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Abstract: Three oxide-dispersion-strengthened (ODS) steels with compositions of Fe—14Cr—2W-0.2V—-0.07Ta-0.3Y,03 (wt%, so as the
follows) (14Y), Fe—14Cr-2W-0.2V-0.07Ta—1Al-0.3Y,05 (14YAl), and Fe—14Cr—2W-0.2V—-0.07Ta—0.3Ti—0.3 Y,O; (14YTi) were fabri-
cated by hot pressing. Transmission electron microscopy (TEM) was used to characterize the microstructures and nanoparticles of these ODS
steels. According to the TEM results, 14Y, 14YALl, and 14YTi ODS steels present similar bimodal structures containing both large and small
grains. The addition of Al or Ti has no obvious effect on the microstructure of the steels. The spatial and size distribution of the nanoparticles
was also analyzed. The results indicate that the average size of nanoparticles in the 14YTi ODS steel is smaller than that in the 14YAl ODS
steel. Nanoparticles such as Y,03, Y3Al50;, and YAIOs, and Y, Ti,O; were identified in the 14Y, 14Y Al and 14YTi ODS steels, respectively.
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1. Introduction

The development of nuclear reactors has been an urgent is-
sue for several decades as the demand for energy has increased.
In the evolution of nuclear reactors, the structural materials
have posed a key problem that influences the overall reactor
performance [1-3]. Currently, oxide-dispersion-strengthened
(ODS) steels are considered promising candidates for
fourth-generation nuclear systems because of their good re-
sistance to irradiation-induced embrittlement and void swel-
ling and their excellent high-temperature mechanical prop-
erties [4—6]. These outstanding performance characteristics
of ODS steels are ascribed to the existence of stable nano-
particles. These oxide particles hinder grain-boundary mi-
gration and dislocation slipping, thereby stabilizing the mi-
crostructure in a severe service environment [7—10]. ODS
steels are generally fabricated by mechanical alloying and
subsequent consolidation at high temperature. During the me-
chanical alloying process, the as-mixed powders undergo plas-
tic deformation, fracture, and cold welding, which can effec-
tively reduce the grain size of the as-mixed powders [11-14].
After the consolidation process, the as-milled powders sinter
together and a dense sample is obtained. Several consolida-
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tion techniques for ODS steels have been investigated, in-
cluding hot pressing (HP), hot extrusion, hot isostatic pressing,
and spark plasma sintering (SPS) [7,15-18].

The composition of the as-mixed powders can be con-
trolled by adding other elements via mechanical alloying. In
ODS steels, Y,0; particles are the initial strengthening phases
that function as the obstacles to grain growth [19-20]. To
improve the strengthening effect of nanoparticles, alloying
elements such as Al and Ti have been introduced into the
as-mixed powders to fabricate ODS steels strengthened by
Y—AI-O and Y-Ti—O particles [21-26]. A recent study has
shown that the addition of Al to ferritic ODS steels can in-
crease their corrosion resistance by forming compact ALO;
scales with enhanced adherence to the metal substrate [27].
Also, Al plays the dominant role in improving the isotropy
during tensile tests and decreasing the 475°C brittleness in
Fe—Cr alloys [28—-29]. The addition of Ti enhances the me-
chanical performance of ODS steels by leading to the for-
mation of Y-Ti—O particles that can effectively refine the
microstructure. The ODS steels containing Ti have also
been demonstrated to be more resistant to coarsening than
those without Ti [30]. The combined effect of Al and Ti on
the microstructures and mechanical properties of ODS steels
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has been adequately developed, while knowledge of the in-
fluences of single Al or Ti on the microstructures of ODS
steels is insufficient.

In the present work, Y,O; powders were added to
pre-alloyed powders to prepare ODS steels without other
alloying elements. For comparison, Al and Ti powders were
added to pre-alloyed powders, along with Y,0;. The relative
densities and Vickers hardness of these three ODS steels
were measured and analyzed. Microstructure differences
and the spatial dispersion of the oxide particles were cha-
racterized by transmission electron microscopy (TEM). The
size distributions of the oxide particles in the ODS samples
were also investigated by TEM. As the sinking sites for de-
fects, nanoparticles in the ODS steels were identified on the
basis of high-resolution transmission electron microscopy
(HRTEM) images.

