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ARTICLE INFO ABSTRACT

Keywords: The emphasis of oxide dispersion strengthened (ODS) steels is on the size, morphology, and distribution of the
OoDs oxide particles. In this paper, the behavior of yttrium oxides particles in 15-15Ti alloy fabricated by casting was

15'1_5“ systematically investigated, and the microstructure of as-rolled, solid solution and as-recrystallized specimens
Casting was characterized. The X-ray diffraction results indicated that the secondary phases in 15-15Ti alloy are com-
Eti;:;l:;li(:);ldes posed of YTaO,4, YFeOs, Y,03 and metal carbides. The thermodynamic simulation results and the observed

microstructure suggest that the coarsening and agglomeration of yttrium oxides occurred during solidification.
After 80% cold rolling and recrystallization annealing, yttrium oxides were refined and distributed more uni-
formly with typical sizes of about 50-100 nm. As a result, the microstructure of 15-15Ti alloy with dispersed
yttrium oxides particles was achieved. Compared with the conventional 15-15Ti alloy (3.67 alloy), new 15-15Ti
alloy has a higher ultimate tensile strength of 690 MPa and yield strength of 523 MPa. Accordingly, these results

Mechanical properties

indicated that 15-15Ti alloy exhibited excellent mechanical properties.

1. Introduction

Oxide dispersion strengthened (ODS) steels are candidate materials
for generation IV reactors. Due to their high creep strength and ex-
cellent irradiation resistance, ODS steels have been attracting increased
attention [1,2]. Stable and fine yttrium oxide particles were introduced
well dispersed in ODS steels, acting as pinning points to hinder the
grain boundary sliding, dislocation motion, and vacancies caused by
irradiation damage [3]. Most of the existing investigations of yttrium
oxide particles mainly focused on ferritic and ferritic/martensitic
stainless steels prepared by mechanical alloying (MA). Among these
studies, Kim et al. [4] found that the high density of fine yttrium oxide
particles in the ferritic/martensitic ODS steel promoted excellent me-
chanical properties. Saimon-Legagneur et al. [5] have also observed
many fine yttrium oxide particles in the ferritic and ferritic/martensitic
ODS steels and reported that these steels had high recrystallization
resistance. Odette et al. [6] discovered that the ultrahigh density fine
yttrium oxide particles in the ferritic/martensitic ODS steel could trap
He in fine-scale bubbles and suppress void swelling during irradiation.
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However, most of the ODS steels literature reports focused on fine yt-
trium oxide particles with a ferritic/martensitic matrix prepared by MA
[7-9], which still suffered from poor oxidation and corrosion resistance
[10,11]. Nevertheless, there have been few literature reports about
austenitic ODS steels. 15-15Ti steel as an austenitic steel has an out-
standing combination of overall high-temperature properties, oxida-
tion, and corrosion resistance [12]. The 15-15Ti alloy with yttrium
oxides particles is considered promising to overcome the above-
mentioned problems in the ferritic and ferritic/martensitic ODS steels.
In this case, we focus on the problems with 15-15Ti alloy with yttrium
oxides particles, as listed below.

1. Generally, the ODS steels are manufactured via MA. However, MA is
difficult for the batch production and prohibitively expensive for the
large-scale production [13,14]. Casting is an alternative explored
method. However, it is also difficult due to the agglomeration of
yttrium oxides and coarsening. Baghchesara et al. [15] fabricated
Al-MgO nanocomposite by casting and powder metallurgy methods.
Compared with the powder metallurgy, Casting is a cheap, simple,
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and efficient method. Beygi et al. [16] prepared Al-Al,O3; nano-
composite by casting successfully and increased the weight per-
centage of nano Al,Os particles. Park et al. [17] fabricated carbon
steel dispersed with nano-sized TiC ceramic particles by casting, hot
rolling, cold rolling and heat treatment. Verhiest et al. [18] manu-
factured ferritic/martensitic ODS steel by casting and rapid solidi-
fication. Recently, Hong et al. [19] reported a new casting method
to prepare 9Cr-ODS steel with 0.2-2 pm yttrium oxide particles
using Y and Fe,O3 as oxygen carrier.

