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Abstract: Addition of Al can improve the corrosion resistance of oxide dispersion
strengthened (ODS) steels. However, Al reacts with Y,03 to form large Y-Al-O
particles in the steels and deteriorates their mechanical properties. Herein, we
successfully prepared Y,Ti,O; nanoparticles (NPs) by the combination of hydrogen
plasma-metal reaction (HPMR) and annealing. Y,TiO; NPs with contents of 0.2 or
0.6 wt.% were then added into the Fe-14Cr-3AI-2W-0.35Ti (wt.%) steel to substitute
the conventional Y03 NPs by mechanical alloying (MA). The Y,Ti,O; NPs
transformed into amorphous-like structure after 96 h MA. They crystallized with a
fine size of 7.4+£3.7 nm and shared a semi-coherent interface with the matrix after hot
isostatic pressing (HIP) of the ODS steel with 0.6 wt.% Y,Ti,O;. With the increasing
Y,Ti,O7 content from 0.2 to 0.6 wt.%, the tensile strength of the ODS steel increased
from 1238 to 1296 MPa, which was much higher than that (949 MPa) of the ODS
steel added with Y,03;. The remarkably improved mechanical properties of the

Al-containing ODS steels were attributed to the increasing number density of Y,Ti,Oy



nanoprecipitates. Our work demonstrates a novel route to fabricate high performance
ODS steels with both high mechanical strength and good corrosion resistance.
Keywords: Y,Ti,O; nanoparticles; ODS ferritic steel; Transmission electron
microscopy; X-ray photoelectron spectroscopy; Mechanical properties

1. Introduction

The increasing global demand for energy coupled with a need to reduce carbon
dioxide emissions caused by fossil fuels has revived interest in new-build nuclear
energy generation. In order to improve the energy efficiency, the advanced nuclear
power plants have been designed to operate at a higher temperature in various
coolants including lead-bismuth eutectics (LBE) and super critical water (SCW) [1-4].
When it comes to selecting the materials for constructing the next-generation nuclear
energy systems, the ODS ferritic steels get most of the attention because of their high
creep strength and good irradiation and corrosion resistance [5-9]. Among various
oxides, Y03 NPs are typically added into the ODS steels to improve their
performances at high temperature, severe irradiation and corrosion environments in
the fission and fusion power plants [10-12].

Since thermal stability and number density of the oxide dispersoids are
responsible for the mechanical properties and irradiation resistance of the ODS steels,
great efforts have been made to clarify the structure and dimension evolutions of
oxide dispersoids during the fabrication of the ODS steels by using various techniques,
such as transmission electron microscopy (TEM) and atom probe tomography (APT).
It has been found that without Al addition, Ti can effectively refine the oxide particles
in the ODS steels by combining with yttrium and oxygen to form stable Y-Ti-O oxides
(Y2Ti207, Y,Ti,Os or non-stoichiometric compounds) with a size distribution from 2

to 30 nm [13-15]. Brocq et al. [16] observed that titanium, yttrium and oxygen



directly transformed into Ti-Y-O nanoclusters in the ODS steel powder during MA,
and the oxide clusters continued to nucleate and grow during annealing at 1073 K.
Lots of studies indicate that there exist coherent interfaces between the Y-Ti-O NPs
and the matrix, which lead to the high mechanical properties of the ODS steels. For
example, Ramar et al. [17] claimed that the dispersed Y-Ti-O NPs were semi-coherent
with the matrix of EUROFER97 steels. Wen and co-workers [18] found that Y,Ti,O;
NPs possessed lattice coherency with the matrix of
Fe-14Cr-3W-0.3Ti-0.212Fe,03-0.242YH, steel according to TEM observation. On the
basis of the scanning TEM images and Fourier transform patterns, Hirata et al. [12]

determined the orientation relationship between the bcc ferrite matrix and the
non-stoichiometric Y-Ti-O compound as (ElO).DCC 11 (002)oxige and [110]pec // [110]oxide-

Thus, it has been concluded that the stable and fine Y-Ti-O oxides, which can form
good lattice coherence with the matrix, play the critical role in enhancing the
mechanical properties and irradiation resistance of the ferritic ODS steels without Al
addition.

