspected (blue circles). These observations confirm, con-
sistently with the EBSD maps shown above, that the room temperature
deformation mechanisms are predominantly intra-granular.

3.3.2. Deformation at high temperature
The 650 °C tensile test has been carried out on the Ref material in a
secondary vacuum furnace up to a strain of about 7.2%.
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Fig. 5. EBSD analyses of the Ref material (a)
before deformation and (b) after deformation
to fracture at room temperature with a strain
rate of 7.10~* s™1. () color triangle code.

Fig. 6. TEM video captures during in-situ deformation of the
Ref material at 400 °C. Jerky dislocation motion by successive
steps of un-pinning and pinning on the nanoparticles. The red
arrows correspond to pinning points (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article).

Fig. 7. TEM video captures during in-situ deformation
of the US material at 450 °C. Dislocations appear to
move as bursts in a collective manner.

The SEM picture of Fig. 10a shows the platinum microgrid after de-
formation. The protective coating presents a number of cracks, however
digital image correlation (DIC) was still possible. Fig. 10b shows the de-
formation map obtained by DIC (uniaxial deformation €1;) superposed
with the EBSD analysis of the undeformed specimen. The first observa-
tion is that a small difference of deformation between small and large
grains can be noted. Regions of sub-micrometer grains are the regions
showing the smallest amount of plastic strain. On the contrary, an im-
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Fig. 8. TEM video captures during in-situ deformation
of the Ref material at 650 °C, illustrating the continuous
dislocation motion at high temperature. The red arrows
show the movement of the dislocations compared to fixed
points designed by black arrows. (For interpretation of
the references to color in this figure legend, the reader is
referred to the web version of this article).

portant concentration of deformation is observed in the same regions
where cracking of the protective layer has occurred, and these regions
are correlated with the presence of boundaries between large grains.

4. Discussion
4.1. Evolution of deformation mechanisms of ODS steels with temperature

Taking into account the results of the recent study of mechanical
properties evolution on a large temperature range of ODS ferritic steels
exposed in [9], three domains can be distinguished on the evolution of
yield stress with temperature:

— A low temperature regime (room temperature to 400 °C), pre-
senting an athermal plateau where the evolution of yield stress is
mainly controlled by that of the elastic modulus;

— An intermediate temperature domain (400 °C-600 °C) with a sig-
nificant drop of yield stress

— A high temperature regime (above 600 °C) where the decrease of
yield stress becomes more moderate.

4.1.1. Deformation mechanisms at low temperature
Our EBSD observations on deformed samples show that the plasticity
of Fe-14Cr ODS steels at low temperature is mainly controlled by intra-
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Fig. 9. SEM images of the Ref material (a) ini-
tial microstructure (b) after 6.62% of strain
at room temperature with a strain rate of
7.10~* s71. Red and blue circles correspond re-
spectively to intra-granular and inter-granular
deformations evidenced by microgrid distor-
sions. (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article).

granular mechanisms, illustrated by the development of intra-granular
misorientations. Our results are in good agreement with the in situ SEM
tensile test carried out by Boulnat [35]. In these two cases, EBSD analy-
ses show changing of crystallographic orientation of large grains, from
[111] (blue grains) [35] and/or [112] (purple grains) towards [110] di-
rection. According to Kocks et al. [36], an « fiber (<110> direction) is
classically observed in bcc materials after tensile tests or hot extrusion.
Boulnat suspected a rotation of nanometric grains along grain bound-
aries after straining at room temperature [35], however the comparison
of EBSD picture before and after tensile test (Fig. 5) does not confirm
this observation whereas intragranular deformations into large grains
have been highlighted both by Boulnat [35] and in this work.

