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Dual-phase oxide dispersion strengthened (ODS) steels of Fe—12Cr—xY (x = 0.1, 0.2,
and 0.3 wt%) have been fabricated by casting, hot-forging and subsequent hot-rolling.
Microstructure of the hot-rolled samples was carefully characterized by use of electron
probe microanalysis (EPMA), electron backscatter diffraction (EBSD), and transmission
electron microscope (TEM). The results show that all the samples consist of ferrite
phase with coarse fiber grains (elongated along the rolling direction) and martensite
phase in the form of fine block grains. As the Y addition increases, the ratio of ferrite
to martensite and density of low-angle boundaries (LABs) within the martensite and
ferrite grains do not change significantly. The Y>Og particles introduced by self-oxidation
during casting are survived without being dissolved or refined after hot-forging and
hot-rolling. However, as the Y addition increases, the Y»Og particles tend to aggregate
with fine Mo3Cg and TaC carbides. The hardness of the sample with high Y additions
is lower than that of the samples with none or low Y additions, which could be
attributed to the aggregation coarsening of the yttria and TaC particles, resulting in a
decrease in dispersion strengthening effect. The effect of Y additions on microtexture
was also discussed.

Keywords: ODS steel, yttrium, hot-rolling, microstructure, tantalum

BACKGROUND

Nuclear energy is considered to be one of the clean and efficient energy sources and plays
a significant role in addition to natural renewable energy sources (Saito, 2010). The further
development of nuclear energy is an important way for mankind to solve the future energy crisis.
In this regard, the development and application of the Generation-IV (Gen-IV) nuclear reactors
are on the horizon (Abram and Ton, 2008; Locatelli et al., 2013). The structural materials used in
the Gen-IV reactors need to endure much higher temperatures, more neutron doses, and extremely
corrosive environment. Therefore, the development of high-performance and reliability structural
materials is the primary consideration for the successful deployment of the Gen-IV reactor systems
(Murty and Charit, 2008).

Oxide dispersion strengthened (ODS) steels have been considered as one of the most promising
candidate materials due to their many advantages at high-temperature, such as low thermal
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expansion, good thermal conductivity, excellent mechanical
strength and structural stability, good corrosion resistance, and
radiation resistance (Klueh et al., 2005; Murty and Charit, 2008;
Corpace et al.,, 2017; Xu et al., 2019). Generally, ODS steels can be
considered as a metal matrix composite composed of steel matrix
and nano-scale oxides distributed in the matrix. So far, there are
mainly three candidate ODS steels for the fuel cladding materials,
which can be classified into austenitic group (Wang et al., 2013),
ferritic group (Ren et al,, 2018), and ferritic/martensitic dual-
phase group (Klueh et al., 2002a) according to their crystal
structures of the matrix. Generally, the austenitic ODS steels
have better corrosion resistance/oxidation resistance (Wang
et al, 2013), while the ferrite ODS steels have higher creep
resistance at elevated temperature (Klueh et al, 2002b). The
ferritic/martensitic dual-phase ODS steels have superior swelling
resistance and excellent thermal properties compared to the
austenitic ODS steels (Klueh et al., 2002a). The internal nano-
scale oxide particles can provide a high density of pinning
sites for grain boundaries and dislocations, and also give huge
particle-matrix interfaces as the effective sinks to capture the
nuclear transmutation products (Lu et al., 2013), thereby further
improving the high-temperature performance of the ODS steels.

