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Abstract: In this paper, 15Cr-ODS steels containing 0, 1 wt%, 2 wt% and 3 wt% Al element were fabricated by combining
wet-milling and spark plasma sintering (SPS) methods. The microstructure and mechanical properties of ODS steel were
investigated by XRD, SEM, TEM, EBSD and tensile tests. The results demonstrate that the Al addition significantly
refines the particle precipitates in the Fe-Cr matrix, leading to the obvious refinement in grain size of matrix and the
improvement of mechanical properties. The dispersion particles in ODS steels with Al addition are identified as Al,O3
and Y,Ti»O7 nanoparticles, which has a heterogeneous size distribution in the range of 5 nm to 300 nm. Increasing Al
addition causes an obvious increase in tensile strength and a decline in elongation. The tensile strength and elongation of
15Cr-ODS steel containing 3 wt% Al are 775.3 MPa and 15.1%, respectively. The existence of Al element improves the
corrosion resistance of materials. The ODS steel containing 2 wt% Al shows corrosion potential of 0.39 V and passivation
current density of 2.61x1073 A/cm?(1.37 V). This work shows that Al-doped ODS steels prepared by wet-milling and SPS
methods have a potential application in structural parts for nuclear system.
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mechanical properties [3—6], oxide dispersion
strengthened (ODS) steels, which have been
developed rapidly since 1970s, are considered the

1 Introduction

In recent years, the development of IV-
generation fission reactors and commercial nuclear
fusion reactors has become increasingly urgent due
to the requirement of clean energy. However, the
cladding material used in nuclear fission reactors and
the first wall material in fusion reactors still need the
superior performance [1, 2]. Owing to the excellent
irradiation  resistance and  high-temperature

most promising cladding material in supercritical
pressurized water reactor (SCPWR), sodium-cooled
fast reactor (SFR), and lead bismuth-cooled fast
reactor (LFR). The traditional ODS steels have a
concentration of chromium ranged between 9 wt%
and 20 wt%. However, it was pointed out by many
previous studies that ODS steels containing 14 wt%—
16 wt% Cr have excellent corrosion resistance and
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aging embrittlement [3]. It is also noted that the
aluminum addition during the fabrication process is
a key factor to increase the corrosion resistance of
ODS steels [3, 7, 8]. In this case, the Y-Ti-O nano-
precipitates are easily replaced by Y-AI-O particles
due to the high chemical activity of Al. The Y-AI-O
particles with Y4A1,09, YAIO; and Y3Als01; crystal
structure are coarser than that with Y-Ti-O particles,
leading to a decrease in the mechanical property of
matrix [9—13]. The Y-Al-O nanoparticles with core-
shell structure can be generated in MA956 (20Cr-
4.5Al) and 16Cr-4.5A1 ODS steels through a three-
stage forming mechanism, including fragmentation
of starting Y»Os particles, agglomeration and solid-
state amorphization of Y,0O; fragments, and the
crystallization of nanoparticles [12]. The studies
about the effect of Cr content on the corrosion
behavior in Al-added ODS steels revealed that high
Cr concentration would result in significant
improvement in the corrosion resistance [3]. The size
and number density of oxide particles in Al-added
ODS steel mainly depend on the fabrication process.
It was proposed by previous studies that Y-Al-O
particles incline to precipitate in the form of complex
compounds at the subsequent hot extrusion process
[14]. The heat treatment at high temperature over
1150 °C can cause the coarsening of oxide particles
[15]. Due to the Al addition induced enhancement of
corrosion resistance, the Al-doped ODS steels
possess a promising outlook for application of
structural materials in the extreme environment.
However, the influence of varied Al addition on
nano-sized particles, grain size distribution and
mechanical properties should be explored
systemically.

As we all know, the key characteristic of ODS
steels is the existence of uniformly distributed
nano/ultrafine Ti-O, Y-Ti-O, and Y-Al-O oxide
particles, which remains the excellent thermal
stability under high temperature (over 1300 °C) [16].
The rich interfaces between the matrix and oxide
particles provide a large number of defects to capture
vacancies, helium bubbles and emergent defects in
neutron irradiation environment, and preventing the
primary defects from gathering and coarsening at
grain boundary. Additionally, the dispersed oxide
particles could also act as pinning points to restrain
the movement of dislocations during the deformation
and thus improve the mechanical properties of
matrix. All of these features clearly demonstrate that

the mechanical properties of ODS steels depend on
the chemical composition, microstructure, and
distribution of oxide particles. The aberration-
corrected scanning transmission electron microscope
(STEM) with atomic resolution can be used to well
characterize the microstructure of oxide particles and
reveal the relationship between structure and
properties in ODS steels.