On the other hand, Al has been recognized as an important alloying element to

improve the corrosion resistance of the high-Cr ODS steels for the generation IV

fission power plants [19-23]. The addition of Al into the ODS steels resulted in high
resistance to LBE corrosion even after an exposure for 5000 h due to the formation of
a dense alumina layer on the surface of ODS steels [20]. Kimura and coworkers [22]
showed that the addition of 4 wt.% Al remarkably enhanced the corrosion resistance
of 16Cr-ODS steel in SCW by forming stable alumina layer on the surface. Recently,
our group demonstrated that oxidation resistance of the 16Cr-ODS steel at 1323 K
was improved more than three times by adding 4 wt.% Al [7]. Although these

Al-containing ODS steels, such as PM2000 and MA956, can meet the corrosion



resistance requirements, the degraded strength due to the thermodynamically
preferable formation of the large Y-Al-O oxides (5-100 nm) instead of the fine Y-Ti-O
oxides (2-30 nm) restrains their wide applications [24-26]. It has been proved that in
the Al-containing ODS steels, Ti is unable to combine with Y and O to form Y-Ti-O
complex oxide NPs during MA due to the fact that the formation enthalpy of Al oxide
(-800 kJ/mol) is higher than that of Ti oxide (-770 kJ/mol) [22,27]. Thus, different
types of Y-AI-O complex oxides are generated in the Al-containing ODS steels
through the polymorphic transition reactions at different consolidation conditions.

The relatively low strength of the Al-containing ODS steels limits their lifetime
in the corrosive operation environments. It has been found that the size of oxide
dispersoids cannot be effectively reduced by just decreasing the consolidation
temperature [28]. Therefore, it is challenging to control the structure and size of the
oxide dispersoids in order to further enhance the performance of the Al-containing
ODS steels. In our previous study, we added YH; NPs to create the fine Y,Ti,O;
dispersions in the Fe-Cr-Al ODS steels. However, a certain amount of Y-Al-O NPs
still remained [29]. In this work, we directly introduce Y,Ti,O; NPs in the
Al-containing ODS steels by MA in order to prevent the formation of Y-Al-O particles
and decrease the size of the oxide dispersions. To clarify whether Y,Ti,O; NPs
decompose or become amorphous state during MA, we design a Fe-20 wt.% Y,Ti,O;
model alloy to study the morphology change and structure evolution of these Y,Ti,O;
NPs. Moreover, the ODS steels (Fe-14Cr-3Al-2W-0.35Ti, wt.%) with 0.2 and 0.6
wt.% Y,Ti,O; were prepared by MA and HIP techniques to investigate the effect of
the Y,Ti,O; NPs on the microstructure and mechanical properties of the Al-containing
ODS steels. For comparison, the conventional ODS steel with composition of

Fe-14Cr-3AI-2W-0.5Ti-0.35Y,03 (wt.%) was prepared by MA and HIP as well. The



structure and size evolution of Y;Ti,O; NPs in these ODS steels are discussed, and
the enhanced tensile strength is interpreted in term of Orowan strengthening theory.
2. Experimental

The Y-50 at.% Ti master alloy of 30 g was produced by arc melting yttrium and
titanium ingots (purity > 99.9 wt.%) for four times in Ar atmosphere (99.999%). Then,
the HPMR method was used to prepare the Y-Ti hydrides NPs by arc melting the Y-50
at.% Ti master alloy at a current of 300 A in 0.05 MPa Ar and 0.05 MPa H,. The
process of HPMR was described in detail elsewhere [30]. The hydride NPs were
collected from the reaction chamber and were subsequently annealed at 1173 K in a
furnace for 1 h in air to obtain Y,Ti,O; NPs. These NPs were used as starting powder
to substitute the conventional Y,O3; NPs for fabricating the ODS steels. The
compositions of the model alloy and the commercial ODS steels are shown in Table 1.
Hereafter, the samples with 0.2 wt.% Y, Ti,O, 0.6 wt.% Y,Ti,O7 and 0.35 wt.% Y,03
are referred to as YT-0.2, YT-0.6 and Y-0.35, respectively. YT-0.6 and Y-0.35 with
different contents of oxide NPs were designed to achieve the same nominal
composition of Fe-14Cr-3Al-2W-0.5Ti-0.276Y (wt.%). The high purity (> 99.9 wt.%)
elemental powders of Fe, Cr, Al, W and Ti were between 10 and 100 um. The rod-like
Y03 NPs (purity larger than 99.99 wt.%) had a diameter of about 20 nm and a length
of about 100 nm [31]. These metallic powders and oxide NPs were mechanically
alloyed by a planetary ball mill with a ball to powder ratio of 15:1 at a rotation speed
of 280 rpm in Ar atmosphere. The Fe-20 wt.% Y,Ti,O; model alloy samples were
milled for 2, 48 and 96 h, respectively. The commercial ODS steel powders of YT-0.2,
YT-0.6 and Y-0.35 were milled for 96 h. After MA, YT-0.2, YT-0.6 and Y-0.35
powders were consolidated at 1433 K by HIP under a pressure of 150 MPa for 4 h.

