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Formation of oxides particles in ferritic steel by using gas-atomized powder
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Oxides dispersion strengthened (ODS) ferritic steel was prepared by using gas-atomized pre-alloyed
powder, without the conventional mechanical alloying process. By adjusting the volume content of O2

in the gas atmosphere Ar, the O level in the ferritic powder can be well controlled. The O dissolves uni-
formly in the ferritic powder, and a very thin layer of oxides forms on the powder surface. After hot defor-
mation, the primary particle boundaries, which retain after sintering, can be disintegrated and near fully
dense materials can be obtained. The oxide layer on the powder surface has a significant effect on the
microstructural evolution. It may prevent the diffusion in between the primary particles during sintering,
and may dissolve and/or induce the nucleation of new oxides in the ferritic matrix during recrystalliza-
tion. Two kinds of oxide particles are found in the ferritic steel: large (�100 nm) Ti-rich and fine (10–
20 nm) Y–Ti-rich oxides. The hardness of the ferritic steel increases with increasing annealing tempera-
tures, however, decreases at 1400 �C, due to the coarsening of precipitates and the recrystallization
microstructure.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Oxide dispersion strengthened (ODS) ferritic steels are very
attractive materials for high temperature applications in nuclear
reactors and gas turbines [1–4]. The fine or super-fine secondary
particles dispersed in the matrix alloy usually have the following
beneficial effects [5]: (1) pinning dislocations inside grains by Oro-
wan mechanism; (2) stabilizing grain boundaries and hindering
grain growth, thus increasing the creep resistance; (3) trapping
He and other radioactive particles in fine-scale bubbles to avoid
swelling in nuclear applications. Since 1980s, many ODS ferritic
steels have been developed. The earliest generation of commercial
ODS steels are MA956 and MA957 developed by International
Nickel Company [3,6]. Both of these two ODS steels have been suc-
cessfully used in US nuclear reactors. By addition of Ti, Ukai et al.
refined the size of oxide precipitates, and the alloy developed as
9Cr NTS has been successfully applied for fast-reactor-fuel clad-
ding [7,8]. Recently, scientists in ORNL found that the precipitates
in ODS ferritic steel can be as fine as 1–2 nm, and they are stable at
800 �C as long as 14,500 h [9]. The ODS ferritic steels, developed as
12YWT and 14YWT can decrease the creep rate at temperatures
ranging from 650 to 900 �C by six orders of magnitude, as com-
pared with conventional steels [10–13]. The ultra-high stability
ll rights reserved.

: +86 731 8710855.
of these nanoclusters has drawn a high attention in the material
field.

ODS ferritic steels are usually prepared via mechanical alloying
of rapid solidified pre-alloyed powder and fine ceramic particles
(Y2O3 and TiO2), followed by such densification methods as hot
extrusion, rolling or hot isostatic pressing [7,11,14]. The ceramic
particles will decompose or dissolve in the alloy matrix during
mechanical alloying, and will precipitate as fine or nanostructured
particles at subsequent annealing steps [15]. Therefore, in prepara-
tion of ODS ferritic steels, mechanical alloy is a very important step
by introducing precipitate-formation atoms in the alloy matrix.
Considering this fact, if the precipitate-formation atoms, for exam-
ple, Y, Ti and O are already in the alloy matrix, it could avoid the
mechanical alloying step, which is known to be an expensive and
time-consuming processing method. Furthermore, microstructure
and chemical homogeneity is also a major concern for ODS materi-
als. In view of the difficulties of ODS, we are seeking for an innova-
tive way to process materials with fine dispersion of oxide
particles.

In this paper, our approach is to dissolve oxygen and other sol-
ute atoms in alloy by powder metallurgy in controlled oxidising
environments. Y, Ti and O can be added to the alloy during melting
as they have enough solubility in liquid Fe. In addition, the precip-
itation of coarse oxide particles can be prevented or retarded via
rapid solidification process, such as gas-atomization. During subse-
quent thermal processes, including sintering, hot working and
annealing, fine oxide particles possibly precipitate out from the
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matrix. Based on these considerations, a modified process for pre-
paring ODS ferritic steels was introduced and the effects of pro-
cessing parameters on the formation of fine precipitates were
studied.
Fig. 1. Oxygen content in powder vs. in atomizing atmosphere.