2. As described above, the size, morphology, and distribution of yt-
trium oxide particles severely affect the properties of ODS steels.
Most studies have focused on the interactions of yttrium oxides with
the matrix under high-resolution microscopy observations [1-12].
Nevertheless, there are almost no data available on the distribution
of yttrium oxides, especially under low magnification.

Therefore, in this paper, we manufactured 15-15Ti alloy with dis-
persed yttrium oxide particles of 50-100 nm size using the casting
method and conventional processing. To date, the distribution of yt-
trium oxides in 15-15Ti alloy has not been characterized. The objective
of this research was to explore the behavior of yttrium oxides in 15-15Ti
based steel via casting illustrated by SEM and TEM under low and high
magnification. The systematic studies were carried out to investigate
microstructure and subsequent properties of 15-15Ti with yttrium
oxides particles Microstructure characterization of yttrium oxides to-
gether with effects of yttrium oxides on mechanical properties can be
useful for further development of 15-15Ti alloy.

2. Experimental

Before casting, Fe,O; powders were placed at the bottom of the
mold and isothermal treatment was applied for 10 min [20]. The 15-
15Ti alloy was prepared by vacuum induction melting with nominal
composition listed in Table 1. Metallic Y powders were added to the
melt. The melt was poured into the mold when metallic Y powder
dissolved into the melt. Y would in situ react with activated O from
Fe,O3 during the casting due to yttrium is strong oxygen forming ele-
ment. The yttrium oxides was generated. Then the 50 kg ingot was
forged into a bar with the cross-section of 90 mm X 60 mm and sub-
sequently hot rolled into a 15 mm thick plate. The as-rolled (ROL)
specimens were cut from the plate. The ROL samples were solid solu-
tion treated at 1200 °C for 1 h and cooled in water to form the solid
solution (SOL) specimens. After solid solution treatment, plates with a
thickness of 15 mm were cut into slabs, which were then subjected to
80% cold rolling. The as-recrystallized (REC) specimens were treated at
850 °C for 4 h and cooled in water after 80% cold rolling.

To identify the secondary phases in 15-15Ti alloy, the secondary
phases were extracted from the specimens by the electrolytic method.
The secondary phases analysis was performed by X-ray diffraction
(XRD) at 1°/min 26 scan rate. In order to predict the secondary phases
crystallization sequence during solidification, thermodynamic calcula-
tions were carried out using the Thermo-Calc software. The micro-
structure of the specimens was observed by scanning electron micro-
scopy (SEM) with energy dispersive spectroscopy (EDS) detector and
transmission electron microscopy (TEM). The acceleration voltage,
electron beam diameter, and beam current used in these experiments
were 20 kV, 10 nm, and 80 pA, respectively. All SEM images were
secondary electron images. The specimens were mechanically polished
and etched with 10% nitric acid +90% hydrofluoric acid aqueous
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Fig. 1. The sequence of secondary phases formation in 15-15Ti alloy during
solidification based on thermodynamic calculations.
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Fig. 2. X-ray diffraction patterns of the secondary phases in the 15-15Ti alloy.

solution. Carbon foil TEM specimens were mechanically polished and
electrochemically thinned using 10% perchloric acid +90% methanol.
Tensile tests were carried out using the MTS809 machine at a strain rate
of 3.2 x 10~* s~ ! at room temperature, using tensile samples with a
gauge length of 15 mm.

The grain size was statistically measured by quantitative metallo-
graphy method. The number density of the secondary phase was ob-
tained by Image J software with the equation as followed [13]:

A (€]

where N, is the areal number density, N is the number of particles in
SEM image and A is the area of the image.