The structural analyses of these samples were carried out by X-ray diffraction



(XRD) using a Rigaku X-ray diffractometer with monochromatic Cu Ka radiation.
The morphology and size distribution of the model alloy powders were observed by
the CS-3400 scanning electron microscope (SEM) and the JEOL-JSM-2100F TEM.
X-ray photoelectron spectroscopy (XPS) analysis was performed with the
monochromatic Al source on the Escalab-250. Thermo gravimetry-differential
scanning calorimetry (TG- DSC) measurement of the model alloy powders milled for
96 h was carried out between 298 and 1473 K at a heating rate of 10 K/min and a
flowing Ar of 400 ml/min. The TEM samples (3 mm in diameter) of the ODS steels
were prepared using the Struers Tenupol-3 double jet electro-polisher at 243 K with
an electrolyte of 10% HCIO,4 and 90% CH3CH,OH. The microstructures of the matrix,
the oxides and the oxide/matrix interface were observed by high-resolution TEM
(HR-TEM) at an accelerating voltage of 200 kV. The tensile properties of these ODS
steels (three tests for each steel) at 298 K were tested using INSTRON-8801 at a
strain rate of 6.7x10™s™. All the fractured samples were analyzed by SEM.
3. Results and discussion
3.1 Preparation and characterization of Y, Ti,O7 NPs

It was reported that a pure phase of Y,Ti,O7 can be fabricated by using Y,03 and
TiO, powders in microscale through solid state reaction at a high temperature (1573 K)
for a long time (40 h) [32]. Fig.1 (a) shows the XRD pattern of the Y-Ti hydrides
annealed at 1173 K in air for 1 h. All the diffraction peaks correspond to Y,Ti,O; with
pyrochlore structure (JCPDS: 42-0413, Space group: Fd3m), indicating that pure
Y, Ti,O7 has been successfully produced by annealing the hydrides NPs at much lower
temperature (1173 K) and shorter time (1 h), compared to solid state reaction of
microscale oxides. This is attributed to the high chemical reactivity of Y-Ti hydrides

in nanoscale, see Fig. S1 in the Supplementary Material. Fig. 1 (b) displays the TEM



image and the histograms of particle size distribution. It can be estimated that the
Y, Ti,O7 particles have a mean diameter of 72+15 nm. The HRTEM image of one
typical nanoparticle is illustrated in Fig.1 (c). The interlayer spacing of 0.586 nm is
consistent with the (111) plane of Y,Ti,O7, which further confirms the formation of
Y, Ti,O7 phase. These Y, Ti,O; NPs, as starting material, are subsequently dispersed in
the Al-containing ODS steels by MA.

3.2 Microstructure evolution of Fe-20 wt.% Y,Ti,O7; model alloy during MA

Compared with the complex commercial ODS steels, the Fe-20 wt.% Y,Ti,O;
model alloy contains merely Fe and Y,Ti,O; which enables an effective investigation
of the evolution of oxide during MA process. Fig. 2 shows the SEM images of the
model alloy powders milled for 2, 48 and 96 h. In the initial stage of MA for 2 h, the
powders generally exhibit a plate-like shape due to the fact that the cold welding
effect is stronger than the fragmentation [33]. The powders have a broad size
distribution ranging from 1 to 100 um with an average value of 23£21 pum, as shown
in Fig. 2(a). After 48 h of MA, the shape of these particles changes from plate-like
into round shape, and the size of the powder is remarkably decreased to an average
particle size of 2.8£1.9 um with a narrow size distribution between 1 and 12 pum, as
shown in Fig. 2(b). The average particle size of the powders milled for 96 h is 2.3+1.7
um, which is almost the same as that of the sample milled for 48 h, as shown in Fig.
2(c).

Fig. 2(d) shows the XRD patterns of the model alloy powders milled for different
times. The diffraction peaks from both a-Fe and Y,Ti,Oyare clearly visible after 2 h
milling. In contrast, most of the diffraction peaks of Y,Ti,O; disappear after 48 h
milling, except for a very weak and broad peak around 30°. There is no apparent

difference in the XRD patterns of the samples milled for 48 and 96 h. Early studies on