Fig. 2. Oxygen content in powder vs. particle size.
2. Experimental

The nominal composition of the ferritic alloy is 14YWT: Fe–
14Cr–3W–0.4Ti–0.25Y, wt.%. High-purity (>99%) Fe, Cr and W were
used as raw materials, while Ti and Y were added in the form of al-
loyed Fe–Ti and Fe–Y. All the raw materials were induction melted
to a master alloy with the composition of 14YWT, except the addi-
tional O content was adjusted in the subsequent gas-atomization
process by controlling the volume percent of O2 in high purity ar-
gon (99.99%). The master alloy was remelted at 1500 �C, and then
the melt was atomized in O2-added Ar at a pressure of 3 MPa. The
pre-alloyed powder was compacted at room temperature at a pres-
sure of 600 MPa, and then sintered in a vacuum of 1 � 10�3 Pa, at
1250 �C for 2 h. In order to eliminate residual porosity and primary
particle boundaries, the sintered compact was hot-forged and then
hot-rolled both at 900 �C. The as-deformed specimens were heat-
treated at temperatures ranging from 900 to 1400 �C for 1 h for
microstructural control.

The O content in the powder was analyzed by using a TCH-600
H/N/O determinator. The surface morphology of powder was di-
rectly observed with a JSM-6360 LV Scanning Electron Microscope.
In order to study the microstructure, some powder was mixed with
resin and then polished. The O profile in the particles can be quan-
titatively determined by using Energy Diffraction X-ray Analyses
(EDAX). The phase structures of the powder were determined by
using a Rigaku D/max 2550VB+ X-ray diffractometer, with a Cu–
K, scanning at a voltage of 40 kV and a speed of 8�/min. The bulk
specimens were sectioned and polished. The microstructure was
also examined by SEM. The hardness of specimens was tested by
using a A�200 Rockwell Hardness tester at a load of 1500 N, and
the microhardness of specimens was tested by using a HVs-100
Vickers hardness tester at a load of 2 N. For more detailed study
on the microstructures, a JEM-2100F Transmission Electron
Microscopy was used, operating at 200 kV. Disk specimens were
spark eroded from the bulk, polished on emery paper and then
electro-polished by twin-jet with a solution containing
6%HClO4 + 14%H2O + 80%C2H5OH, vol.%. In order to determine the
existence of nanoclusters, needle-like specimens were cut by using
a Focused Ion Beam (FIB) instrument and then observed in a
Groupe de Physique des Matériaux (UMR CNRS 6634-ERT1000)’s
Atom Probe Tomography (ATP).
Fig. 3. XRD patterns of powder added with oxygen.
3. Results

Fig. 1 indicates that the O content in the ferritic powder in-
creases almost linearly with the increase of O2 in the Ar atmo-
sphere. At a 0.45 vol.% of O2 in Ar, there is 0.32 wt.% of O in the
powder, while the O content approaches to 1.06 wt.% in the pow-
der at a 1.9 vol.% of O2 in Ar. Therefore, the O content in the powder
is very sensitive to that in the atmosphere. Meanwhile, the O con-
tent varies with the particle size. Coarse particles have a much less
O content than that in fine particles. In the particles ranging from
74 lm to 147 lm, the average O content is 0.29 wt.%, while in par-
ticles smaller than 23 lm, the O content increases to 0.42 wt.%, as
shown in Fig. 2. So it seems that small droplets of the steel melt
have a faster oxidation rate, perhaps due to their large specific sur-
face area. The X-ray diffraction analyses indicates that there is no
detectable oxides in the powder at a O level of 0.3 wt.%, no oxides
are found in the powder, even with 1.06 wt.% of O, as shown in
Fig. 3. There may be some oxides, like chromium and iron oxides



Fig. 4. Microstructures of pre-alloyed powders with different oxygen content: (a) O:300 ppm, microstructure; (b) O:300 ppm, surface morphology; (c) O:3000 ppm,
microstructure; (d) O:3000 ppm, surface morphology.
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form on the particle surface, but it is difficult to detect due to the
small amount and small size. Since nanoclusters were detected in
ODS 14YWT containing 0.3 wt.% O, the alloy powder containing the
same level of oxygen was selected for further studies. The influence
of O content on the microstructure of the particles is indicated in
Fig. 4. At a very low level of O content, 0.03 wt.%, the microstruc-
ture of the ferritic steel shows a typical solidification feature with
dendritic structures. The surface of the particles is very clear, and
the dendritic boundaries can be detected, as shown in Fig. 4a and
b. As the O content increases to 0.3 wt.%, the microstructure does
not change much, however, the surface of the particles is not as
Fig. 5. Oxygen distribution in pre-alloyed particles r is the radius of a powder.
clear as that at a low level of O content, and it is hard to see den-
dritic boundaries. It is believed that particles with a high level of O
content are covered with a very thin oxide layer. Fig. 5 shows the O
profile of different parts of the particle. There is a gradual change of
O content in the particles and the O contents near the surface of the
particles are about 0.2 wt.% higher than that inside particles. This
may prove that O can be gradually dissolved in the ferritic matrix.

