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High-Temperature Tensile Properties
of Nano-Oxide Dispersion
Strengthened Ferritic Steels Produced
by Mechanical Alloying and Spark
Plasma Sintering
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Oxide-dispersion strengthened (ODS) ferritic steels were
produced by mechanical alloying and subsequent spark
plasma sintering. Very fast heating rates were used to
minimize porosity when controlling grain size and pre-
cipitation of dispersoids within a compacted material.
Sintering cycles performed at 1373 K (1100 !C) induced
heterogeneous, but fine grain size distribution and high
density of nano-oxides. Yield strengths at room tem-
perature and at 923 K (650 !C) are 975 MPa and 298
MPa, respectively. Furthermore, high-temperature
ductility is much increased: total strain of 28 pct at
923 K (650 !C).
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Oxide-dispersion strengthened (ODS) ferritic–martensitic
steels are foreseen as highly irradiated materials for fission
and fusion reactors.[1–7] To enhance creep resistance, these
materials are reinforced by dispersoids within the ferritic
matrix. To do so, the elaboration route includes powder
metallurgy where nanometric Yttria powder and prealloyed
ferritic powder are mechanically alloyed. Then, Hot
Isostatic Pressing (HIP) and/or hot extrusion (HE) are
classical, almost unique, steps to consolidate the materi-
als.[1–8] However, abnormal grain growth and precipitation
coarsening are often observed as these processes induce
long thermo-mechanical treatments, i.e., often more than
2 hours at temperatures over 1273 K (1000 !C). Compared
with HE or HIP, spark plasma sintering (SPS) spends

much less time in both heating and cooling during sintering

process. Thus, SPS has emerged because of its ability to
heat up the material very quickly, providing a powerful
tool to retain the original nanostructure.[9,10] For industrial
purpose, it has been used for ceramics applications and
refractory materials whereas only few studies were dedi-
cated to metallic materials.[11] Very recently, G. Ji et al.
demonstrated that SPS could be used to retain the
nanostructure of ODS intermetallic alloys.[12,13] However,
with bending tests, they highlighted the efforts that have to
be done to improve ductility despite degassing treatments.
The current study aims at investigating the SPS technique
as a tool for the compaction of ODS ferritic steels. Under
optimal sintering conditions, semi-industrial dense pellet
(0.5 kg) of ODS ferritic steel can be processed in less than
20 minutes. The associated grain structure and precipita-
tion state have been investigated and linked to the tensile
behavior at various temperatures.
The powder was produced by Mechanical Alloying

(MA) of a gas-atomized prealloyed steel Fe-14Cr-1W
with Yttria powder (Y2O3) and TiH2 powder. TiH2 was
used to add Titanium into the metallic matrix in order to
refine the oxide dispersion during further processing.[14]

The MA was made by high-energy attrition, dissolving
the major part of Titanium, Yttrium and Oxygen in the
matrix or into amorphous nanoparticles[4,15] and giving
highly deformed granules with asymmetric shapes. The
MA powder was then consolidated by SPS to form a
dense cylindrical pellet of 60 mm diameter and 20 mm
height. SPS device was a HP D 25 (FCT System,
Germany). Various sintering cycles with different pres-
sures and thermal cycles were used to get fully dense
materials. The optimized compaction cycle for best
relative density (0.98) consisted of a uniaxial loading of
215 kN (average pressure of 76 MPa) followed by a
heating ramp of 300 K/min (300 !C/min) up to 1373 K
(1100 !C), a holding stage of 5 minutes and finally a
cooling down by direct contact with water-cooled
punches. The temperature was controlled by a vertical
pyrometer targeting inside the upper punch close to the
powder, which is the reference in the current study, and
a thermocouple set into the graphite die.
Chemical homogeneity of both MA powder and

sintered samples was characterized by electron probe
microanalysis using a device SX 100 CAMECA (Table I).
Grain structure was characterized by a scanning electron
microscope (SEM) Zeiss Supra 55 VP with field-emission
gun (FEG), using either a high-current mode with low
tension (3-5 kV), or an Electron BackScatter System
(EBSD) at 15 kV with a step size of 50 nm. Small Angle
Neutron Scattering (SANS) experiments were performed
at the Laboratoire Léon Brillouin (CEA Saclay) using the
same experimental settings as those described in Refer-
ence 14. Dog-bone tensile specimens had a gauge length
of 6 mm and a cross section of 1.125 mm2. Thanks to the
pellet dimensions, they were machined in the same
sintered ODS steel in both axial and radial directions.
Mechanical tests were carried out at room temperature
and at 873 K, 923 K, and 973 K (600 !C, 650 !C, and
700 !C) with a strain rate of 79 10!4 s!1 in a tensile
machine Instron with a load cell of 2 kN and equipped
with a radiation furnace. Temperature gradient onto the
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specimen was measured by thermocouple and did not
exceed 2 K.