the behavior of Y,03 in ODS steels suggested that Y,O3; was decomposed and
dissolved in the ferrite matrix during MA [34-35]. Recent studies, however, supported
the mechanism of the amorphorization or nanocrystalline formation of oxide during
MA [31,36-37]. Our work on the Fe-25 wt.% Y,03; model alloy milled for 48 h
indicated that the dissociation and dissolution of Y,03 did not take place because the
lattice parameters of Fe did not change according to the XRD analysis results [31].
Instead, Y,03; became amorphous-like at the grain boundaries of ferrite matrix due to
the severe fragmentation of Y,Oj3 particles. Dai and coworkers also proved that the
Y-O bonds still remained after 100 h of milling according to the XPS analysis [36].
Phaniraj et al. showed that yttria did not dissolve in the austenite ODS alloys by the
XRD and high-resolution TEM analyses [38]. It is found in Fig. 2(d) that the
diffraction peaks of a-Fe do not shift by the addition of Y,Ti,O; NPs, implying that
Y,Ti,O; does not decompose and dissolve in the Fe matrix during MA. The
broadening of diffraction peaks of Y,Ti,O; can be possibly attributed to the
amorphorization or the further refinement of crystalline size of Y,Ti,Oy clusters. Since
Y,0j3 can react with Ti or Al to form Y-Ti-O or Y-Al-O complex oxides [5,24], we
propose that the complex oxide Y,Ti,O7 is more chemically stable than Y,0s.

To further confirm the chemical bonds of each element in the model alloy sample
milled for 96 h, the XPS spectra of O(1s), Y(3d), Ti(2p) and Fe(2p) were measured
and shown in Fig. 3. The peak of O 1s in Fig. 3(a) can be fitted with a strong peak at
529.9 eV and a weak peak at 531.6 eV. The strong peak is assigned to metallic oxide,
and the weak one can be attributed to hydroxyl groups, chemisorbed oxygen or
organic oxygen on the surface of the sample [39-40]. The appearance of Y 3ds,, peak
at 157.8 eV and Y 3d3, peak at 159.7 eV in the XPS spectra of Fig. 3(b) demonstrate

that yttrium is in the state of Y** in the chemical bond of Y,Ti,O; [40]. Moreover, the



peaks of Ti 2ps, and Ti 2py at 458.1 and 464.0 eV in Fig. 3(c) prove the existence of
Ti**in Y,Ti,07[39-40]. The peaks of Fe at 724.4 and 710.6 eV in Fig. 3(d) indicate
that Fe does not react with other elements to form Fe-Y-O, Fe-Ti-O or Fe-O oxides
[41]. These results strongly support that Y,Ti,O is not decomposed and the chemical
bond of Y,Ti,O7 remains during MA, in good agreement with the XRD results in Fig.
2(d).

To further clarify the structure evolution of Y,Ti,O; during MA, TEM and the
selected area electron diffraction (SAED) analyses were conducted. It can be seen
from the TEM image in Fig. 4(a) that after 96 h milling, the size of the particle is
decreased to about 300 nm. The SAED analysis was conducted at the edge of the
particle, which is in the circle area of “1” in Fig. 4(a), about 100 nm in thickness.
Three rings made of continuous diffraction spots in the SAED pattern of Fig. 4(b) are
determined as (110), (200) and (211) planes of a-Fe phase, which are illustrated
clearly in the sketch map of Fig. 4(c). Considering that the electron beam diameter for
the SAED analysis is only about 40 nm, it can be deduced that there are
nano-crystallites of a-Fe with random crystallographic orientations in the particle. It is
worth of noting that a halo ring is also detected near the center spot in Fig. 4(b). By
calculating the radius of the halo ring, it can be indexed as Y,Ti,O; phase, which is
consistent with the broad peak in the XRD patterns of Fig. 2(d), indicating that the
Y, Ti,O7 particles are amorphorized after being mechanically alloyed for 96 h. The
amorphization of a crystalline material during high energy ball milling usually
follows the sequence of ordered phase, fine-grained (nanocrystalline) phase and
amorphous phase [42]. In this work, it can be concluded that Y,Ti,O7 is not
decomposed or dissolved into the Fe matrix, but gradually transforms into

amorphous-like status. Fig.S2 in the Supplementary Material shows the TG-DSC



analysis curves of the model alloy powders milled for 96 h. An obvious exothermic
peak near 1018 K is recognized with a starting temperature of 983 K. We reported
previously that the amorphous-like Y,03 in the model alloy Fe-25 wt.% Y,03 milled
for 48 h started to crystallize at 873 K [31]. In this work, the crystallization of
Y, Tiy07 in the model alloy Fe-20 wt.% Y,Ti,O7 milled for 96 h occurs at 983 K. The
endothermic peak at 1242 K in Fig.S2 can be attributed to the phase transition from
a-Fe to y-Fe [31]. The amorphous-like Y,Ti,O7 NPs are expected to be converted into
the fine oxide dispersoids in the Al-containing ODS steels during the consolidation
process.
3.3 Microstructure of the ODS steels