Traditionally, the ODS steels are fabricated by mechanical
alloying (MA) combined with powder metallurgy sintering
followed by hot deformation consolidation (Zhao et al., 2018a).
However, in recent years, many studies have found that this
method has some disadvantages in the preparation of the
Y,03-containing ODS steels. For example, Kimura et al. (1999)
reported that Y,Oj3 particles are not only fragmented, but also
decomposed during the MA processing. Subsequently, many
researchers (Larson et al., 2001; Ukai and Fujiwara, 2002; Miller
et al., 2003; Zeybek et al., 2014) found that the added Y,03
can react with Ti, Si, O, etc. in the steel matrix during the MA
processing, and the actual dispersion distribution particles are
composite oxide clusters/particles, such as Y-Cr-O (YCrOs3), Y-
Ti-O (Y,Tiy 03, Y,TiOs, Y, TirO7, etc.), and Y-Si-O (Y,Si,0),
rather than Y,Oj3. Since the thermal stability of the composite
oxide clusters/particles is not as good as that of the Y,O3
particles, resulting in the degradation of the high-temperature
performance and the neutron radiation resistance (Zeybek et al.,
2014). Therefore, it is worthy to develop new methods for
preparing Y,O3-containing ODS steels, which can avoid the
reaction of Y,O3 particles and steel matrix. In this study,
a ferritic/martensitic dual-phase ODS steel was fabricated by
casting followed by hot-forging and hot-rolling. The Y,0O3 was
induced by self-oxidation of the pure yttrium addition during
the stirring casting. Microstructure of the hot-rolled samples was
carefully characterized and analyzed. The effect of Y additions on
microtexture and microhardness was also studied.

EXPERIMENTAL TECHNIQUE

A 12Cr steel with the chemical composition of Fe-12.0%Cr-
1.0%Mo-1.1%W-1.0%Mn-0.2%V-0.15%Ta-0.03%Ti-0.07%N-

0.15%Si (wt%) was designed as the steel matrix. The steel
was re-melted and poured into a mold pre-plated with pure

yttrium powders (with 99.9% purity), and then solidified rapidly
from 1,600°C to room temperature under the protective argon
atmosphere. Four ingots (about 100 KG each) with different
contents of yttrium (0, 0.1, 0.2, and 0.3 wt%) were prepared. The
ingots were hot-forged into sticks with a dimension of 240 mm
x 240 mm at ~900°C, and finally hot-rolled (at ~900°C, with
the rolling direction (RD) perpendicular to the forging direction)
into plates with 30 mm thickness followed by water cooling.
The total reduction rate is about 87.5%. The entire preparation
process is described in detail in Chen et al. (2019). The four
samples are denoted as 12Cr-0Y, 12Cr-0.1Y, 12Cr-0.2Y, and
12Cr-0.3Y, respectively.

Specimens were cut from the rolled sheets. The RD-ND
(normal direction) sections were selected and characterized.
An electron probe microanalysis (EPMA, EPMA-1720H,
SHIMADZU, Kyoto, Japan) was used to quantitatively analyze
the composition of the second phase particles. Optical
microscope (OM, DMI5000M, Leica, Leica Instruments
GmbH, Germany) and field emission gun scanning electron
microscope (FEG-SEM, Zeiss Sigma HD, Zeiss, Dresden,
Germany) equipped with backscattered electron imaging (BSEI)
and electron backscattered diffraction (EBSD, AZtech Max2,
Oxford Instruments, London, UK) were used to characterize
the microstructure. A field emission gun transmission electron
microscope (FEG-TEM, Tecnal G2 F20, FEI Company,
Hillsboro, OR, USA) equipped with energy dispersive
spectrometry (EDS, Oxford Instruments, London, UK) was
applied to characterize the microstructure and elemental
distribution. Prior to OM/EPMA/BSEI/EBSD, samples were
ground and electropolished in an electrolyte of 10% perchloric
acid and 90% methanol at —20°C. The OM samples were
etched by a mixed solution consisting of 10 ml nitric acid, 1 ml
hydrofluoric acid, and 50 ml deionized water. The TEM samples
were ground and then thinned by twin-jet electropolishing
(MTP-1A, Yulong Co., Ltd., Beijing, China). The electrolyte
was 10% perchloric acid and 90% methanol, and the polishing
temperature was about —30°C.