Using powder metallurgy to process structural mate-
rials requires a careful attention to the initial structure
of the materials, as its evolution along the processing
route definitely governs the final properties. Chemical
composition profiles measured in powder grains showed
at micronic scale a homogeneous repartition of each
solute, especially Yttrium and Oxygen, as observed
in Reference 5. This demonstrates that high-energy
attrition equally distributed solutes into the ferritic
matrix.[4,15] The specific heating system of the SPS
device drastically influences the kinetics of thermally
activated phenomena, such as grain growth and precip-
itation. Figure 1(a) illustrates the heterogeneous grain
structure of the sintered ODS steel. Grains larger than
1 lm, and up to 20 lm for the largest, are dispersed into
domains composed of numerous submicronic grains, 60
pct in area (Figure 1(b)). The so-called abnormal
growth or its related partial recrystallization is compet-
ing with dislocation and point defects recovery that
takes place during annealing. Moreover, precipitation is
supposed to be heterogeneous, mainly because of these
point and linear defects generated by mechanical alloy-
ing.[16] Thus, occurrence of grain growth and precipita-
tion are strongly linked to diffusion kinetics and depend
upon consolidation kinetics. Two main kinds of precip-
itates were found in sintered samples.

(a) Coarse Ti-enriched oxides not only aligned at grain
boundaries but also present in the largest grains
were systematically observed (Figure 1(b)). These
lines may describe ex free surfaces of powder parti-
cles before compaction. Indeed, the mean distance

between aligned precipitates, 10–40 lm, is the typi-
cal size of subparts of these granules, footprint of
successive fracture, and cold welding during attri-
tion milling.[17] Owing to their size and associated
low number density, they most likely do not have
any pinning effect on grain boundaries.

(b) Nanometric clusters detected by SANS. Experi-
mental data were fitted assuming Gaussian size
distributions of spherical particles,[18] giving rise to
a high density of nanoclusters !1.49 1024 m!3—
with a mean radius of 1.4 nm, most likely Y-Ti
oxides.[14,18] This also means that precipitation
kinetic occurs very rapidly and mainly during the
heating stage. A complete description of the pre-
cipitation kinetics will be described elsewhere.

To observe the influence of this heterogeneous micro-
structure on strength and ductility, tensile properties of
the compacted sample were determined at various
temperatures, as reported in Figure 2. The measured
room temperature yield strength and ultimate tensile
strength are 975 and 1054 MPa, respectively. First of all,
these results demonstrate that an important improve-
ment of the tensile strength at room temperature has
been achieved when comparing with a previous study of
SPS compaction.[19] Indeed, with a 2-step compaction
followed by heat-treating, Sun et al. spark plasma
sintered an ODS steel powder elaborated via sol–gel
process. Yield strength at room temperature was 585
MPa (Figure 3). Even if no grain size was mentioned,
one can expect that the sol–gel method does not produce
nanocrystalline powder, contrary to high-energy milling.
Thus, hardening due to grain size and defects density is
very limited. Yield strength at room temperature is

Table I. Composition (Wt Pct) of Mechanically Alloyed Powder and Sintered Sample Measured by Electron Probe Microanalysis

Element Fe Cr W Y O Ti Si

Powder, Ref. bal. 14.6 0.99 0.16 0.15 0.32 0.19
Sintered Sample bal. 14.5 1.01 0.16 0.15 0.32 0.18

Fig. 1—SEM-FEG image of the heterogeneous microstructure of ODS steel compacted by SPS at 1373 K (1100 !C) (a) and Ti-enriched oxides
at submicronic grain boundaries (b).
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higher for SPSed materials when comparing to a 4-hour
hot isostatic pressured steel (YS of 823 MPa), whereas
the two processes tend to induce the same results at high
temperature.[20,21] Higher tensile strength of extruded
steel is likely related to the powder compaction mech-
anisms that induce strong work hardening through high
density of dislocations and point defects.[22–24] Thus,
hardening caused by dislocation forest is expected to be
lower in recovered SPSed materials. Yet, as the process
induces a very dense and fine nano-oxides dispersion
within the ferritic matrix, Orowan strengthening
through by-passing of nanoparticles is highly probable
at room temperature, as demonstrated by Takahashi
et al.[25] and Steckmeyer et al.[26] It is worth noticing that
the mechanical behavior of SPSed materials is isotropic
regarding both tensile strength and total elongation, not
only at room temperature but also at 923 K (650 !C).
This contrasts with what is usually observed on extruded
ferritic steels.[27] For example, Fe-13.5Cr ODS steels
produced by mechanically alloying and HE at 1373 K
(1100 !C) led to an anisotropy ratio between total
elongations in transverse and axial directions of 0.3 and
0.4, at room temperature and at 873 K (600 !C),