Fig. 5 (a)-(c) display the TEM images of the oxide dispersoids in three ODS steels
after HIP. All the oxide dispersoids in these ODS steels have nearly spherical
or faceted shapes. The histogram in Fig. 5(d) shows that the oxide NPs in Y-0.35 have
a size distribution of 1-50 nm, and the mean particle size is 17.1+11.6 nm, with a
number density of (8.7+0.9)x10%" m™. Similarly, Dou et al. reported that some oxide
precipitates up to 30 nm were also detected in the Fe-15.5Cr-4Al-2W-0.1Ti-0.35Y,0;
wt.% ODS steels [28]. Surprisingly, the oxide NPs in YT-0.2 have a narrow size
distribution of 1-20 nm and the mean particle size of 8.1+4.7 nm, with a number
density of (2.6+0.4)x10% m™, as shown in Fig. 5(e). The number density of the oxide
NPs in YT-0.6 increases to (7.3+0.6)x10% m™ with the increasing Y-Ti,O; content,
whereas the mean particle size (7.4+£3.7 nm) of the oxide NPs in YT-0.6 is almost same
as that in YT-0.2, as shown in Fig. 5(f). Moreover, the majority of the oxide
precipitates in YT-0.2 (77.8%) and YT-0.6 (85.2%) are within the range of 1-12 nm.
Compared with the ODS steel added with Y,0s3, the increasing number densities of

nanoprecipitates in YT-0.2 and YT-0.6 are attributed not only to the high stability of
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Y,Ti,O7, but also to the high nucleation rate of Y,Ti,O; from a metastable condition,
which will be discussed with more details later. The increasing number density of the
oxide dispersoids is expected to offer a considerable improvement in the performances
of the ODS steels.

HR-TEM technique and fast Fourier transform (FFT) method were further used
to identify the crystal structure of individual oxide NPs in different ODS steels. Fig.
6(a) displays a typical oxide particle in Y-0.35, which is of approximately spherical

shape with a diameter of 35 nm. The measured interplanar distances are 2.710, 1.985

and 1.620 A and the measured inter-axial angles are 93.9, 38.0 and 55.9°, which are

consistent with the (024), (6]i) and (633) planes of yttrium-aluminum-perovskite
(YAP) YAIO; (JCPDS: 38-0222, Body Centered Cubic). The YAIO3; NPs were
reported to be formed through the reaction between Y,03; and Al,O3 at a temperature
between 1373 and 1523 K [43]. In the present work, the YAIO; NPs in Y-0.35 are
produced during HIP at 1433 K, whereas the Y-Ti-O complex oxides can not be
detected, which is similar to the previous studies on the Al-containing ODS steels [28].
Thus, the relatively large oxides in Y-0.35 should be attributed to the formation of
YAIO; particles. The FFT image in Fig. 6(b), which is generated from Fig. 6(a),
clearly illustrates the planes of the matrix and the oxide with the [142]yaios zone
parallel to [111]w. The current lattice fringe pattern and the corresponding FFT image
show no lattice coherency between YAIO3; and the matrix, which is in agreement with
the studies on other Al-containing ODS steels, such as PM2000 [26].

Fig. 7(a) shows the HR-TEM image of one typical oxide nanoparticle (5 nm)
surrounded by the matrix lattice in YT-0.2, and the corresponding FFT pattern is

illustrated in Fig. 7(b). It can be identified that the matrix interplanar distances are
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consistent with the (110) and (200) planes of a-Fe, di0 = 2.027 A and dooo = 1.433
A. The interplanar distances of the spherical particle in Fig. 7(a) are 2.564, 2.542 and

1.764 A and the inter-axial angles are determined as 90.5, 44.5 and 46.0°. These

results agree well with the (400), (010) and (440) planes of pyrochlore Y,Ti,O;
(JCPDS: 42-0413, Space group: Fd3m) of face centered cubic (fcc) structure. This
further demonstrates the transition of Y,Ti,O; from amorphous state during MA to
crystalline precipitates during HIP. The FFT image of Fig. 7(b) generated from Fig.
7(a) belongs to the [001]y2ti207 zOne, which is parallel to [001]m. Thus, there is a
close crystallographic match between the fcc-Y,Ti,O; particle and the bcc-ferrite
matrix with the orientation relationship of [001]y2ti2o7 // [001]m, (400)y21i207 // (110)Mm
and (440)v2ti2o7 /I (020)m. For the ODS ferritic steel of Fe-14Cr-1W-0.3Ti-0.3Y,03,
Ribis [44] found that the orientation relationship of Y,Ti,O; oxide and the matrix is
(200)m // (100)y2ti207 and [100]m // [100]v2tizo7. This indicates that the orientation
relationship between pyrochlore-type Y,Ti,O7 nanoprecipitates and the matrix can
vary for different ODS steels.