To fabricate the ODS steel raw powders, the
traditional method is the mechanical alloying of
various powders through the high-energy ball
milling [17-19]. A typical high-energy ball milling
method is usually carried out in argon or nitrogen
atmosphere for preventing oxidation phenomenon
during the ball milling process. This method would
cause a violent squeeze and deformation of alloy
powders between the steel ball and mill pot, thus a
cold welding of powders. Another drawback is the
impurity contamination of milling powder from the
ball and bowl. The elevated temperature during the
milling can induce an increase in the oxygen content
of mixed powders. Therefore, commercial ODS
steels powders prepared by the high-energy ball
milling method still have some problems which need
to be resolved. The wet milling process is a typical
powder metallurgy method that has been used in
preparing as-milled powder and alloy. During the
wet-milling process, the added alcohol medium can
reduce the temperature of powder and inhibit the
introduction of impurity contamination. In addition,
the requirements of manufacturing facility in wet-
milling process are simpler than that in high-energy
ball milling process. At present, the wet-milling
method has been used in the industrial preparation of
hardmetals, cermet and high speed steel [20—22].
Therefore, this method may be conducive to the large
scale production of high-performance ODS steels.
However, it has not been applied to the preparation
of ODS steels so far. The aim of this paper is to
investigate the preparation of ODS steels by the wet-
milling method and the effects of Al additions on the
microstructure, mechanical properties and corrosion
resistance of sintered ODS steels.

2 Experimental procedure
A series of 15Cr-ODS steels with 0, 1 wt%,

2 wt% and 3 wt% Al addition were manufactured by
a wet-milling process and spark plasma sintering
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(SPS) method. The nominal compositions of ODS
steels with different Al content are listed in Table 1.
The various raw powders were mixed in ethyl
alcohol media with a high-energy planetary mill
(XQM-2, Changsha TENCAN powder Co. Ltd.) for
48 h. The rotation speed and ball-to-powder mass
ratio were 250 r/min and 5:1, respectively.
Subsequently, the mixed powders were firstly heated
to 800 °C for 5 min, and then continuously heated to
1100 °C for a 10 min sintering in LABOX-325R
sintering system with a pressure of 40 MPa under
vacuum environment. Finally, the sintered alloys
were ground and polished by the aluminium oxide
paste and polishing agent.

Table 1 Nominal compositions of ODS steels with
different Al content (wt%)

ODS-steel  Fe Cr Al w Ti Y203
15Cr Bal. 15 — 2 0.4 0.25
15Cr1Al  Bal 15 1 2 0.4 0.25
15Cr2Al  Bal. 15 2 2 0.4 0.25
15Cr3Al  Bal 15 3 2 0.4 0.25

The density of sintered 15Cr-ODS steel was
tested by Archimedes principle, and the theoretical

density was calculated by the following equation
[23]:

loa o o . o (1)
P P P P3 Pi

where p, p; and w; are the theoretical density of the
alloy, the densities of pure alloy and the
corresponding mass fractions, respectively. The
crystal structure and phase component of the mixed
powder and sintered alloy were examined by X-ray

diffraction (XRD) measurements with a scan rate
of 10 (°)/min. SEM images of microstructure and
fracture surface of ODS steels were taken from a
TESCAN  MIRA3-LMH  scanning electron
microscope (SEM) equipped with Oxford X MAX20
energy dispersive spectrometer (EDS). The TEM and
STEM measurements were carried out by using a
JEOL ARM-200F microscope which is operated at
200 kV and equipped with a probe-forming
aberration corrector. Tensile tests of materials were
performed in a screw-driven tensile testing machine
(SHIMADZU AGS-X 50KN) at an engineering
strain rate of 1x107 s™! at room temperature. The
grain size and distribution of ODS steels were
observed and measured by Hitachi S-3400N SEM
equipped with EDAX-TSL electron backscatter
diffraction (EBSD) instrument. Electrochemical
experiments of Al-doped 15Cr ODS steels were
executed with a potentiostat unit (CHI660E)
in 1 mol/L HNO; solution at 55 °C. The
potentiodynamic polarizations tests were performed
at a constant scan rate of 0.01 V/s and the scans
potentials were started from —1.2 V to 2.0 V.