Table 1

The nominal chemical composition of 15-15Ti alloy (wt%).
C Cr Ni Mo Ti Mn Si Y Al \% N S P Fe
0.04 15 15 2.2 0.2 1.5 0.5 0.6 < 0.05 < 0.01 < 0.01 < 0.05 < 0.05 Bal
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Fig. 3. The microstructures of the ROL specimen with polishing and etching: (a) SEM image of the ROL specimen; (b) The typical morphology of yttrium oxide/TaC;
(c) Agglomerated yttrium oxide particles aligned along the rolling direction; (d) Fine yttrium oxide particles and agglomerated yttrium oxide particles; (e¢) EDS
microanalysis of the spot 1#; (f) EDS microanalysis of the spot 2#; (g) EDS microanalysis of the spot 3#; (h) EDS microanalysis of the spot 4#.

3. Results and discussion
3.1. Microstructure

In order to estimate the formation sequence of yttrium oxides in 15-
15Ti alloy during solidification, the thermodynamic calculations were
carried out and the results are shown in Fig. 1. The solidification pro-
cess of the 15-15Ti alloy could be simulated using the Scheil-Gulliver
model realized in the Thermo-Calc software. The design composition
was used as the initial composition during solidification. According to
the simulation results based on the concentration equilibrium, the final
constituents of 15-15Ti alloy were the austenite matrix, TaC, TiC and
Y,05 after solidification. TaC would be solidified ahead of Y,03. TaC
precipitated earlier when the nucleation condition has achieved. The
secondary phases nucleate successively during solidification.

XRD patterns of the secondary phases in 15-15Ti alloy are presented
in Fig. 2. The XRD reflections of C¢H;5NO3HCl/C4H;,CIN and (Fe/Mn/

Cr/Cu)CO32* /OH™ in Fig. 2 are from the electrolyte and electrode. In
the SOL specimen, the YTaO4 XRD intensity is the strongest. The minor
secondary phases are metal carbides (MC). The three XRD patterns are
similar. Compared with the ROL specimen, following solid solution
treatment, the X-ray diffraction reflection intensity of YTaO, increases
significantly, while the reflection intensity of MC reduces, which can be
attributed to the increase in the YTaO, content and decrease in the MC
content for SOL specimen. Following solid solution treatment, the dif-
fusivity of C increased. With the higher diffusivity, most MC particles
dissolve into the matrix. Therefore, the content of YTaO, increases
considerably in SOL specimen. The variation trend of XRD patterns is
consistent with the microstructure. The related analysis will be dis-
cussed below based on the microstructure. The XRD patterns reveal that
for the ROL, SOL and REC specimens, the major secondary phases are
the oxides of yttrium, including YTaO,4, YFeOs, and Y50s.

YTaO,, YFeOs, and Y,0s5 are typically stable yttrium oxides. As re-
ported by Hong et al. [20], Peng et al. [21], and Mathur et al. [22],
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Fig. 4. The microstructure of the SOL specimen with polishing.

these yttrium oxides can be generated in the following ways:

4Y + 30, — 2Y,0; 2
Y,0; + Ta,05 — 2YTa0, 3
Y,0; + Fe,0; — 2YFeO; ()]

The micrographs with EDS for all conditions indicate the presence of
many yttrium oxide particles. Fig. 3(a) shows the microstructure of the
ROL specimen at low magnification. There are four typical kinds of
morphology in these specimens. First, some black spots with the typical
size of about 10 pm can be observed, with small embedded particles
clearly seen in Fig. 3(b) at a higher magnification. The black spots and
the small particles are the yttrium oxides and TaC, respectively
(Fig. 3(e) and (f)). Second, as seen in Fig. 3(c) and (d), the agglomerated
yttrium oxides (Fig. 3(g)) are aligned along the rolling direction or have
random distribution with a typical particle size of 3-5 pm. Third, in
Fig. 3(d), there are smaller secondary phases (< 500 nm) with a
spherical shape in grains and at grain boundaries. Most of the particles
were identified as yttrium oxides by EDS in Fig. 3(h). The number
density of yttrium oxides in the ROL specimen is about 1011 mm ~2. In
Fig. 3(a), the reversal in contrast between the black yttrium oxide spots

and white agglomerated yttrium oxides was attributed to different
phase compositions. It will be discussed as below. There are also ex-
tremely fine 20 nm TiC particles present in the ROL specimen. It can be
also seen from Fig. 3(a) that the distribution of TiC is aligned along the
rolling direction.