For a coherent interface with misfit, the Dysfit, which stands for the distance of
eventual periodical misfit dislocations generated by overlap of two gratings d; and dp,
can be calculated by the following equation [45]:

Dmistit = (d2+d1) / 2> (1)
where ¢" is the lattice misfit and can be expressed as:

g =2(d2—ds)/(d2+dy) )
Ribis et al. [44] found that Y,Ti,O7 nanoprecipitates in the ferritic ODS steel without
Al addition were semi-coherent with the matrix, and the interplanar crystal spacing
relationship was 8d(110)y=9d(440)y2ri207. Ramar also claimed that the dispersed

12



Y-Ti-O nanoprecipitates were partially coherent with the matrix of EUROFER97
alloy [17]. But the orientation relationship was not provided. In this work, according

to equation (2), the lattice misfit ¢ between Y,Ti,O7 and the matrix corresponding to

di = d(110)ere = 2.027 A and d» = d(400)vsmizor = 2.523 A in YT-0.2 can be
calculated to be 21.8%. For d; = d(200)y = 1.433 A and dy = d(440)y2ti207 = 1.784

,&, the same lattice misfit of 21.8% is obtained. The misfit values suggest that the

fce-Y,Ti,O7 NPs are semi-coherent with the bcc matrix. The distances Dp;ssir between
misfit dislocations calculated by equation (1) are 1.04 and 0.74 nm for these two
orientations. They correspond to 5d(110)m = 4d(400)v2Ti207 = 1.01 nmand 5d(200)y =
4d(440)v2tizo7 = 0.71 nm. Fig. 8 schematically illustrates one Y,Ti,O; nanoparticle
embedded in the matrix according to the periodical misfit distance, which clearly
displays the semi-coherency between Y,Ti;O; and the matrix. The formation
mechanism of Y,Ti,O; NPs through amorphization and crystallization in this work is
different from that of the Y-Ti-O oxides formed in the conventional ODS steels by
means of the combination of Ti and Y,0O3; during MA and consolidation processes
[12,15,17]. As a result, the interface relationship between Y,Ti,O; and the matrix in
our alloys is different from the conventional ODS steels.

Fig. 9(a) and (b) display the HR-TEM lattice images of two oxide NPs of 6 nm
and 11 nm surrounded by the matrix in YT-0.6. According to the measured
interplanar distances and the inter-axial angles, both the larger (11 nm) and the
smaller (6 nm) oxide NPs are indexed to be fcc-Y,Ti,O;. The FFT images of Fig. 9(c)
and (d) are generated from Fig. 9(a) and (b), respectively, with the [001]y2ri207 ZOne
parallel to [001]m. These two NPs have exhibited the same orientation relationships

with the matrix in two directions, (400)y2ti207 // (110)pm and (440)y2tizo7 // (020)m,
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similar to the result of YT-0.2. The calculated lattice misfit values (21.8%) in two
directions are identical, implying a semi-coherent interface between Y,Ti,O; and the
matrix. TEM observations of several tens of oxide NPs in the ODS steels (YT-0.2 and
YT-0.6) added with Y,Ti,O; confirm that all the oxide dispersoids are pyrochlore
Y, Ti,O; with a semi-coherent interface with the ferritic matrix after HIP. It has been
reported that the coherency of the oxide with the matrix depends on its size [12, 28].
In this work, however, both the large and small oxide NPs in YT-0.2 and YT-0.6
display a semi-coherent interface with the matrix. It can be concluded that the
Y,Ti,O7 NPs directly added in the Al-containing ODS steels are so stable that no
Y-Al-O complex oxides can be created during MA and HIP, which is different from
the conventional Al-containing ODS steels added with Y,03 NPs [24,46]. In addition,
it should be noted that the semi-coherent interface between the Y,Ti,O; NPs and the
ferrite matrix plays the dominant role in refining the oxide during the consolidation at
high temperature. The interface energy between the oxide NPs and the ferrite matrix
can be greatly reduced when a semi-coherent interface is formed [47]. In this work,
the formation of stable oxide dispersoids in the metal matrix is supposed to start from
the nucleation and crystallization of the amorphous-like oxides during consolidation.
Low interface energy results in low nucleation barrier, and consequently the
nucleation rate is greatly improved and the coarsening kinetics is reduced [48]. It can
be deduced that the metastable Y,Ti,O; clusters created in the matrix during MA
preferentially nucleate on the (110) or (200) planes of the ferrite matrix and grow into
the fcc-Y,TiO7 NPs.
3.4 Mechanical properties of the ODS steels

