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A B S T R A C T

The excellent mechanical performance of oxide dispersion strengthened (ODS) steels is attributed to the highly
dispersed and extremely stable oxide particles with diameters of a few nanometers. Studies were made to
determine the microstructure and tensile properties of a 14Cr ODS ferritic steel with the nominal composition
of Fe–14Cr–2W–0.3Ti–0.2V–0.07Ta–0.3Y2O3 produced by Hot Isostatic Pressing (HIP) in this work. Through
the microstructure investigations, numerous nanoparticles with the average size of 5 nm was found to be located
at the grain boundaries and inside the grains, and the average grain size was identified to be approximately
300 nm. The as-HIPed ODS steel proved to have excellent ductility at room temperature by tensile test, which is
due to the bimodal structure with uniformly distributed nanoparticles and the addition of vanadium and
tantalum.

1. Introduction

Development of high performance structural materials for the first
wall of the future nuclear reactors is an urgent issue that must be
solved in the field of nuclear energy [1,2]. As a kind of advanced
structural material, oxidation dispersion strengthened (ODS) steels are
selected as the candidate material for the first wall due to the excellent
high temperature mechanical properties and good resistance to neu-
tron irradiation, and those remarkable properties are ascribed to the
introduced nano-scale oxide particles [1,3–6]. ODS steels are often
fabricated by powder metallurgy which consists of mechanical alloying
and subsequent consolidation by hot extrusion or hot isostatic pressing
[7–9]. The elemental or pre-alloyed powders are mechanically alloyed
with Y2O3 powders to obtain stable nanoparticles, and alloying
elements such as Al, Zr, and Ti are commonly added in the ODS steels
to document the crystal structure, size, distribution, and density of
nanoparticles [10–12]. The size of nannoparticles can be effectively
reduced by the formation of Y-Ti-O particles resulted from the addition
of Ti, and the Y-Ti-O nanoparticles are proved to be stable even at the
temperature above 1300 °C [12]. The existence of this kind of
nanoparticles can not only hinder the motion of dislocations and grain
boundaries but also act as the sinks for the defects produced during
neutron irradiation [3].

However, there are still some issues to be settled. The low ductility
of the ODS steel is the main problem at present, which may be
attributed to the ultrafine grains [13]. As the main mechanical proper-
ties of most materials, strength and ductility usually have contrary

relationship. The more difficult it is for the motion of dislocation, the
more highly that the strength of material is increased along with the
reduction in ductility. In order to balance the strength and ductility,
bimodal structure is exploited in steel [14]. The bimodal structure was
first obtained in copper by Wang et al. leading to a remarkable
improvement of ductility compared to the copper with conventional
microstructure [15]. According to the effective application of bimodal
structure in copper, Zhao et al. [16] and Mouawad et al. [17] have
developed the ODS steels with bimodal structure by blending the gas-
atomized powders with mechanical alloyed powders and solidifying
those mixed powders, and the ductility of the ODS steels was finally
proved to be improved. The combination of uniformly distributed
nanoparticles in high density and the bimodal structure exert great
influence on the mechanical properties of ODS steels. Investigations on
the microstructure, size distribution, and mechanical properties have
been performed on the as-mechanical treated and as-heat treated ODS
steels [6–11], while no adequate identifications are conducted on the
as-consolidated one.

In current paper, samples of the as-consolidated ODS steel without
further heat treatment were studied. Matrix of the as-HIPed ODS steel
was characterized by X-Ray diffraction. The morphology, crystal
structure, and size distributions of nanoparticles, along with the
bimodal structure, were identified in the ODS steel. Besides, the tensile
test was conducted at room temperature, and the fracture surfaces were
investigated via Scanning Electron Microscope. According to the results
of tensile test, the high strength was obtained without the loss of
ductility.
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2. Experimental

The pre-alloyed powders (Seamless Steel Tube Plant, Tianjin,
China.) with the nominal composition of Fe–14Cr–2W–0.2V–0.07Ta
(wt%) were mixed with 0.3 wt% Ti (purity 99.99 wt%) and 0.3 wt%
Y2O3 (purity 99.99 wt%) powders to give alloy precursor with the
desired composition of Fe–14Cr–2W–0.2V–0.07Ta-0.3Ti-0.3Y2O3.
The precursor powders were mechanically alloyed by ball milling
(QM-3SP4, Nanjing NanDa Instrument Plant, China) for 30 h at
400 rpm with a ball to powder ratio of 15:1 under high purity argon
atmosphere. The powder mass of each milling batch was 10g. The
consolidation was conducted via Hot Isostatic Pressing (HIP) at
1150 °C for 3 h under a pressure of 150 MPa.