2. Experimental

The pre-alloyed Fe—14Cr—2W-0.2V-0.07Ta (wt%) powd-
ers were obtained via a gas atomization process, and the
Y,0;, Al, and Ti powders were mixed with the pre-alloyed
powders to produce three types of ODS samples with com-
positions of Fe—14Cr—2W-0.2V-0.07Ta-0.3Y,05 (14Y),
Fe-14Cr-2W-0.2V-0.07Ta-1A1-0.3Y,0; (14YAl), and
Fe-14Cr-2W-0.2V-0.07Ta-0.3Ti-0.3Y,0; (14YTi) by
mechanical alloying. Mechanical alloying was performed in
a planetary ball mill (QM-3SP4, Nanjing NanDa Instrument
Plant, China) for 30 h with the speed of 400 r/min, and the

ball-to-powder mass ratio was 15:1. All of the powders were
handled and the milling processes were conducted under a
high-purity argon atmosphere. The powders obtained by
mechanical alloying were then consolidated by HP at
1100°C for 1 h under 60 MPa.

The densities of ODS samples were measured according
to Archimedes’ principle using an electronic density balance,
and the relative densities were calculated on the basis of the
theoretical and measured densities. Vickers hardness mea-
surements were performed using a sclerometer with a load
of 50 g. Microstructures of the as hot-pressed (as-HPed)
samples were observed by TEM. The dispersion, identifica-
tion, and size distribution of the nanoparticles in the ODS
samples were analyzed according to their TEM results. Spe-
cimens for TEM were fabricated from 300-pm-thick slices
cut from the as-HPed samples. These slices were mechani-
cally thinned and punched into 3-mm-diameter discs, and
the discs were subsequently subjected to double-jet electro-
polishing with a solution of 5vol% perchloric acid and
95vol% ethanol at —20°C.

3. Resultsand discussion
3.1. Microstructure

Scanning electron microscopy (SEM) images of the
pre-alloyed powders and the milled powders are presented
in Fig. 1. Fig. 1(a) shows the spherical morphology of the
pre-alloyed powders. The average particle size of the
pre-alloyed powders is approximately 105 pum. Figs. 1(b)-1(d)

Fig. 1. SEM images of the pre-alloyed powdersand the milled powders: (a) pre-alloyed powders; (b) 14Y; (c) 14YAI; (d) 14YTi.
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depict the SEM images of 14Y, 14YAI, and 14YTi powders,
respectively. The particle size of the milled powders is ob-
viously smaller than that of the pre-alloyed powders, and the
14Y, 14YALl, and 14YTi powders exhibit similar morpholo-
gies. The average particle size of 14YAI powders is slightly
larger than that of 14Y and 14YTi powders, which is related
to their different compositions. The hardness of Al is much
lower than that of Ti and Y,0;. The addition of Al would
weaken the effect of impacts between the grinding balls and
the particles, thereby hindering the refinement of particles
during mechanical alloying to some extent. The 14Y and
14YTi powders without Al addition would be effectively re-
fined during the mechanical alloying process.

Fig. 2 illustrates the XRD patterns of the consolidated
14Y, 14YAIl, and 14YTi ODS steels. No differences are evi-
dent from the XRD results. The XRD patterns of the ODS
steels show the same peaks of Fe—Cr, meaning that these

Fig. 3(a) illustrates the typical microstructure of the 14Y
sample. Both small and large grains exist in the sample, and
all of the grains show the same equiaxed morphology. The
sizes of the small grains are approximately 100-300 nm,

whereas the large grains appear to be several microns in size.

This bimodal structure results from the disparity in grain
size of the pre-alloyed powders and the local inhomogeneity
phenomenon during mechanical alloying. The mechanical
alloying process can not only reduce the overall grain size of
the as-mixed powders but also influence the distribution of
the added Y,0;, Al, and Ti powders to some extent [12—13].
The inhomogeneous distribution of nanoparticles is one of
the factors that leads to the bimodal structure. The different
grain sizes and distributions of the added elements would
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ODS steels have the same matrix. The microstructures of the
ODS samples are shown in Fig. 3. All of the ODS samples
possess the same ferritic matrix.
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Fig. 2. XRD patternsof the ODS stedls.