Fig. 10 shows the tensile strain-stress curves of three ODS steels at 298 K, and

Table 2 summarizes the results of ultimate tensile strength, yield strength and uniform

14



elongation of Y-0.35, YT-0.2 and YT-0.6. It is found that compared with Y-0.35 added
with Y,03 NPs, the tensile strength of the ODS steel increases remarkably with the
addition of Y,Ti,O7 NPs. The average ultimate tensile strengths of YT-0.2, YT-0.6 and
Y-0.35 are 1238, 1296 and 949 MPa, and the average yield strengths are 993, 1013
and 687 MPa, respectively. The ultimate tensile strength of YT-0.6 is 347 MPa higher
than that of Y-0.35. Klueh et al. [49] reported that the tensile strength (~ 900 MPa) of
the Al-containing ODS steel (PM2000) is much lower than that (~ 1300 MPa) of the
Al free ODS steels (12YWT and MA957). However, the present study shows that the
tensile strengths of the Al-containing ODS steels can be tuned to approach those of
the Al free ODS steels (12YWT and MA957) by adding Y,Ti,O; NPs as starting
oxide powder during MA. The strength of ODS steels is determined by three factors,
dispersion strengthening (Orowan strengthening), grain boundary (Hall-Petch)
strengthening and ordered matrix strengthening [50]. The matrix compositions of
three ODS steels (Y-0.35, YT-0.2, and YT-0.6) in this work are same. Moreover, there
is no apparent difference in grain sizes for these ODS steels (see Fig.S3 in the
Supplementary Material), and all of them have grains of 0.6-1.8 um with an average
of about 1.2 um. Thus, the difference in strength of these ODS steels is mainly caused
by Orowan strengthening of the oxide dispersoids. The strength attributed to Orowan

strengthening, oog, can be expressed by the following equation [51-52]:

B 2myb K2
Tor = 47r><(1.18)><(}t—¢)ln(2bj )

where ¢ is the particle size and A the particle separation deduced using the volume
fraction of fine particles, m the Taylor factor, u the shear modulus, and b the Burgers
vector. According to the particle-dislocation interaction theory, for a given volume
fraction of oxide dispersoids, the smaller the inter-particle distance A, the higher the

ultimate strength of the ODS steels. With the addition of Y,Ti,O;, the mean sizes of
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the oxide dispersoids in YT-0.2 and YT-0.6 decrease remarkably, and their number
densities reach (2.6+0.4)x10% m™ and (7.3+0.6)x10% m™, respectively, which are
one order of magnitude higher than that of Y-0.35, (8.7+0.9)x10** m™. Thus,
compared with Y-0.35, the distances between the neighboring oxide dispersoids
YT-0.2 and YT-0.6 are greatly reduced, resulting in stronger barrier for the movement
of dislocation. Moreover, the critical shear stress strongly depends on the coherency
between particles and surrounding matrix [45]. A full coherency or semi-coherency
can effectively increase the shear modulus and further improve the Orowan
strengthening effect. In this work, the semi-coherent interface between the Y,Ti,O
NPs and the matrix is supposed to efficiently prohibit the movement of dislocation
near these oxide NPs as well. More interestingly, Fig. 10 shows that both YT-0.2 and
YT-0.6 exhibit good plastic deformation capabilities. The average uniform elongation
of YT-0.2 and YT-0.6 is 12.7 and 11.6 %, respectively, which is higher than that of
Y-0.35 (10.9 %). With the increasing Y,Ti,O; content, the uniform elongation of
YT-0.6 is only slightly lower than that of YT-0.2. All the tensile fracture morphologies
of these ODS steels display typical ductile fracture features with dimples of about 1
um in diameter, see Fig.S4 in the Supplementary Material. It can be concluded that
the addition of the Y,Ti,O; NPs as starting powder to substitute the conventional
Y203 NPs can substantially improve the strength of the Al-containing ODS steels.
This provides a new way to develop the high performance ODS steels with both high
mechanical strength and good corrosion resistance.
4. Conclusions