RESULTS AND DISCUSSION

Scenario 1: Dual-Phase Structure and

Texture

It is well-known that the 12Cr ODS is a typical ferritic-
martensitic dual-phase steel (Chen et al., 2015, 2019; Yao et al.,
2018). Figure 1 shows the optical microstructure of the 12Cr
ODS steel with different Y additions. As can be seen, a dual-phase
structure composed of alternating fibrous grained ferrite («-Fe,
bright fiber regions) and martensite («’-Fe, dark block regions)
can be clearly identified. The ferrite grains are elongated in the
RD to present the fibrous structure. It has been reported that the
addition of alloys such as Al (Xu et al,, 2019), Ti (Zhao et al.,
2018b) can reduce the martensite lath in the ferritic/martensitic
dual-phase ODS steels, and even obtain single-phase ferrite ODS
steel. The relative ferrite content (area fraction) plotted as a
function of the Y content is displayed in Figure 2. For each
sample, more than 10 OM images were employed to determine
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ND

FIGURE 1 | Optical micrographs showing microstructure of various samples along the RD-ND plane: (a) 12Cr-0Y, (b) 12Cr-0.1Y, (c) 12Cr-0.2Y, (d) 12Cr-0.3Y.
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FIGURE 2 | Area fraction of a-Fe plotted as a function of Y contents.

the ferrite content. It indicates that as the Y content increases, the
ferrite content does not vary significantly.

The BSEI images confirm the dual-phase structure, as shown
in Figures 3a-d. High magnification images show that the
fibrous grains of «-Fe are composed of a large number of
subgrains. These subgrains have an equiaxed shape and an
average size of about 2.6 um in diameter. It has been reported
that the subgrains are generated via dislocation climbing and
sliding during hot-deformation, and the formation of subgrains

is indicative of continuous dynamic recrystallization (CDRX)
(Zhao et al., 2018a). The block «’-Fe grains consist of a large
number of laths (see arrows in Figures 3A-D) which are typical
morphologies of martensite with low-carbon contents. It has
been reported that for the dual-phase ODS steels fabricated
by MA, the second phase particles are often distributed in the
ferrite grains rather than in martensite regions (Xu et al., 2019).
However, in this study, the second phase particles are observed in
both the ferrite and martensite grains, as shown in Figures 3B,C.

Figure 4 shows the EBSD results of various samples with
different Y additions. The inverse pole figure (IPF) coloring
maps and {110} pole figures of a-Fe and o'-Fe are drawn from
the EBSD data. The grain boundary (GB) and Kernel average
misorientation (KAM) maps of various samples are shown in
Figure 5. The high-angle boundaries (HABs) and low-angle
boundaries (LABs) are highlighted in black and red, respectively,
in the GB maps. As can be seen, the fiber grains of «-Fe and
martensite laths can be clearly distinguished from the EBSD
results. It confirms that the grain size of the a-Fe is much larger
than that of the o’-Fe. Moreover, there are more LABs in the o’-
Fe corresponding to dislocation martensite with a low-carbon
content compared to the fiber «-Fe grains. In the austenitic-
martensitic dual-phase steels, it is also found that the amount
of LABs in the martensite phase is greater than in the austenite
phase (Guo et al., 2018; Zhang et al., 2019).

The KAM values are considered to be related to local
misorientation (dislocation density) inside grains (Calcagnotto
etal, 2010; Guo etal., 2017), and usually KAM > 1° is considered
to be a deformed form, and <1° is a recrystallized state (Lin et al.,
2014). As shown in Figure 5A, obviously, the fibrous ferrite has a
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magnification images of the figures (a-d), respectively.