Fig. 3. TEM images of the sintered ODS
steds: (a) 14Y; (b) 14YAI; (c) 14YTi.

then result in a microstructure with both small and large
grains. Fig. 3(b) illustrates the microstructure of the 14YAI
ODS sample. The morphology and size of the grains in this
sample are similar to those of the 14Y ODS sample:
equiaxed grains with small and large sizes. The grain bounda-
ries of some submicron-sized grains are not clearly observed
because of the high density of dislocations. Like the micro-
structures of the 14Y and 14YAI ODS samples, that of the
14YTi sample shows bimodal character. A bimodal structure
is also observed for the 14YTi ODS steel, as shown in Fig.
3(c). From a comparison of the microstructures of these three
ODS samples, we infer that the addition of Al or Ti does not
obviously affect the microstructure of the 14Y ODS sample.
Figs. 4(a)—4(c) illustrate the grain size distribution of the



Q. Zhao et al., Effects of aluminum and titanium on the microstructure of ODS steels fabricated by hot pressing

14Y, 14YAl and 14YTi ODS steels, respectively. All of
these ODS steels clearly possess bimodal structures. Both
submicron-sized and micron-sized grains exist in their mi-
crostructures. The grain size of 14YALl is larger than that of
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3.2. Relative dendity and Vicker shardness

Fig. 5 displays the relative densities and Vickers hard-
nesses of the ODS samples. The relative densities of 14Y,
14YALl, and 14YTi are 98.1 £ 0.3%, 98.3 £ 0.5%, and 98.1 &
0.2%, respectively. All the ODS samples exhibit a high den-
sity, indicating that the sintering effectively consolidated the
as-milled powders. The relative densities of the ODS sam-
ples were calculated as the ratio of the measured density to
the theoretical density. The theoretical densities were calcu-
lated according to the formula in Ref. [26]. The load applied
during the measurement of the Vickers hardness was 50 g,
and the Vickers hardness of 14Y, 14YAl, and 14YTi were
354 £ 10, 330 + 5, and 377 £ 12, respectively. In general,
obvious differences between the microhardness of the ODS
samples are evident in Fig. 5. The microhardness of 14YAl
is lower than that of 14Y because of the addition of Al. As
demonstrated in recent years, the presence of Al in ODS
steels plays a key role in improving the ductility, and the
strength of ODS steels containing Al is inferior to that of
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14Y and 14YTi. Overall, the 14YTi sample possesses the
smallest grains. The differences in grains is attributed to the
compositional disparity, and such differences in grain size
will affect the performance of ODS steels.
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Fig. 4. Grain size distribution of the ODS
samples: (a) 14Y; (b) 14YAI; (c) 14YTi.
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Fig. 5. Rédative density and Vickers hardnessresultsfor ODS
steels.

ODS steels without Al [25]. This difference may be the
main reason for the lower microhardness of 14YAIl com-
pared with that of 14Y. In addition, according to the
grain-refinement strengthening effect and the grain size dis-
tribution results, the large grain size of 14YAl also contri-
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butes to its low hardness. The 14YTi sample clearly exhibits
the highest microhardness among the three ODS samples,
implying that the addition of Ti tends to increase the
strength. Microhardness differences among the ODS sam-
ples show the various effects of the alloying elements. Al
and Ti powders introduced into the ODS samples have op-
posite effects on the microhardness. Such a phenomenon is
attributed to the nanoparticles in the ODS steels, which are
analyzed in the next section.

3.3. Nanoparticles

The distribution of nanoparticles precipitated near the
grain boundaries of large grains is shown in Fig. 6. Fig. 6(a)
shows the homogeneously distributed nanoparticles in the
14Y ODS sample. The sizes of the nanoparticles range from
20 to 50 nm. All of the nanoparticles are Y,0; because no
other elements were added to the 14Y ODS sample. As illu-
strated in Fig. 6(b), nanoparticles distributed near the boun-
daries of large grains are also observed in the 14YAl ODS

The spatial distribution of nanoparticles precipitated in

the interior of grains in the ODS samples is illustrated in Fig.