The coarsening and agglomeration of yttrium oxides can be ex-
plained by the excessive content of yttrium and oxygen. As described
above, the ROL specimen forms three types of yttrium oxides during
solidification and hot rolling process. The oxygen content aligned with
yttrium. During melting, burning loss of yttrium leads to higher oxygen
content. As indicated in the Fe—O phase diagram [16], the larger
content of oxygen would lead to a higher liquidus temperature, re-
sulting in larger distance from the liquidus to the eutectic lines.
Therefore, yttrium oxide particles would have formed earlier, then
further developed and grew larger during the solidification. This is also
consistent with the literature reports [20,23,24]. In addition, particles
tend to float due to lower density compared with Fe [25]. With the
addition of excessive yttrium, some yttrium oxide particles nucleated
earlier and decreased the concentration of yttrium in liquid steel. Be-
sides, yttrium oxide particles will tend to float due to their lower
density than Fe. The floating yttrium oxide particles serve as the nu-
cleation sites. Driving force and minimization of the interfacial energy
contribute to diffusion and nucleation of yttrium in the liquid steel
around floating yttrium oxide particles [26]. Consequently, this re-
sulted in coarsening and agglomeration of yttrium oxide particles.

We next examined the distribution and morphology of the sec-
ondary phases in the SOL specimen. As shown in Fig. 4, after solid
solution treatment, most of the extremely fine TiC particles that are
aligned along the rolling direction dissolved into the matrix as de-
monstrated by the XRD patterns. In SOL specimen, the remaining yt-
trium oxides exist in the two forms: the agglomeration of yttrium oxides
and the black spots with TaC particles inside. The YTaO4 and the ag-
glomerated Y,O3 particles were too coarse to dissolve in the matrix. The
number density of yttrium oxides in the SOL specimen is about
487 mm ™2, We also found that the diffraction intensity of YTaO, in-
creased with dissolving of TiC in Fig. 2. Accordingly, it can be specu-
lated that the black spots in ROL specimen of the remaining yttrium
oxide are YTaO,. As described above, TaC would be solidified ahead of
Y50s3. Together with the EDS results in Fig. 3(e), this can account for the
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Fig. 5. The microstructure of the REC specimen with polishing: (a) SEM image
of the REC specimen; (b) TEM images and the selected area diffraction of yt-
trium oxide particles.
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Fig. 6. Tensile engineering strain-stress curves of the 15-15Ti alloys at room
temperature.

Table 2
The tensile properties of 15-15Ti alloy.
Specimen Grain size  Ultimate Yield Total
pum tension strength elongation
strength MPa %
MPa
REC 2-4 690 523 50.8
SOL 52 541 237 71.5
ROL 22-46 656 406 47.1
15-15Ti (3.67alloy) 20-43 635 325 48.0
[31]
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Fig. 7. SOL specimen: (a) coarsened yttrium oxide particles and (b) agglom-
erated yttrium oxide particles after tensile testing.

heterogeneous nucleation of the black spots. TaC serves as the hetero-
geneous nucleation sites and YTaO, nucleates around TaC.