At microscopic scale, our in situ TEM straining experiments confirm
the observations of Praud et al. [16] showing screw dislocations with
jerky movements and a straight-line shape between room temperature
and 400 °C. A high pinning force of nano-oxides, together with a rela-
tively low friction stress [9,37], explains these observations. Nanopar-
ticles radius being of the order of 1 nm, it is difficult to conclude from
the TEM observations if nanoparticles are overcome by a by-passing or
a shearing mechanism. However, recent modelling of the yield stress
contributions in these materials showed that the stress could be ad-
equately modelled by a by-passing mechanism [9]. Moreover, intra-
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Fig. 10. (a) Image of the microgrid after a tensile test to fail-

I
—-- ure of the Ref material at 650 °C with a strain rate of 7.10* s71
H - - and (b) superposition of the deformation map obtained by im-
uma E :: : E.,.;::::::, age correlation on the orientation map obtained by EBSD. The
HHH - —- black arrow indicates the strain direction.
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granular sources of dislocations have been observed at low temperature
as in Ref. [38].

4.1.2. Deformation mechanisms at intermediate and high temperatures
Several deformation mechanisms have been observed above 400 °C
up to about 650°C. Dislocation motion is still jerky with individ-
ual movements of dislocations and some crack initiation appear at
temperatures close to 400°C. With the increase of temperature the
dislocation motion evolved more or less progressively to a more viscous
displacement at high temperature: individual dislocations thus move
continuously exhibiting curved shapes. In this range of tempera-
ture dislocations are still pinned by nanoparticles, however thermally
activated mechanisms, such as climb/glide of dislocations, are predicted
to become easy in these high temperature conditions [9,10,16]: the
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crossing should thus be easier. In some materials, as illustrated on the
un-strengthened material, a supplementary step is observed as a tran-
sition between low temperature and high temperature domain. In this
intermediate range, dislocations always move jerkily but in a collective
manner, by the displacement of dislocation bursts. This type of motion
corresponds to a domain of dynamic strain-ageing (DSA). Caillard and
Bonneville [34,39] have observed similar mechanisms on Fe-Cr based
steels at close temperature range (from 200 °C to 500 °C). DSA is usually
associated to serrations on the tensile curves (Portevin — Le Chatelier
phenomenon) but no signs of them have been seen during our tests as
shown in our former paper [9]. According to Wang [40], the DSA tem-
perature range can be larger than that of Portevin — Le Chatelier effect.
The DSA phenomenon in the US material is consistent with the negative
strain rate sensitivity present in this temperature range (see Fig. 2).
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In the oxide-reinforced materials, the dislocation—nano-oxide inter-
action can modify the strain rate sensitivity, which is the main param-
eter involved in the DSA effect. In fact, the measurement of strain rate
sensitivity shows that it increases in this temperature range to reach a
peak around 600 °C (see Fig. 2). This strain rate sensitivity is therefore
not related to the matrix displacement of dislocations but most proba-
bly to the progressive activation of climb-assisted precipitate by-passing,
which has been shown to control the evolution of yield stress [9].

Moreover, even if intra-granular deformation mechanisms are still
present at temperatures above 600 °C as shown by the post-mortem EBSD
observations, it comes along with a very significant inter-granular de-
formation activity, as shown by the tensile test with platinum microgrid
tracking and images correlation. Accordingly, in situ TEM observations
highlighted decohesion at grain boundaries. According to Sugino et al.
[28,41] and Masuda et al. [29] investigations of deformation mecha-
nisms, grain boundaries sliding can be evidenced at ~900 °C, depending
notably on the strain rate conditions. According to [16], inter-granular
sources have been noted on similar ODS ferritic steels consolidated by
hot extrusion, already at 500 °C. Chauhan et al. [15] also noticed a more
intense dislocation activity close to grain boundaries, as dislocations pile
up at higher temperature (550 °C and more).

4.2. Evolution of elongation and necking coefficient

Two parameters can describe ductility: the total elongation, which is
mainly controlled by the pre-necking plasticity, and the necking coeffi-
cient, representative of the local deformation to fracture, and therefore
of the ability of the material to resist ductile fracture.