Y,Ti,O; NPs with size of 72+15 nm were successfully prepared by annealing
Y-Ti hydrides NPs at 1173 K for 1 h, and then were added as starting powder to

produce the Al-containing ODS steels. The Y,Ti,O; NPs were not decomposed, but
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transformed into amorphous-like clusters during MA. Compared with the relatively
large Y-AI-O NPs with the size of 5-100 nm in the conventional ODS steels added
with Y03, the Y, Ti,O7 NPs in the ODS steel added with 0.6 wt.% Y,Ti,O7 possessed
a smaller average size of 7.4+3.7 nm and a larger number density of (7.3+0.6)x10%
m™ after HIP at 1433 K. Moreover, the Y,Ti,O; NPs shared the semi-coherent
interface with the ferrite matrix, (400)vzti2o7 // (110)pm and (440)vy2tizo7 /1 (020)m
oriented along the [001]v2tizo7 // [001]m zone axis. The tensile strength and uniform
elongation of the ODS steels added with 0.2 and 0.6 wt.% Y,Ti,O; were better than
those of the ODS steel added with 0.35 wt.% Y,03. Our work demonstrates a novel
route to fabricate high performance ODS steels with both high mechanical strength
and good corrosion resistance.
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Figure Captions

Fig. 1 (a) XRD pattern, (b) TEM image and particle size distribution, and (c)
HR-TEM image of the Y-Ti hydrides NPs annealed at 1173 K in air for 1 h.

Fig. 2 SEM images of the model alloy powders milled for (a) 2 h, (b) 48 h, (c) 96 h;
and (d) XRD patterns of the model alloy powders milled for 2, 48 and 96 h.

Fig. 3 XPS of spectrum of the model alloy sample milled for 96 h: (a) O(1s), (b)
Y (3d), (c) Ti(2p), and (d) Fe(2p).

Fig.4 TEM bright field image (a), SAED pattern (b) and sketch map of SAED pattern
(c) of one typical particle of the model alloy sample milled for 96 h.

Fig. 5 TEM bright field images of the oxide particles dispersed in the matrix of (a)
Y-0.35, (b) YT-0.2 and (c) YT-0.6, and the related histograms of particle size
distribution of (d) Y-0.35, (e) YT-0.2 and (f) YT-0.6.

Fig. 6 HR-TEM image of one typical oxide nanoparticle in Y-0.35 (a), and the
corresponding FFT image (b).

Fig. 7 HR-TEM image of one typical oxide nanoparticle in YT-0.2 (a), and the
corresponding FFT pattern (b).

Fig. 8 Schematic illustration of one Y,Ti,O; oxide nanoparticle embedded
semi-coherently in the ferrite matrix.

Fig. 9 HR-TEM images of two typical oxide NPs in YT-0.6 (a) and (b); the
corresponding FFT patterns are shown in (c) and (d).

Fig. 10 Tensile strain-stress curves of three ODS steel samples.
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Table 1 The compositions of the model alloy and ODS steels (wt. %)

Cr Al W Ti Y,Ti,O7 Y203 Fe
Model Alloy - - - - 20 - Bal.
YT-0.2 14 3 2 0.35 0.2 - Bal.
YT-0.6 14 3 2 0.35 0.6 - Bal.
Y-0.35 14 3 2 0.5 - 0.35 Bal.
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Table 2 The ultimate tensile strength, yield strength and uniform elongation of Y-0.35,

YT-0.2 and YT-0.6.

Ultimate Tensile Strength
(MPa)

Y-0.35 YT-0.2 YT-06 Y-035 YT-02 YT-06 Y-0.35 YT-0.2 YT-0.6

Yield strength (MPa) Uniform Elongation (%)

Test 1 940 1247 1302 684 1024 1023 11.4 12.8 11.9
Test 2 952 1236 1315 687 978 1024 10.4 121 11.7
Test 3 955 1232 1272 690 979 994 10.8 13.2 11.2
Average 949 1238 1296 687 993 1013 10.9 12.7 11.6
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Graphical Abstract
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In order to improve the mechanical properties of Fe-Cr-Al ODS steels, Y,Ti,O7
nanoparticles (NPs) were added instead of the conventional Y,03 NPs. These NPs
crystallized with a fine size and shared a semi-coherent interface with the matrix after
hot isostatic pressing of the ODS steel. The remarkably improved mechanical
properties of the Al-containing ODS steels can be attributed to increasing number

density of Y,Ti,O7 nanoprecipitates.
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Highlights

Y, Ti»O; nanoparticles were added to strengthen the Fe-Cr-Al steels.

They were semicoherent with the matrix and prevent formation of Y-AI-O
particles.

The oxide dispersions in the Fe-Cr-Al steel with 0.6 wt.% Y,Ti,O; were 7.4£3.7
nm.

The tensile strength of the Fe-Cr-Al steel with 0.6 wt.% Y,Ti,O; reached 1296

MPa.
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