The distribution and morphology of the secondary phases in REC
specimen can be clearly seen in Fig. 5. After 80% cold deformation and
complete recrystallization annealing, it can be observed that the
average size of yttrium oxide particles is smaller in Fig. 5a. The sec-
ondary phases of yttrium oxides were identified as YTaO4 and Y,O03 by
selected area diffraction pattern in Fig. 5(b). The size of YTaO, and
Y,03 is about 100 nm. The number density of yttrium oxides in the REC
specimen is about 1508 mm ™2, which is more than three times the
number density in the SOL specimen. This indicates that coarsening and
agglomeration of yttrium oxide particles were broken into fine particles
with the typical sizes of about 50-100 nm in the REC specimen, dis-
tributed more uniformly.

The examination of the REC specimen revealed that yttrium oxides
were fine and distributed more uniformly. Previous studies have ana-
lyzed the deformation and recrystallization processes of refined sec-
ondary phases. First, the activation of basal and non-basal slip system
promotes the plastic deformation [27]. However, the secondary phases
block the movements of dislocations. This causes high stress con-
centration at the interface between the matrix and the secondary
phases. The large difference in the elastic modulus leads to the de-
formation inconsistency [28]. Then cracks start with local high stress
concentration around the coarsening secondary phases, such as YTaO4
and aggregated Y,O3. The coarsened secondary phases and interfaces
gradually were broken up due to cracks propagating through them
[29]. With further deformation, in order to minimize the surface en-
ergy, the broken particles spheroidized and distributed more homo-
geneously [30]. Finally, the broken interfaces would be healed by the
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Fig. 8. Tensile fracture of 15-15Ti alloy: (a) The ROL specimen; (b) The SOL
specimen; (c) The REC specimen.

thermal treatment process [31]. Due to the large difference in elastic
modulus between the austenitic matrix and yttrium oxide particles as
the ceramic phase, the large yttrium oxide particles in REC specimen
became smaller as a result of large deformation and recrystallization.
Fig. S2 shows the finer dispersion of secondary phase particles in REC
specimen. There are a large number of particles in Fig. S2(a), and the
image of partial enlargement of finer yttrium oxide particles (< 10 nm)
is shown in Fig. S2(b) with the corresponding EDS pattern in Fig. S2(c).

3.2. Mechanical properties

In order to understand the effects of yttrium oxide particles on the
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mechanical properties of 15-15Ti alloy, the engineering stress-strain
curves at room temperature were obtained for the ROL, SOL and REC
specimens, as shown in Fig. 6. The results of the tensile tests are sum-
marized in Table 2. The 15-15Ti alloy in all conditions shows fine
plasticity with the elongation of the steel of > 45%, which is close to
the 15-15Ti alloy (3.67 alloy) with similar grain size and composition,
as reported in the literature [32]. From these results, it can be con-
cluded that yttrium oxides as secondary phases of the ROL specimen
would increase the ultimate tensile strength and the yield strength.
Compared with 315 MPa yield strength of the 15-15Ti alloy (3.67 alloy)
with similar grain size and composition [32], the ultimate tensile
strength increased from 635 MPa to 656 MPa, and the yield strength
increased from 325 MPa to 406 MPa with the addition of yttrium
oxides. The most impressive data are from the REC specimens. Com-
pared with the 325 MPa yield strength of the 15-15Ti alloy (3.67 alloy),
the yield strength of the REC specimen reached 523 MPa. The yield
strength increased by almost 100 MPa.

The results in Table 2 indicate that yttrium oxides greatly
strengthened new 15-15Ti steel but did not cause serious embrittle-
ment. To analyze the change of the mechanical properties with stan-
dard experimental processes, the mechanical properties of new 15-15Ti
alloy were further compared with the 15-15Ti alloy (3.67 alloy). The
obtained ROL, SOL and REC specimens were processed by hot rolling,
solid solution treatment, cold deformation, and complete re-
crystallization annealing, respectively. With the similar grain size, the
yield strength of the ROL specimen increased by almost 100 MPa due to
dispersion strengthening caused by the fine yttrium oxides. However,
the improvement was still limited. In order to eliminate this effect, TiC
particles decomposed and dissolved into the matrix by the solid solution
treatment in SOL specimen. The remaining was the agglomeration of
yttrium oxides and coarsening of YTaO, particles. From Fig. 7(a) and
(b), it is evident that brittle cracking was initiated around coarsened
YTaO, particles and the aggregation of yttrium oxides as described
above in SOL specimen. The solid solution strengthening was wea-
kened.