After being sintered at 1250 �C for 2 h, the ferritic steel is far
from being fully densified. The density is about 85% of the theoret-
ical (7.87 g/cm3, measured by the ingot), as shown in Table 1. Sub-
sequent hot deformation eliminates the residual porosity
significantly. At a reduction of 80%, the relative density approaches
to as high as 99% of the theoretical. Further hot-rolling does not
change the density. The microhardness of the ferritic steel also
indicates the increase of the density. Fig. 6 shows the microstruc-
tures of the as-sintered and as-deformed ferritic steel samples.
The powders retain their shape in the as-sintered microstructure,
and primary particle boundaries can be clearly seen. By a reduction
of 30%, the deformation of primary particles occurs; boundaries
among small particles begin to be disintegrated. However, large
powder particles still maintain their shapes and boundaries. By a
reduction of 80%, most primary powder boundaries are disinte-
grated and large particles are elongated along the flow direction.
Table 1
Density and microhardness of sintered and deformed ferritic steels.

Sintered Hot-forged,
30% reduction

Hot-forged,
70% reduction

Hot-rolled, 90%
reduction

Density/
(g/cm3)

6.62 7.41 7.77 7.74

HV 191 204 260 268
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Further hot-rolling leads a more homogenous deformation micro-
structure. Since further hot-rolling does not contribute to an in-
crease of the density, only hot-forged specimens are used for
subsequent heat-treatments.

Fig. 7 indicates the microstructures of the ferritic steel after
being heat-treated at temperatures ranging from 800 to
1400 �C. The grain boundaries are difficult to be precisely charac-
terized at all temperatures owing to the poor contrast. It can be
roughly seen that recrystallization occurs inside the deformed re-
gions at 800 �C, and the primary particle boundaries elongated
along the flow direction are rather clear. At 1000 �C, many fine
grains recrystallize inside the primary particles. Grain growth oc-
curs at the temperature of 1100 �C, resulting in disappearing and
coarsening of the primary powder boundaries due to recrystalli-
zation and grain growth occur. At 1200 �C, grains larger than
20 lm can be seen, and at 1400 �C, the microstructure seems to
be rather homogenous and no trace of primary particle bound-
aries can be found. Fig. 8 shows the hardness of the ferritic steel
heat-treated at different temperatures. It is interesting to note
that the hardness increases fast with the heat-treating tempera-
ture, arriving at a peak value of HRC 55 at 1300 �C, almost dou-
bled compared with that at 800 �C. Then, the hardness drops
some to HRC 47 at 1400 �C.

More detailed microstructures were observed by TEM. In the
as-deformed ferritic steel, it is hard to find precipitates, rather,
a high density of dislocations can be observed. For example,
Fig. 9a indicates a sub-grain bounded with dislocation walls,
and Fig. 9b shows a tangling of highly dense dislocations. In the
specimen annealed at 900 �C for 1 h, few large particles
(�100 nm) can be found, as shown in Fig. 10a. EDAX shows that
it is rich in Ti and O, but it is difficult to determine the exact com-
position and structure. In specimens annealed at 1300 �C, high
density of precipitates can be found, as shown in Fig. 10b. There
are two kinds of particle size: 50 nm or larger and 10–20 nm. The
large particles are enriched with Ti and O, and the small particles
Fig. 6. Microstructures of sintered and deformed ferritic steel: (a) as-sintered; (b) hot-f
are with Y, Ti and O. After being annealed at 1400 �C, the average
size of the particles increases significantly, as shown in Fig. 10c.
Most particles are enriched with Y, Ti and O. Some particles,
which have faceted shape, are rich in Cr, as shown in Fig. 10d.
As many studies have shown the presence of the complex oxides
[5,16,17], it can be predicted that the oxides are probably Y-
riched, Ti-riched and Cr-riched, respectively. In order to deter-
mine if there is any nanoclusters in the ferritic steel, small spec-
imen was cut by using focused ion beam. The O profile examined
by Atom Probe Tomography does not shown nanometer-scaled
clusters. The figure is not shown here.
4. Discussions