7. Figs. 7(a)-7(c) show the spatial distribution of nanopar-
ticles in the 14Y, 14YAl, and 14YTi ODS samples, respec-
tively. The oxide particles in the 14YAl ODS sample are
smaller than those in the 14Y ODS sample, and the same
phenomenon is observed in the 14YTi ODS sample. In ad-
dition, particles in the 14YTi ODS sample exhibit the smal-
lest size compared with the particles in the other two sam-
ples. The Y-AI-O nanoparticles in the interior of grains are
smaller than the nanoparticles distributed near the boundaries
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sample, and the size of these particles is similar to that of the
particles in the 14Y ODS sample. However, the nanopar-
ticles are mainly Y—AIl-O nanoparticles rather than Y,O;.
The addition of Al promotes the formation of Y-Al-O na-
noparticles, and their formation mechanism has been inves-
tigated in a previous study [8]. No nanoparticles are ob-
served in Fig. 6(c) because the Y-Ti—O nanoparticles preci-
pitated along the boundaries of large grains in the 14YTi
ODS sample are much smaller than the nanoparticles preci-
pitated along the boundaries of large grains in the 14Y and
14YAI ODS samples. Capdevila et al. [23] have found that
coarsening of the nanoparticles distributed on and near the
grain boundaries is much easier than that of the nanopar-
ticles distributed in the interior of grains even though no ob-
vious difference in composition or crystal structure is ob-
served. No similar results related to Y-Ti—O nanoparticles
have been reported thus far. From this perspective, the addi-
tion of Ti, not Al, is more effective for preventing the coar-

sening of nanoparticles in ODS steels.

Fig. 6. Distribution of nanoparticles pre-
cipitated near grain boundaries. (a) 14Y;
(b) 14YAL; (c) 14YTi.

of large grains. However, the average size of the Y-Ti-O
nanoparticles is approximately 5 nm, which is much smaller
than that of the Y—AI-O nanoparticles. We concluded that
the size of particles is efficiently reduced by introducing Al
and Ti powders and that the refining effect of Ti is more
remarkable than that of Al. Smaller nanoparticles result in a
greater pinning effect, which results in better mechanical per-
formance [9-10]. Therefore, the addition of Ti is more effec-
tive than the addition of Al for improving the pinning effect.
Fig. 8 depicts the size distribution of the nanoparticles in
the ODS samples. In general, Al and Ti in the ODS samples
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refine the particle size by forming Y-Al-O and Y-Ti-O
particles. Most of the nanoparticles in the 14Y ODS sample
are within the size range from 10 to 30 nm, as shown in Fig.
8(a), whereas most of the nanoparticles in the 14YAl ODS

Fig. 7. Digtribution of nanoparticles
in the interior of grains (a) 14Y; (b)
14YAI; (c) 14YTi.
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Fig. 8. Sizedidribution of the oxide
particles in the ODS samples. (a)
14Y; (b) 14YAI; (c) 14YTi.

sample range from 5 to 15 nm (Fig. 8(b)). In Fig. 8(c), a
majority of the Y-Ti-O nanoparticles in the 14YTi ODS
steel are less than 10 nm in size. The particle size differenc-
es among 14Y, 14YAl, and 14YTi are likely due to the
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compositional differences of their nanoparticles. The nano-
particles in 14Y, 14YAl, and 14YTi are mainly Y,Os3,
Y-Ti—0, and Y-AI-O, respectively. Many researchers have
concluded that the Y-Ti—O and Y—-AI-O nanoparticles are
smaller than the Y,0; nanoparticles in ODS steels. Some of
the Y,0s particles, as the originally added oxide particles,
decompose into Y and O and dissolve into ferritic steels
during the mechanical alloying process. The dissolved Y
and O combine with Al and Ti during the consolidation
process of 14YAl and 14YTi, and small-sized Y-Ti—O and
Y—AI-O nanoparticles subsequently form. The spatial and
size distributions of these nanoparticles correspond to the
microstructure of the ODS samples. The bimodal micro-
structure of the ODS samples is mainly due to the grain size
disparity of the pre-alloyed powders.

Fig. 9 displays a HRTEM micrograph and the corres-
ponding fast Fourier transform (FFT) pattern of a Y,0; par-
ticle with a size of approximately 20 nm in the 14Y ODS
sample. The Y,O; particle possesses a spherical morphology,
consistent with the aforementioned TEM results. According
to the identified FFT result, the Y,O; particle has a
body-centered cubic (bcc) crystal structure. The Y,O; par-
ticle is oriented with its 154 zone axis parallel to the elec-
tron beam. All of the identified Y,0; particles have a bec
crystal structure and present a spherical morphology, and
these particles are the main strengthening phase in the 14Y
ODS sample.
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Fig. 9. HRTEM image and the corresponding fast Fourier
transform pattern of aY,Oz particlein the 14Y ODS stedl.