After cold deformation and complete recrystallization annealing,
the yield strength of the REC specimen was clearly increased, compared
with the 15-15Ti alloy (3.67 alloy). The improvement in the strength
could be caused by at least three factors: grain refinement strength-
ening, reducing secondary phases coarsening and fine secondary phases
strengthening. First, when the grain size of the REC specimen decreased
to 2-5 pm, the yield strength would readily improve by means of the
well-known Hall-Petch effect [33]. Furthermore, the agglomeration of
yttrium oxides and coarsened YTaO, particles in ROL and SOL specimen
were broken into fine particles. This reduced the cleaved coarsened
particles effects on the matrix [34]. Besides that, the large size coar-
sened particles were broken into a high density of fine particles dis-
tributed more uniformly. The dispersive particles act as pinning points
for migration of grain boundaries and dislocation motion leading to the
high yield strength.

To observe yttrium oxide particles during fracture, the images of
tensile fracture surfaces were collected for the ROL, SOL and REC
specimens (Fig. 8(a)-(c)). The fracture surface of the ROL specimen is
composed of lamellar cleavage planes and some of the small dimples as
seen in Fig. 8(a). The SOL specimen in Fig. 8(b) shows mainly lamellar
cleavage planes with very few small dimples in the fracture surface of
the ROL specimen. However, the fracture surface of the REC specimen
is almost entirely composed of small and deep dimples (Fig. 8(c)).
Fig. 7(a) presents the coarsened 10 um particles with cracks inside.
Fig. 7(b) shows the agglomeration of small particles which are sepa-
rated from cracks. They were identified as yttrium oxides. These two
types of particles, which can be found both in the ROL and SOL spe-
cimens (Figs. 3 and 4), broke during tensile testing and acted as sources
of cracks. Therefore, the REC specimen presents good ductility com-
pared with the fractography of the other two specimens.
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4. Conclusions

In summary, new 15-15Ti alloy with 50-100 nm and dispersed yt-
trium oxides was successfully manufactured via casting and subsequent
conventional processing. It can be concluded that:

(1) Yttrium oxides particles in 15-15Ti alloy by casting were identified
as YTaO,, YFeO3 and Y,0s.
Heterogeneous nucleation occurred between TaC and yttrium
oxides. The typical size of YTaO, was about 10 pum, the agglom-
eration of yttrium oxides was about 3-5 pym and smaller yttrium
oxides (< 500 nm) with spherical shapes were found in grains and
at grain boundaries. The thermodynamic simulation results sug-
gested that the coarsening and agglomeration of yttrium oxides
happened during solidification.

(3) After 80% cold rolling and recrystallization annealing, yttrium
oxides were refined into particles with the typical sizes of about
50-100 nm distributed more uniformly.

(4) Under the effects of grains refinement and dispersion strengthening,
the mechanical properties of yttrium oxides were significantly im-
proved compared with the 15-15Ti alloy (3.67 alloy). The ultimate
tensile strength of new 15-15Ti alloy increased to 690 MPa, while
the yield strength increased to 523 MPa.

(5) The excessive addition of yttrium in 15-15Ti steel (0.6 wt%) re-
sulted in the coarsening and agglomeration of yttrium oxides.

(2

—

This work primarily studied the 15-15Ti alloy with yttrium oxides
particles fabricated by casting, which may be a promising candidate
material in generation IV reactors. As a simple, cheap and efficient
method, the study on casting method would contribute to the devel-
opment and optimization of materials used in fast reactors. We will
focus on refining the dispersed yttrium oxide particles and verifying the
irradiation resistance of 15-15Ti alloy in the future work.
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