4.1. Formation of precipitates

Though there is limited data on the solubility of oxygen and yt-
trium in liquid ferritic steel, it can be believed that both of them are
dissolved in the melt because liquid metals usually have a high sol-
ubility for interstitial elements [18], and yttrium has a solubility up
to 1 wt.% in iron at 1500 �C. Other elements, such as Cr, Ti and W
can be completely dissolved in the melt judging from the binary
phase diagrams [19]. Therefore, in the liquid state, the melt droplet
can be considered chemically homogenous. The cooling rate of gas-
atomization can be as high as 103–105 �C/s [20], so the homoge-
nous melt can be frozen by rapid solidification, and the precipita-
tion of oxides and other secondary particles are suppressed. The
XRD result of the ferritic powder also indicates a single-phased
state in the ferritic steel (Fig. 3). However, the surface of the pow-
der, which was still at high temperatures, may react with the oxy-
gen-containing atomization atmosphere, and form an oxide layer.
The oxide layer is too thin to be detected by XRD, but make the
microstructure fussy in SEM (Fig. 4). The O profile in the powder
also indicates that O is almost homogenously distributed inside
orged, 30% reduction; (c) hot-forged, 70% reduction; (d) hot-rolled, 80% reduction.



Fig. 7. Microstructures of ferritic steel heat-treated at different temperatures for 1 h: (a) 800 �C; (b) 900 �C; (c) 1000 �C; (d) 1100 �C; (e) 1300 �C; (f) 1400 �C.
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the particles, except that the surface has a 0.1 wt.% higher content
of O.

The surface oxide layer plays an important role in the micro-
structural evolution in the ferritic steel. During sintering, the oxide
layer may slow down the flow behaviour of particles into the
porosity and may hinder the diffusion between the particles, so
the density of the sintered compact is rather low and primary par-
ticle boundaries do not change at all. Moreover, as O has a very
small solubility in solid steel [21], the oxide layer may be stable en-
ough on the surface, and may grow by attracting O inside the par-
ticle. This process will prevent the formation of Ti or Y oxides
inside the particles even at a sintering temperature of 1250 �C.
By thermal deformation, the surface oxide layer can be fragmented
depending on the degree of deformation. During the subsequent
heat-treatment, high density of dislocations (Fig. 9) promote the
non-equilibrium diffusion of alloying elements [22], like in
mechanical alloying, thus may lead to a process involving the dis-
solution of prior oxide layer and nucleation of new oxides. The dis-
solution and precipitation process of oxides is illustrated in Fig. 11.
Since both titanium and yttrium have a high affinity to oxygen,
titanium-based oxides and yttrium-based oxides can exist at the
same time due to different nucleation sites and local chemical
compositions. Perhaps due to a higher affinity to oxygen, Y has a
very low solubility in titanium-based oxides; however, titanium
can dissolve in yttrium-based oxides, as indicated by the EDAX re-
sults. The chemical composition has a significant influence on the
growth behaviour of oxides. It has been established that the addi-
tion of Ti can refine the yttrium oxides to several nanometers
[23,24]. Therefore, there is a bimodal distribution of oxides in the
ferritic matrix: large titanium-rich oxide and fine yttrium–tita-
nium-rich oxides. The results also conform to other published work
[16]. The size of the oxides also depends on the heat-treatment
temperatures. At 900 �C, only large titanium-based oxides can be
detected and the yttrium–titanium-based oxides are too small to
find. Both of them can be seen as the temperature increases to
1300 �C, while the oxides grow fast at an excessively high temper-
ature of 1400 �C. The precise identification of the oxides in the ma-
trix will be further studied.



Fig. 8. Microhardness of deformed ferritic steel after heat-treatment at different
temperatures.