FIGURE 3 | BSEl images of various samples with different Y contents: (a) 12Cr-QY, (b) 12Cr-0.1Y, (c) 12Cr-0.2Y, (d) 12Cr-0.3Y. The figures (A-D) are high

lower KAM value (<1°) than the martensite, corresponding to a
lower dislocation density. Figure 6 shows the TEM bright field
image of the 12Cr-0.3Y sample. It also confirms that the fiber
ferrite grains are composed of substantially equiaxed subgrains
containing very few dislocations. The average KAM value of the
martensite region is slightly larger than 1° (about 1.3°), which
is a typical characterize of the hot-rolled metals after water
quenching. The ferrite grains are deformed during hot-rolling,
resulting in the appearance of the fiber microstructure of the
ferrite phase. However, the fiber grains undergo recovery and/or
recrystallization due to high-temperature hot-rolling, resulting
in a decrease in the dislocation density within the fiber grains
and a small KAM value. Moreover, since the austenite grains
becomes hard martensite during cooling after hot-rolling, the
migration of ferrite grain boundaries and equiaxed crystallization
are restricted, eventually resulting in the formation of the fiber
ferrite grains with a low dislocation density.

The statistical results show that the densities of LABs and
HABs do not change significantly with the increase of Y addition,
indicating that the relative content of «’-Fe phase and the average
grain size of both martensite and ferrite change little. This is
because that although the Y contents of the four samples are
different, the Y atoms are mainly present in the steel matrix in
an oxide rather than a solid solution state, and the difference
in the Y content does not affect the size of the austenite phase
region, resulting in the similar content of martensite phase in the
four samples.

As shown in Figure 4, the pole figure shows that the crystal
orientation of martensite and ferrite is preferentially aligned after
hot-rolling. From Figure 4A, a weak a-fiber texture (also known
as RD-fiber texture running from {001}<110> to {111}<110>)
can be identified in the martensite phase. As the Y addition
increases, the characteristic and density of the a-fiber do not
change significantly. When the austenite is recrystallized, the
transformation products will have a weak texture (Patricia
and John, 1996). In addition, due to the coexistence of the
softer ferrite phase, the martensite phase undergoes minimal

deformation, resulting in a weaker texture. In contrast, for the
ferrite phase, the textures vary with increasing Y addition.

Figure 7 shows the orientation distribution function (ODF)
sections of the «-Fe phase of various samples. The ideal
rolling textures in BCC metals are illustrated in Figure 7A. A
{001} <110> texture is observed in the 12Cr-0Y sample (see
Figure 7B), and no typical BCC rolling textures are found in
the 12Cr-0.1Y and 12Cr-0.2Y samples (see Figures 7C,D). For
the 12Cr-0.3Y sample, as shown in Figure 7E, only a strong 6-
fiber texture running from {001}<110> to {111}<110> can be
identified. It has been reported that the 6-fiber is a dominated
recrystallization texture in low-carbon steels during warm rolling
in the ferrite phase (Kestens et al., 1996). For the rolling texture, it
is well-known that the formation and degradation of each texture
component is closely related to the rolling reduction, e.g., the y
fiber texture is gradually substituted by one or more components
of the {h11}<1/h,1,2> fiber with increasing rolling reduction
(Kestens and Pirgazi, 2016). Owing to the lack of samples with
different rolling reductions, the formation mechanism of the
texture component cannot be revealed in this study. However,
it is still considered that the difference in texture of the ferrite
phase is related to the difference in contents of Y,O3 particles
due to that different number and/or size of the oxide particles
has different pinning effects on the dislocation ship and grain
rotation during rolling deformation. It is because that alloys can
affect textures by changing the planarity of dislocation slip or the
frequency of shear banding, but the rolling texture of the BCC
metals is not considerably affected by solute additions (Kestens
and Pirgazi, 2016).

Scenario 2: Morphology and Distribution of
Y203 and Carbides

High magnification BSEI images show that there are many
extremely fine particles precipitate at the grain boundaries, as
shown in Figure 8a. The EDS results show that such particles
contain more C, Cr, and Mo (see Figure 8b). It has been reported
that the M3C carbides tend to precipitate along the martensite

Frontiers in Materials | www.frontiersin.org

December 2019 | Volume 6 | Article 317


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Wang et al.

12Cr ODS Steels

FIGURE 4 | Inverse pole figure (IPF) maps and {110} pole figure of various samples: (A) 12Cr-QY, (B) 12Cr-0.1Y, (C) 12Cr-0.2Y, (D) 12Cr-0.3Y.