3 Results and discussion

3.1 Phase and chemical composition

To investigate the phase composition variation
of ODS steel powders during the process of ball-
milling and sintering, the phases of mixed powder
and sintered alloy were measured by XRD
measurements. The XRD data of mixed powders
with 3 wt% Al addition and sintered ODS steels are
shown in  Figure 1(a). The peaks corresponding to
Fe, W and Al crystals can be clearly seen in the
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Figure 1 XRD patterns of mixed steel powder with 3% Al addition and sintered ODS steels with different Al contents (a)

and enlarged XRD pattern (b)
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pattern of mixed powder before sintering, which
clearly demonstrates that no new phases were
formed during the ball milling process. It should be
noted that the peaks corresponding to Cr crystal are
close to those of Fe crystal due to their similar lattice
constants. Moreover, Cr content in the alloy is much
less than Fe content, so Cr peaks cannot be observed
in the XRD pattern obviously. In the sintered ODS
steel, the XRD result shows a pure Fe-Cr phase with
BCC structure, indicating that Cr and W elements
have dissolved into the Fe matrix and a new Fe-Cr
phase was formed during the sintering process. The
lattice parameters of matrix become large due to the
dissolved atoms in Fe lattice, and thus the peaks
corresponding to Fe-Cr phase shift to low angle
compared with the Fe peaks in mixed powder, as
shown in enlarged XRD pattern in Figure 1(b).
Additionally, with the addition of extra Al element,
the peaks of Fe-Cr phase in ODS alloy shift to the
low angle slightly, which means that the aluminum
element with the large atomic radius dissolves into
matrix during sintering process.

In the traditional mechanical alloying method,
various raw material powders are directly squeezed
and crushed by steel balls in the dry milling process.
New phase would be formed in the mixed powders
during the milling stage of the mechanical alloying,
which has been confirmed by many previous studies
[24—26]. In this work, the mixed powders were
prepared by the wet milling process in alcohol
medium. The powder extrusion, crushing and cold
welding in the wet milling process are not as
intensive as those in the dry milling, so it is favorable
to prevent the formation of new phase.

The morphology and EDS analysis results of
different Al-doped ODS steels were characterized by
SEM, as shown in Figure 2. The second phase
precipitates in 15Cr ODS steel without Al addition
show the heterogeneous distribution and coarse
particle size. The EDS spectra taken from different
points reveal that particles 1 and 2 marked in 15Cr
ODS alloy are mainly rich in Ti, Cr, and O elements,
indicating that these coarse precipitates may be Ti-
Cr-O particles. It has been reported in the previous
studies that large CrTiOs precipitates phase usually
appeared in the matrix of ODS alloy [27, 28]. In
addition, LU et al [29] have systematically studied
the oxide dispersions in ODS alloy and identified Ti-
Cr-O precipitates as TiCr,O4 phase with a spinal
structure. As shown in Figures 2(b)—(d), with the
elevated Al addition, the particles in 15Cr3Al ODS

alloy tend to be refined obviously, indicating that Al
addition could significantly refine the grain size of
precipitates. Furthermore, the density of dispersed
particles is also increased with the elevated Al
content. EDS results from particles 3 and 4 as
marked in 15Cr3Al ODS steel show that the
dispersed particles with high Al content belong to
aluminum oxides. Additionally, the EDS results of
matrix in different Al-doped alloys show that the
extra Al element dissolves into the matrix. With the
elevated Al content, the aluminum contents in the
matrix increase continuously.

3.2 Chemical composition and atomic structure of
oxide nanoparticles

The high-angle annular dark-field (HAADF)
STEM image for the specimen with 1% Al addition
clearly displays the morphology and distribution of
oxide particles which appear as dark contrast, as
shown in Figures 3(a) and (b). These oxide particles,
with the particle size in the range between 5 and
300 nm, are mainly located inside the grain rather
than at the grain boundary. Small oxide particles less
than 100 nm are basically in spherical shape, while
the large precipitates are usually irregular. Combing
high-magnification STEM images and elemental
mappings, it is found that these irregular-shaped
precipitates shown in HAADF image are actually
formed by the accumulation of multiple spherical
particles. It should be noted that the large second-
phase precipitate would introduce a stress
concentration at the interface and become vulnerable
to the strain. This feature is not favorable for
improving the mechanical property of ODS steels,
and thereby precipitate coarsening should be avoided
during the powder milling and sintering process.