Matrix of the as-HIPed ODS steel were detected by X-Ray
Diffraction using Cu Ka Radiation. Microstructure of the as-HIPed
samples and size, distribution of the oxide particles were observed by
Transmission Electron Microscopy (TEM). TEM thin foils were pre-
pared from the 300 µm thick slices which were sliced from the as-
HIPed sample, and these slices were mechanically thinned down to
50 µm and punched into 3 mm diameter discs. The discs were then
electropolished in a double jet electropolishing device with a solution of
5% perchloric acid and 95% ethanol at 20 °C. Tensile test was
performed on the tensile specimen which possessed a gauge length of
4 mm at room temperature with a nominal strain rate of 10−3 s−1. The
fracture surfaces of the post-tensile specimen were investigated by
Scanning Electron Microscope (SEM).

3. Results and discussion

3.1. Microstructure

The XRD pattern of the 14Cr ODS steel after consolidation is shown
in Fig. 1. As it is observed, only three most intensive peaks are detected,
which belongs to the bcc Fe-Cr based matrix existing in the as-HIPed
ODS steel and are attributed to (110), (200), and (211) crystal planes
respectively. Diffraction peaks of the dispersed phases are absent,
which may result from the small size of those dispersoids. Fig. 2 depicts
the TEM graphs of the small and large grains in the 14Cr ODS steel.
The average size of the small grains in Fig. 2(a) is approximately
200 nm. Fig. 2(b) illustrates the micron-scale large grain which is
surrounded by small grains. The average grain size of the ODS steel is
approximately 300 nm. Dislocations that were introduced during the
mechanical alloying and consolidation process can also be seen in the
large grains. Dislocation movement can be hindered by the pinning
effect of the nanoparticles, indicating the strong interaction between
the nanoparticles and dislocations, which consequently improve the
high temperature mechanical properties of the material [6]. The
microstructure of the tested specimen is fully ferritic and appears to

be isotropic. The structure of small and large grains distributing
uniformly in the samples is known as bimodal structure. [15].
Differences in grain size can be ascribed to the inhomogeneous milling
which leads to the disparity of deformed storage energy in the grains of
the milled powders. Deformed energy which was relatively small in the
grains of minor deformation was largely stored in the highly deformed
grains of the as-milled powders. As the driving force for recrystalliza-
tion, deformed storage energy with high value can promote the
recrystallization process. The grains containing higher deformed
storage energy were thus easier to recrystallize, while the ones with
smaller deformed storage energy kept stable during the consolidation.
In addition, the nanoparticles acting as barriers formed during con-
solidation, which effectively hindered the growth of the recrystallized
grains and efficiently stabilized the unrecrystallized grains. Such a
structure with partially recrystallized grains is beneficial for the
mechanical properties of the ODS steel. The large grains are beneficial
to the ductility due to the active dislocations, whereas the high strength
can be attributed to the small grains and the strengthening effect of
nanoparticles [16].

3.2. Size and distribution of nanoparticles

TEM image of dispersed oxide particles and the HRTEM graph of
Y2Ti2O7 particle with the corresponding FFT diagram are illustrated in
Fig. 3. As can be seen in Fig. 3(a), the nearly spherical nanoparticles
uniformly distribute both inside the grains and on the grain bound-
aries. The motion of dislocations and grain boundaries can be inhibited
by the fine nanoparticles, and as a result the microstructure at high
temperature is stabilized, which are conductive to the excellent tensile
and creep strength. Moreover, the existence of nanoparticles with high
density increases the amounts of interfaces between the nanoparticles
and the matrix. This kind of interfaces can act as sinks for irradiation
defects such as dislocation loops, voids and helium bubbles, which is
beneficial for the high resistance to the irradiation induced hardening
and embrittlement [1]. In addition, nanoparticles located on the grain
boundaries can effectively retard the movement of grain boundaries
and thus restrain the grain growth by the well-known Zener pinning
effect during the recovery and recrystallization stage [18]. The nano-
particle with nearly spherical morphology in Fig. 3(b) is identified to be
Y2Ti2O7 which is oriented with [110] zone axis to the electron beam. The
Y2O3 particles became fragments and the Ti powders dissolved into the
matrix after mechanical milling, which guarantees the formation of
nanoscale Y2Ti2O7 particles with high density during the high tem-
perature consolidation process. The addition of Ti has been proved to
refine the nanoparticles by the formation of Y-Ti-O particles in the ODS
steel [12]. Fig. 4 shows the size distribution of nanoparticles ranging
from 1.4 to 12 nm in the 14Cr ODS steel with the average size of
approximately 5 nm. According to the histogram, about 98% of the
nanoparticles possess the size less than 10 nm, and 61% of them
concentrate on the size ranging from 3 to 6 nm. It can be concluded
that the Ti and Y2O3 particles are equally distributed in the as-milled
powders, resulting in the uniform size distribution of Y-Ti-O nanopar-
ticles in the as-HIPed ODS steel.