Fig. 9. TEM microstructures of hot-deformed ferritic steel: (a) sub-grains and (b)
high density of dislocations.
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In the same 14YWT alloy prepared by mechanical alloying,
there are high density of nanoclusters, with a size of 1–2 nm and
containing Ti, Y, O and vacancy, dispersed in the ferritic matrix
[25]. However, Atom Probe Tomography results show that no such
nanocluster was found in the present work. There are two prereq-
uisites for the formation of nanoclusters: atomic-scaled mixing of
alloying elements and high density of vacancy. The oxide layer
on the particle surface prevent Ti, Y and O from mixing in atomic
scale in the ferritic matrix, rather, these elements are in the form
of various oxides. Even though the oxide layer is disintegrated by
large deformation, the dispersion of alloying elements is far from
homogenous like in the process of mechanical alloying. Moreover,
the mechanical alloying process provides much more vacancy than
the conventional hot deformation [26]. Vacancy is very important
for the formation of nanoclusters. The first principle calculation re-
sults indicate that by combining with vacancy, Ti–O bonding and
Y–Ti–O bonding can be highly stabilized [27]. Also such clusters
are very stable, and will not grow at a temperature as high as
1000 �C [28]. In this way, particles as fine as 1–2 nm can exist.
Short time of mechanical alloying of the gas-atomized powder
would be a useful way for the formation of nanoclusters in the fer-
ritic steel. This work is currently under study and will be published
elsewhere.

Moreover, the workability of ODS ferritic steel to fabricate thin
wall cladding tube is more important, and it depends on the oxide
particles volume fraction, therefore, the improvement or the inves-
tigation of the workability and mechanical properties in consoli-
dated form need future work.
4.2. Hardness

For conventional metallic materials, the hardness may decrease
with increasing annealing temperatures. However, the ferritic steel
in this work does not show any softening until 1400 �C. Two factors
may contribute to the hardness of the ferritic steel: recrystallization
behaviour and precipitation of oxide particles. It can be seen in
Fig. 7 that fine grains form in the deformed microstructure, which
will strengthen the matrix. The hardness can be increased with
the recrystallization process, which is almost finished at 1000 �C.
At 1100 �C, grain growth occurs, which could lead to decrease of
the hardness. We recently found that the hardness of the ferritic
steel drops with further tempering at a low temperature (for exam-
ple, 700 �C), so the increase of hardness with heat-treating temper-
ature may be due to the formation of quenching-in vacancy.
However, the phenomenon needs further study and will be pub-
lished elsewhere. As the temperature further increases to 1400 �C,
the particles begin to coarsen. Since the hindering effect of particles
on the movement of dislocations degrades with the particle size,
the strengthening induced by the particles and vacancies cannot
compensate for the softening induced by the grain growth any
more and the hardness of the ferritic steel begins to drop.
5. Conclusions

This work develops a simple process to prepare oxides disper-
sion strengthened ferritic steel, and provides some insightful
knowledge on the formation of precipitates and their effect on
the mechanical behaviour. By studying the microstructural evolu-
tion and microhardness of the ferritic steel, the following conclu-
sions can be drawn:

(1) By adjusting the volume content of O2 in the gas atmosphere
Ar, the O level in the ferritic powder can be well controlled.
The O dissolves uniformly in the ferritic powder, and a very
thin layer of oxides forms on the powder surface.



Fig. 11. Illustration on the formation of precipitates in ferritic steel: (a) stable oxide layer on primary particles; (b) fragmentation of oxide layer by thermal deformation; (c)
formation of oxides.

Fig. 10. TEM microstructures of heat-treated ferritic steel: (a) 900 �C; (b) 1300 �C; (c) 1400 �C; (d) EDAX detection of particles with faceted shape in (c).
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(2) It is difficult to eliminate the primary particle boundaries
and obtain a high density by conventional sintering. After
hot deformation in a large reduction, the primary particle
boundaries can be disintegrated and a relative density as
high as 99% of the theoretical can be obtained.

(3) The oxide layer on the powder surface has a significant effect
on the microstructural evolution. It may prevent the diffu-
sion in between the primary particles during sintering. After
being disintegrated and homogenously dispersed in the fer-
ritic matrix, it may dissolve and/or induce the nucleation of
new oxides. Depending on different nucleation site and local
chemical compositions, two kinds of oxide particles form in
the ferritic steel: large (�100 nm) Ti-rich and fine (10–
20 nm) Y–Ti-rich oxides.

(4) The hardness of the ferritic steel increases with increasing
annealing temperatures. There are two factors influencing
the hardness: recrystallization behaviour and precipitation
of oxide particles. At an excessively high temperature, the
coarsening of precipitates occurs, and the strengthening
effect induced by the precipitates cannot compensate for
the softening induced by the grain growth, the hardness of
the ferritic steel degrades.
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