Figure 3(c) displays the X-ray EDS elemental
mappings for Fe, Cr, Al, Y, Ti, and O elements. It can
be clearly seen that the majority of oxide particles are
composed of Al and O elements and the rest are
composed of Y, Ti, and O elements, indicating the
coexistence of aluminum oxides (red arrows) and
yttrium titanium oxides particles (green arrows) in
the used sample. In addition, the titanium oxides
particles composed of only Ti, and O elements are
also observed, as indicated by the blue arrow in
Figure 3(a). The overlapping of different elements
suggests that the large irregular-shaped precipitates
consist of more than one type of oxide particles.

Due to multiple phases in Y-Ti-O and Al-O
oxides, the elemental mappings can only provide
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Figure 2 BSE-SEM micrograph of 15Cr (a), 15Cr1Al (b), 15Cr2Al (c) and 15Cr3Al (d) ODS steels and corresponding
EDS results (e—1) detected in particles 1-4 and point 5-8, respectively

chemical composition of oxide particles. Here, in
order to further identify the specific phase and
atomic structure of different oxide particles, atomic-
resolution HAADF-STEM images were taken from
different particles, as shown in Figure 4.
Figures 4(a)—(c) display a HAADF image taken from
the Y-Ti-O particle labeled by particle 1 and the
corresponding fast Fourier transformation (FFT). By
indexing the primary spots in the FFT, this particle
can be determined to be Y,Ti,O; with pyrochlore
structure. The structure model of Y,Ti,O; is
superimposed in the HAADF image in which both
columns’ positions and intensities agree well with
the structure model. The
diffraction pattern from the structure model is also
well consistent with the FFT of HAADF image. By
using the same method, the AI-O particles are
1dentified to be Al,Os of rhombohedral structure, as
shown in Figures 4(d)—(f).

In previous studies [14, 30, 31], many
researchers have also discovered Y,Ti,07 and AlLO;

simulated electron

particles in ODS steels. However, it is worth noting
that in Al added ODS alloys, the chemically active
aluminum will replace titanium to form Y-Al-O
oxide with larger sizes rather than Y-Ti-O particles,
and thus reduce mechanical properties, as proposed
by previous studies. However, in this work, despite
the addition of Al element, the TEM
characterizations clearly demonstrated that the Y-Ti-
O oxide particles still appear and no Y-AI-O particles
were found. Considering the introduction of wet
milling process used here to prepare ODS alloy,
which is different from dry milling in the protected
Ar atmosphere, it may be a new road to fabricate Al
added ODS steels with excellent mechanical
properties.

3.3 Effect of Al-additions on grain size and
mechanical properties
EBSD technology is generally used to analyze
the grain size and distribution of Fe-Cr grains in
ODS steels. Figure 5 displays the EBSD grain
orientation maps (inverse pole figure X, IPFX) of the
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Figure 3 Low-magnification HAADF-STEM image (a), enlarged image (b) and (c) EDS elemental mappings for Fe, Cr,

ALY, Ti, and O elements of 15Cr1Al-ODS alloy

obtained ODS steels with different Al additions, in
which different grain orientations are represented by
different colored areas. It can be seen that increasing
Al contents lead to the decreased grain size and the
uniform distribution of grains in Fe-Cr matrix. As
shown in Figures 5(a) and (b), the EBSD map of the
samples without and with 1 wt% Al additions exhibit
plenty of fine grains around the coarse ones. The
morphology with nonuniformity grain size and
bimodal grain distribution is attributed to the rapid
growth of grains during SPS sintering process and
the lack of pinning from oxide particles in matrix
without Al addition. Under high temperature and
high pressure, the growing grains and their adjacent
fine grains would merge to large grains rapidly.
Figures 5(c) and 5(d) show the EBSD maps of the
ODS steels with 2 wt% and 3 wt% Al additions,

respectively. As Al powder is increased, the grains of
ODS steel have an obvious refinement and a uniform
distribution. The addition of Al powders causes the
generation of numerous oxide particles in ODS steel
matrix, which largely prevents the grain boundary
from migrating during grain growth in sintering
process.