respectively.[23] Based on the same criteria, SPSed ODS
steel anisotropy ratios are 0.8 at room temperature and
1 at 923 K (650 !C). As tensile specimen geometry/
thickness may have a role on strain-softening behav-
ior,[28] it is worth noticing that isotropy is observed on
both uniform and total elongation.
Fractographic examinations of tensile specimen are

reported on Figure 4. The fracture surface is essentially
covered by dimpled features, characteristic of ductile
behavior. It shows various degrees of ductility, noted by
the dispersion in the size of the microvoids formed
during necking. This was observed in a scattered way
across the surface of the fractured specimen and can be a
manifestation of the abnormal grain growth shown in
Figure 1. This connection between heterogeneous grain
structure and dimpled surface has already been reported
on nanocrystalline Cu-Nb prepared by mechanical
alloying and HE.[29] However, double population of
precipitates acting as brittle phases should play a
significant role on fracture.[30] Finer observations on
the samples machined along the axial direction—mean-
ing the loading direction during compaction—revealed
spare cleavage zones at room temperature. Several crack
paths were identified on brittle zones. The latter were
running through interface between powder granules, size
of which varied from 1 to 50 lm. This type of
intergranular and transgranular cleavages was also
reported on sintered Fe-Al powder.[31] This highlights
the interest of reducing the processing artefacts respon-
sible for ductility loss, as shown on bulk nanostructured
Nickel.[32]

In this sense, one-step compaction by SPS can be an
answer. Most importantly, heterogeneous grain distri-
bution with ultrafine (100 nm<d<1 lm) and larger
grains seems to be a good compromise for strength and
ductility.[33] Small grains, as in pure nanocrystalline
metals, induce outstanding strength when grains large
enough to favor dislocation activity can provide
substantial strain-hardening, therefore boosted ductil-
ity.[34] This statement is of primary interest as abnormal
grain growth systematically occurs during SPS consol-
idations above 1323 K (1050 !C). Thus, the ratio of

Fig. 2—Tensile properties under axial (plain lines) and radial (dash
lines) directions at room and high temperature.

Fig. 3—Yield strength (a) and total elongation (b) of SPSed ODS steels, compared with other Fe-14Cr ODS consolidated by SPS, HIP and HE.
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ultrafine grained region to coarse-grained region is
almost constant within a temperature range 1323 K to
1423 K (1050 !C to 1150 !C) and permits sufficient
reproducibility of the tensile properties. This can be
validated by the study of Grosdidier et al.[12] which
states that getting hetero-nanostructured ODS FeAl
results from the combination of local heating during
SPS processing and the use of heavily cold-worked
milled powders.

In conclusion, dense ODS steels were elaborated by
SPS at 1373 K (1100 !C) in less than 20 minutes. Due to
high density of defects induced by mechanical alloying,
nanocrystalline structure undergoes abnormal growth,
leading to a fine and heterogeneous grain structure.
Because of its ability to quickly heat up the powder, SPS
allows to retain the major part of the submicronic
grains, surrounded by larger grains. This specific micro-
structure is most likely responsible for: (1) High tensile
strength induced by small grains—some are still sub-
structured and deformed—and high density of fine
complex nano-oxides. (2) Excellent ductility, especially
because larger grains can accept decent work-hardening.
However, other plasticity mechanisms at high temper-
ature, such as superplasticity, may occur. Indeed, grain
boundary sliding (GBS) involving ultrafine grains was
observed to play a significant role on strain-hardening.[35]

Moreover, tensile properties are isotropic along the whole
temperature range, suggesting no influence of texture in
the materials. The current study demonstrates that SPS
can be an efficient alternative processing route to produce
dense ferritic steels with high tensile strength and very
acceptable ductility.
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J.L. Béchade, I. Tournié, A. Tancray,A. Bougault, and P. Bonnaillie:
J. Nucl. Mater., 2010, vol. 405, pp. 95–100.

27. R. Kasada, S.G. Lee, J. Isselin, J.H. Lee, T. Omura, A. Kimura
T. Okuda, M. Inoue, S. Ukai, S. Ohnuki, T. Fujisawa, and F. Abe:
J. Nucl. Mater., 2011, vol. 417, pp. 180–84.

28. Y.H. Zhao, Y.Z. Guo, Q. Wei, A.M. Dangelewicz, C. Xu, Y.T.
Zhu, T.G. Langdon, Y.Z. Zhou, and E.J. Lavernia: Scripta
Mater., 2008, vol. 59, pp. 627–30.

29. K.A. Darling, B.G. Butler, H.E. Maupin, L.J. Kecskes, and S.N.
Mathaudhu: Proceedings of the 2012 International Conference on
Powder Metallurgy & Particulate Materials, Las Vegas, NV,
pp. 0929–0939.
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