Fig. 10 depicts the HRTEM micrographs and the corres-
ponding FFT patterns of Y—AI-O particles in the 14YAl
ODS sample. Fig. 10(a) gives the HRTEM image and the
corresponding FFT pattern of a YAIO; particle. According
to the FFT result, the YAIO; particle possesses a bee crystal
structure and is oriented with its [001] zone axis parallel to
the electron beam. The YAIO; particle has a spherical mor-
phology, and its size is approximately 20 nm. As evident in
Fig. 10(b), the Y;AlL;O, particle with a bec structure also
shows a spherical morphology, and it is approximately 10
nm in size. The Y;Al;0,, particle is also oriented with its
[001] zone axis parallel to the beam. The Y-AI-O particles
may form via the reaction between Y,0; and Al or via the
reaction between Y,0; and Al,O; during the mechanical al-
loying and the subsequent consolidation process [8,23,31].
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Fig. 10. HRTEM images and the corresponding fast Fourier transform patterns of (a) YAIO3 and (b) Y:AlsO4, in the 14YAI ODS

stedl.

The HRTEM micrographs and the corresponding FFT
patterns of Y,Ti,0; particles in the 14YTi ODS sample are
shown in Fig. 11. Fig. 11(a) shows a Y,Ti,0; particle with a
spheroidal morphology, and the inset image is the corres-
ponding FFT pattern of the particle. The FFT results dem-

onstrate that the Y,Ti,O; particle has a face-centered cubic
(fce) crystal structure. Similar to the particle shown in Fig.
11(a), the particle depicted in Fig. 11(b) is also identified as
Y,Ti,0,. However, this particle exhibits a square shape,
whereas that in Fig. 11(a) is spheroidal. Fig. 11(c) displays
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Y,Ti,0; particles with other morphologies. The inset FFT
pattern corresponds to the particle marked by an arrow. The
formation of Y,Ti,0; particles is ascribed to the reaction be-
tween Y,0; and Ti or to the reaction between Y,0; and Ti—O
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Different alloying elements are responsible for the dis-
parity in nanoparticles in the ODS samples. As strengthen-
ing phases, the crystal structure, stability, and the spatial and
size distributions of nanoparticles in ODS samples play a
key role in their final performance. Smaller nanoparticles
are more efficient in hindering the movement of grain
boundaries and dislocation slipping, which would result in a
finer microstructure and further influence the properties of
the ODS sample [7-8,32]. Understanding the respective ef-
fects of Al and Ti on the microstructure of ODS steel should
facilitate the development of such structural materials.

4. Conclusions
(1) All the ODS samples possess high relative densities

after HP, and the microhardness of the samples was meas-
ured and analyzed. The existence of Ti increases the hard-
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compounds [31]. The results indicate that the fcc Y,Ti,0;
particles are the predominant nanoparticles in the 14YTi ODS
sample. Most of the Y,Ti,0; particles are approximately 5 nm
in size, although larger Y,Ti,0; particles are still present.

(400)® +(000)

(222)°

fcc _
Y,Ti,0,[011]

Fig. 11. HRTEM images and the corresponding
fast Fourier transform patterns of Y,Ti,O; par-
ticles with (a) spheroidal, (b) square, and (c) ir-
regular morphologies in the as-sintered 14YTi
ODSsted.

ness of the ODS sample compared with that of the 14Y
ODS sample, whereas the addition of Al has the opposite
effect.

(2) Both small and large grains exist in the 14Y, 14Al,
and 14YTi ODS samples, showing a bimodal structure.

(3) The spatial and size distributions of nanoparticles in
these ODS samples were investigated; Y,0;, Y3Al;0;,, and
Y, Ti,07 nanoparticles were found in the 14Y, 14YAl, and
14YTi ODS samples, respectively.

(4) The addition of Ti obviously refines the size of oxide
particles, and the refinement effect of Al is less remarkable
than that of Ti.
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