Based on the EBSD analysis, the influence of
Al addition on the average grain size of ODS steel
matrix is studied, as shown in Figure 6. The average
grain size of steel matrix is decreased significantly
with the increase of Al content. However, it is worth
noting that the average grain size of steel matrix
tends to increase slightly when Al content exceeds
2 wt%. This phenomenon may be due to the
aggregation and coarsening of Al-containing oxides,
which reduces the ability of particles to hinder the
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3 (a, d) and corresponding
FFT pattern (b, ¢) and simulated electron diffraction pattern (c, f) in 15Cr1 AI-ODS alloy. (The red, blue and yellow dots
in structure model of Y,Ti»O7 represent the atom column of Y, Ti and alternating Y and Ti, respectively. The red dot
represents the atom column of Al in the structure model of A1,O3)

Y s
-

I

" y *~~&'§‘- o
e I T —— .o FIN A
Figure 5 EBSD maps with different grain orientation in ODS steels with 0 (a), 1 wt% (b), 2 wt% (c), 3 wt% (d) Al
additions

movement of grain boundary and growth of grains. The grain size of matrix depends on the size and
In fact, the introduction of second-phase particles in volume fraction of second-phase particles, and their
alloy is an effective method for refining grains of  relationship should follow the Zener-Smith formula
materials and improving the mechanical properties. [32]:
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where R and r, represent respectively the radius of
matrix grains and second phase particles, and f;
represents the volume fraction of second-phase
particles in the matrix. According to Eq. (2), when
second-phase particle size remains a constant, the
size of matrix grain is decreased as the oxide particle
content is increased. As mentioned above, a
considerable number of second-phase particles
generated in Al added ferrite matrix hinder the
movement of grain boundary. Therefore, the
existence of these second-phase particles would
restrict the migration of grain boundaries and
dislocations, and thus lead to uniform fine grains in
the ODS steels with Al addition.

(2)

3.2
= 3.08 pm
g 28
8
; 2.4
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& 2.22 ym
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Figure 6 Average grain size of matrix in ODS steel with

different Al contents

On the other hand, the Al addition would
change the relative density and tensile strength
which are important for the mechanical property of
ODS steels. The relative density of 15Cr-ODS steel
without Al additions fabricated by spark plasma
sintering is 97.7%. With increasing Al content, the
relative density of ODS steels is increased gradually.
The relative density of 15Cr-ODS steel containing
1 wt% and 2 wt%Al is 98.1% and 99.2%,
respectively. When Al content is increased up to
3 wt%, the relative density can reach to 99.8%.
During the spark plasma sintering, the densification
process of mixed powders depends on the solid
phase diffusion of elements and the rearrangement of
particles under high temperature and high pressure.
The existence of refined and uniform matrix grains
induced by ultrafine oxides particles is beneficial for
the rearrangement of grains during sintering process.

The rich interfaces in refined matrix grains enhance
the element diffusion at high temperature and
improve the density of ODS steels. Figure 7 shows
the ultimate tensile strength (UTS) and total
elongation (TE) of 15Cr-ODS steels with different
Al contents. The tensile strength of ODS steels
without Al addition is 582 MPa. With increasing Al
content, the tensile strength of material containing
3 wt% Al is increased up to 775.3 MPa. However, by
comparing with the Al-free ODS steel, the
elongation of the ODS steel containing 3 wt% Al
element is decreased from 28.1% down to 15.1%. As
a commercial Al added ODS steel produced by
Special Metals Corporation in the United States [33],
MA956 (20Cr-4.5A1) has very similar chemical
composition with 15Cr3Al ODS steel used in this
work. The tensile strength and elongation of MA956
are 630 MPa and 10%, respectively. The 15Cr3Al
ODS steel here prepared by wet-milling and SPS
method has better mechanical property than MA956,
suggesting that the wet milling method is a feasible

and effective method to prepare the high-
performance ODS steels.
30
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Figure 7 Ultimate tensile strength and total elongation of

15Cr-ODS steels with different Al contents

Besides a large number of Al,Os particles with
a size of 5-300 nm in the Fe-Cr matrix with Al
addition, numerous small Y-Ti-O particles were
observed due to the reaction between Ti and Y»O;
during the SPS sintering. SEM and TEM images
clearly show the morphology and distribution of this
kind of particles which play an important role on the
mechanical property of ODS steels. According to the
Orowan bypass mechanism, cutting or bypassing
dispersed fine oxide particles by dislocations needs
additional energy and can increase the strength of
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ODS alloys [34]. The contribution of these oxide
particles to the increment of strength can be
expressed as [34]:

0.13G, b, d
A =——m’y P 3
O0rowan 2 2h ( )

where G, is the shear modulus for ferrite (80 GPa);
b is the Burgers vector of matrix (0.248 nm); dp, is the
average diameter of particles; and A is the mean inter-
particle distance of dispersed particles in matrix. As
mentioned above, when the alloy is under plastic
deformation, a large number of oxide particles in the
ODS steel with Al addition lead to a small 1 and the
increased energy consumption in dislocation
migration. The decreased A results in an increase in
A6orowan, Which is consistent with the significantly
enhanced tensile strength in the tensile test. The
refinement of grains also plays an important role in
the optimization of mechanical property. The
increased grain boundaries in the matrix also act as a
strong hindrance for the movement of dislocations

R N -A :

Figure 8 SEM images of frace surfaces for specimens with 0 (a), 1 wt% (b), 2 wt% (c) and 3 wt% (d) Al additions

during the deformation. This phenomenon can be
explained by the Hall-Petch model [35]. The refined
grain size leads to an increase in the number of grain
boundary in the matrix, and in turn hinders the
movement of dislocations and improves the strength.
In fact, the refinement of grain will induce lots of slip
systems in ferrite-Fe matrix and improve the
ductility during the plasticity deformation process.
However, the hindrance of numerous second-phase
particles plays a major role in plastic deformation
mechanism, so that the ductility of ODS steel still
remains a deteriorative trend.

Figure 8 shows SEM images of fracture surface
of the ODS steels with different Al addition after the
tensile test under room temperature. It can be seen
that the tensile fracture of the ODS steel without Al
addition contains a large sized dimple, which is
clearly different from the fracture morphology of Al
added ODS steels. The dimple facture mechanism in
the steel without Al element is consistent with its
excellent total elongation in tensile test. Due to the
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high sensitivity to stress of the interface, the crack
propagation in the plastic deformation of matrix
generally starts at the interface between the particles
and the matrix. The red arrows as marked in
Figure 8(a) denote the second-phase particles in the
dimple area. As shown in Figures 8(b)—(d), the size
and depth of dimples on fracture surface of the
ODS steels with 1 wt%—3 wt% Al addition are
significantly lower than those of the steel without Al
addition. With increasing Al content, both the size
and depth of dimples on fracture surface get small.
Therefore, the appearance of fine oxide particles
induced by Al addition is the main reason for
hindering the plastic deformation during the tensile
test and improving the tensile strength of ODS steels.

3.4 Corrosion resistance of Al-doped ODS steel

In order to investigate the corrosion resistance
of Al-doped ODS steels, the potentiodynamic
polarization curves of Al doped ODS steels in
1 mol/L HNOs solution at 55 °C are shown in
Figure 9. The corrosion potential (Ecorr) and passive
current density (ipass) obtained from the polarization
curves are detailed in Table 2. Different polarization
behaviors for ODS steels containing various Al
element are investigated. The measured Ecorr value of
ODS steel without Al addition is —0.161 V. The
increasing Al contents cause the raised corrosion
potential of material. The Ecor values of material
with 2 wt% and 3 wt% Al addition are 0.390 V and
0.492 V, respectively. Meanwhile, the ipass values
show a general downward trend with the elevated Al
content. The increasing Ecor and decreasing ipass
signify the improved corrosion resistance. In
polarization curves, the corrosion currents of
samples show a stable feature when corrosion
potential value maintains in 0.6-1.0 Vand 1.2-1.6 V,
which means the formation of Cr, Al oxide passive
film on the surface of steel. The existence of passive
film protects the matrix from continuous corrosion in
nitric acid solution. It should be noted that the
corrosion current of 15Cr1Al ODS steel exhibits a
multiple reversing process and three corrosion
potentials in the curve. Owing to the multi-potential
in incomplete passivation or the formation of passive
film in the unsteady status, two and three potentials
can be found in polarization test of 9Cr ODS steels
at nitric acid medium [36, 37].