At low temperature (until 400 °C), all oxide-reinforced materials
present a weakly strain rate dependent ductility, and a large difference
between the total elongation and the necking coefficient (except for the
brittle HS material tested at room temperature). The first feature is well
in agreement with plasticity occurring mainly inside the grains and be-
ing controlled by dislocation-precipitate and dislocation-dislocation in-
teractions, with a high associated activation volume. The second feature
is representative of a good resistance to ductile fracture.

At 500°C and above, the characteristics of ductility drastically
change. Overall the ductility increases at the high strain rate, resulting
in the well-known elongation peak around 600 °C [16,28]. This increase
comes together with a higher SRS, which seems at first inconsistent with
the observation of DSA in the same temperature range. However, the
activation of climb-assisted precipitate by-passing, which is a strongly
rate dependent mechanism, can explain this increase of SRS and asso-
ciated ductility increase. The situation is very different at slow strain
rate. In this case, the elongation continuously decreases in most materi-
als (except the HS material, however its elongation peak is still much less
pronounced), and a large difference is observed between the elongations
measured at the two strain rates. Moreover, the difference between total
elongation and necking coefficient cancels out, showing the appearance
of a low resistance to ductile damage. Our observations of the mecha-
nisms of plasticity suggest an increasing role of grain boundary plasticity
in this temperature range. Such grain boundary activity such as grain
boundary sliding, is strongly rate dependent and is expected to play a
much more prominent role at low strain rates. In the framework of this
interpretation it can be expected that the microstructure at the grain
boundaries plays an important role on this mechanism. It is therefore
interesting to compare the Ref, CP and Rc materials whose microstruc-
tures differ markedly in this respect, whereas the volume fraction of
strengthening particles is identical (and the strength in this tempera-
ture range is comparable). At low strain rate, the Ref and CP materials
show a very low ductility (2 to 3%). However, the Rc material almost
doubles this ductility and still shows a necking coefficient of the order
of 15%. It seems, therefore, that changing the grain microstructure is an
effective way to improve the low strain rate ductility. This effect could
be due to the absence of sub-micrometer grains in this material, the low
dislocation density, or to the change in the location of the grain bound-
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aries away from the impurities and large particles inherited from the
powder metallurgy process.

In line with the cross-section observations of damage presented in
Fig. 3, all the data presented here is consistent with the activation in
the temperature range 500-650 °C of grain boundary strain localization,
probably including grain boundary sliding, strongly strain rate depen-
dent, which results in rapid grain boundary damage and promotes a
low ductility at low strain rates. Intra-granular mechanisms, such as
by passing of nano-oxides, are still activated (Fig. 8), however inter-
granular mechanisms are greater at low strain rates. At higher strain
rates this inter-granular mechanism is less active and a ductility peak
appears due to improved strain rate sensitivity, as it has been shown
before by Steckmeyer el al. [25].

No tests were realized at 800 °C, low strain rate in the present study.
However, already at the higher strain rate, all ductility parameters ex-
perience a sharp drop, without a major change in SRS. Most probably,
at such high temperatures grain boundary strain localization becomes
active at all strain rates and promotes a high rate of damage accumula-
tion.

5. Conclusions

In this present work, the deformation and damage mechanisms of
ODS ferritic steels consolidated by hot isostatic pressing have been inves-
tigated from room temperature to 650 °C. Ex situ and in situ experiments
have been carried out at different temperatures. The main conclusions
are:

— The dominant deformation mechanisms show a transition from
intra-granular to inter-granular, which depends both on temper-
ature and strain rate.

— At high strain rate ductility improves with temperature and
shows a maximum around 600 °C, due to an increase of strain rate
sensitivity due to the activation of climb-controlled by-passing of
the nano-oxide particles by dislocations.

— At low strain rate, the activation of inter-granular plastic local-
ization results in early damage accumulation and low ductil-
ity. Recrystallization seems to be an effective way to limit the
detrimental effect of this mechanism, depending on the thermo-
mechanical treatment [42].
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