3.3. Tensile properties

Fig. 5 displays the tensile strain-stress curve of the 14Cr ODS steel
tested at room temperature. The 14Cr ODS steel possesses the
comparative yield and ultimate tensile strength of 710 and 911 MPa
respectively at room temperature, comparing with the ODS steel of
similar composition [7,19]. But the total elongation has increased by
13% and 35% respectively when compared with the reference Li et al.
[7] and Guo et al. [19]. Such results efficiently proved that the bimodal
structure of the ODS steel is effective for the improvement of the
ductility. The SEM fracture micrographs of tensile samples are
illustrated in Fig. 6. Several cracks resulted from the tensile stressFig. 1. XRD pattern of the 14 Cr ODS steel after consolidation.
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during the testing can be seen in Fig. 6(a). Besides, both of the cleavage
fractures with river patterns and dimpled appearances are shown in the
same picture, implying the mixed mode of ductile and brittle fracture.
As can be seen from the bottom right of the Fig. 6(a), the cleavage
facets with river patterns show the direction of crack propagation,
which was nucleated on the grain boundaries and propagated into the
interior of the grains, and the formation of cracks are ascribed to the
micropores on the grain boundaries. Besides, the defects of micropores,
coarse precipitations which combine weakly with the matrix are the
favorable sites for the generation of cracks either. The existence of
micropores in the fracture surfaces is due to the entrapment of argon
during mechanical milling. Part of the entrapped argon would not
escape by diffusion along grain boundaries, resulting in the formation
of pores during the consolidation process, and these micropores would
affect the ductility of the structural materials during tensile test.

Fig. 6(b) demonstrates the deeper dimples in fracture surface at high
magnification. The average size of dimples is 580 nm, and the dimple
boundaries are very distinctive. The high yield strength, combining
with the ductile/brittle mixed fracture mode and the large amount of
deep dimples, indicates the excellent ductile properties of the ODS steel
when compared to the material with similar composition and fabrica-
tion process. The addition of solute elements make contribution to
refine the grains, and result in the improvement of strength. According
to the investigations by some researchers, tantalum has a positive effect
on strength, and the toughness of materials alloyed with tantalum is
superior to the materials without tantalum [20]. Moreover, the
addition of vanadium also benefits the mechanical properties of
structural materials by means of solution strengthening. In another
word, both of the bimodal structure and the addition of solute elements
promote the improvement of mechanical properties of the ODS steel.
The large grains in the bimodal structure are beneficial for the plastic

Fig. 2. TEM graphs of the (a) small and (b) large grain in the 14Cr ODS steel.

Fig. 3. (a) TEM image of dispersed oxide particles in the 14 Cr ODS steel, (b) HRTEM graph of a Y2Ti2O7 particle and the corresponding FFT diagram.

Fig. 4. Size distribution of oxide particles in the 14Cr ODS steel. Fig. 5. Tensile strain-stress curve of the 14Cr ODS steel at room temperature.
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deformation because of the massive dislocations which pill up together
and promote the motion of dislocation source in the adjacent grains,
and the increase in strength is due to the Hall-Patch relationship
between grain size and yield strength.

In general, the microstructure, size and distribution of nanoparti-
cles, and the micropores in the ODS steel have significant influences on
the fracture behavior of materials. In other words, tensile properties of
the ODS steel depends on the manufacture route and the final heat
treatment mode. Even though the densification of the consolidated
ODS steel in the current lecture is limited and the micropores exist in
the fracture surface, the tensile property is still outstanding because of
the bimodal structure and dispersed nanoparticles. When the appro-
priate heat treatment were performed on the as-consolidated sample,
the tensile properties would be further improved.

4. Conclusion

The microstructure and tensile properties of the as-HIPed 14 Cr
ODS steel were investigated. The main results have been summarized
as follows:

1. Both small and large grains exist in the ODS steel with the size of
approximately 200 nm and several micrometers respectively, show-
ing the characterization of bimodal structure that is beneficial for the
mechanical properties of structural material by balancing the
strength and ductility.

2. The average size of Y-Ti-O nanoparticles in the ODS steel is
approximately 5 nm, and the Y2Ti2O7 with fcc structure is identified.
The size distribution of nanoparticls is ranging from 1.4 to 12 nm
and concentrates on the size ranging from 3 to 6 nm.

3. The yield and tensile strength of the ODS steel are 1045 and
1150 MPa respectively, and the fracture surfaces present a brittle/
ductile mixed fracture mode other than quasi-brittle fracture
obtained in other research. The improvement on the ductility of
the ODS steel is due to the bimodal structure and uniformly
distributed Y-Ti-O nanoparticles.
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