The morphology of the corrosion surface of

_4 =
— 15Cr
6L E — 15CrlAl
15Cr2Al
1 — 15Cr3Al
_8 1 1 1

-1.0 -05 0 0.5 1.0 1.5 20
Potential (vs SCE)/V

Figure 9 Potentiodynamic polarization curves of Al doped
ODS steels in nitric acid solution at 55 °C

Table 2 Electrochemical parameters of ODS steels with
different Al contents

Sample Ecorr (vs SCE)/V ipass/(A/cm2)
15Cr -o0.161 62.'30223111007’32((0 1 .7347\\//))
15Cr1Al _0(?614349(%:3) ;:222:}8:2 E(l):;; 22
0.259 (Ecorr-3)
15Cr2Al 0.390 12"26112:1100,;4((19'377437))
15Cr3Al 0.492 f:g?iiigi E(l):;; Xg
ODS steels with different Al contents after

polarization test are shown in Figure 10. The
corrosion situation of ODS steel revealed by SEM
morphology is consistent with the corrosion current
of materials in Table 2. In 0 and 1 wt% Al doped
samples, a large amount of surfaces have been
eroded and there are the coarse holes. Significantly,
the deep corrosive hole appears in partial area of Al-
free 15Cr ODS alloy. With the further elevated Al
addition, the coarse pits disappear gradually and
have been replaced by fine pits on the surface film.
The improvement of corrosion resistance is
attributed to the elevated content of Al element,
which could form passive Al oxide film to protect the
matrix from further attack by corrosive medium.

In order to determine the composition of
corrosion surface, the XPS measurement of 15Cr2Al
ODS steel after electrochemical tests was carried out.
Figure 11(a) shows the wide scan survey spectrum of
corroded surface of 15Cr2Al ODS steel. Fe, Cr, O, C,
Al elements are identified in test procedure. Beside,
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o 100 um

Figure 10 Typical SEM images of corrosion surface of ODS steels with different Al additions after potentiodynamic

polarization test: (a) 0; (b) 1 wt%; (c) 2 wt%; (d) 3 wt%
Fe 2p

(b) 2
Fe,O P32
2py, 2
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Figure 11 XPS spectrum (a) and corresponding products of Fe 2p (b), Cr 2p (c) and Al 2p (d) obtained from corroded

surface of 15Cr2A1 ODS steel in 1 mol/L HNOj nitric solution
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XPS spectra of Fe 2p, Cr 2p and Al 2p are presented
in Figures 11(b)—(d). The peaks of Fe 2p, Cr 2p and
Al 2p in XPS spectrum indicate the formation of
Fe,03, Cr,03 and Al,Oj3 during the corrosion process,
respectively. Except for Cr,Os in Al-doped ODS
alloy, Al,Os in passive film can hinder the metal
dissolution during the anodic oxidation reaction,
which causes the decreasing ip.ss value and improved
corrosion resistance. The composition of Al oxide
enrichment was also determined to be Al,O3 in the
previous literature, proving the high stability in an

aggressive corrosive nitric acid environment [38, 39].

However, it is worth noting that the corrosion current
of steel tends to increase slightly when Al content
exceeds 2 wt%. The increasing second phase
precipitates may induce an increment of corrosion
current. The dispersion particles act as the initiation
site of corrosion process, which induces the further
dissolution of dispersion particles and matrix in
nitric acid medium and results in the formation of
pitting corrosion, as shown in Figure 10(d) [38, 40].

4 Conclusions

In summary, Al added ODS steels with
excellent strength and toughness were successfully
fabricated by combining the wet-milling and SPS
sintering methods. The precipitate phase,
microstructure and mechanical properties of Al
added ODS steels were investigated systemically. It
is found that the formation of Fe-Cr phase matrix and
the dissolution of Al and W elements in the matrix
occur at high temperature sintering stage. The
addition of Al powders leads to a refinement of the
oxide particles and the refining grain size of matrix.
Both the small oxide particles and small Fe-Cr grains
are responsible for the excellent mechanical property
of the obtained ODS steels. The UTS and TE values
of 15Cr3Al ODS alloy are much higher than those of
the commercial MA956 ODS alloy. With the
elevated Al content, the corrosion resistance of ODS
steel in nitric acid solution is improved evidently.
Therefore, our experimental findings demonstrate
that the wet milling process may be a feasible way to
prepare the ODS steels with excellent mechanical

property.
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