Ferrite

max=5.47

laths and grain boundaries in the Y-bearing steel due to the
redistribution of carbon between austenite and ferrite resulting
from the ferrite favoring element of Y (Chen et al., 2019). The
EPMA results show that the micron-sized stripe particles are
mainly TaC, as shown in Figure 9. The addition of Ta can play
two roles: first, Ta as a strong carbide former can inhibit grain
growth leading to the improved strength of the ODS steels
(Rahmanifard et al.,, 2015); second, the sufficient Ta available
in solid solution can increase the cleavage stress resulting in
superior impact properties of the steels (Li et al., 2007). It is well-
known that the TaC ceramic particles are one of the main added
phases of metal matrix composites due to their high melting point
(3880°C), high modulus (540 GPa), high hardness (15-19 GPa),

and good chemical stability, etc. (Kim et al., 2009; Khaleghi et al.,
2010; Zhou et al., 2017). Compared Figures 9¢,d to Figures 9a,b,
it can be seen that as the Y content increases, the TaC particles
begin to be enriched in Y.

TEM bright field image and corresponding EDS elemental
maps of the 12Cr-0.3Y are shown in Figure 10. Figure 10a shows
typical morphologies of the second phase particles distributing
in the in the o'-Fe region. As can be seen, the biggest
particle is mainly composed of Y and O (see Figures 10b,c),
corresponding to Y;O3. The diameter of the Y,O3 particle
is measured as about 800nm. The Y,O;3 particle is closely
surrounded by fine carbides which mainly consist of C, W and
Ta elements (see Figures 10d-f). Such carbides have a diameter
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FIGURE 5 | Grain boundary (GB) and Kernel average misorientation (KAM) maps of various samples: (A) 12Cr-0Y, (B) 12Cr-0.1Y, (C) 12Cr-0.2Y, (D) 12Cr-0.3Y.

FIGURE 6 | TEM bright field images showing subgrains within a-Fe phase in 12Cr-0.3Y sample: (a) low magnification; (b) high magnification.
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FIGURE 7 | Sections of ODF showing misorientation evolution of a-Fe with increasing yttrium addition: (A) ideal rolling textures in BCC metal; (B) 12Cr-0Y, (C)

12Cr-0.1Y. (D) 12Cr-0.2Y, (E) 12Cr-0.3Y.
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FIGURE 9 | EPMA results showing of particles and element distributions of various samples: (a) 12Cr-0Y, (b) 12Cr-0.1Y, (c) 12Cr-0.2Y, (d) 12Cr-0.3Y.

of 20-200nm. It indicates that the added Ta and Y,0; do
not react with C to form the composite oxide or carbide, but
only Ta and C react to form TaC carbides and are segregated
together with Y,O3. Therefore, the particles in the EPMA results

(Figures 10c,d) are actually a mixture of TaC and Y, O3 particles
rather than Y-Ta-C composite carbides. It is considered that
the interaction of M;,3Cg, TaC, and/or Y,O3 with dislocations
can not only hinder the movement of dislocations and improve
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FIGURE 10 | TEM bright field image (a) and corresponding EDS maps (b~f) showing of Y,O3 particle surrounded by fine carbides in the 12Cr-0.3Y sample.

the mechanical properties (Macias-Delgado et al., 2018), but also
pin grain boundary migration, thereby improving the high-
temperature stability of the ODS steels (Kumar et al., 2017).
However, compared with the ODS steel prepared by MA, the
size of Y, O3 particles introduced by self-oxidation is much larger
in this study. For the MA method, the added Y,O3 powder is
broken and even dissolved and precipitates again in the form of
composite oxide particles during the long-term of high-energy
ball milling, resulting in a distribution of nano-scale structured
Y-M-O (M=Cr, Ti, Si, etc.) particles (Larson et al., 2001; Ukai
and Fujiwara, 2002; Miller et al.,, 2003). In this study, whether
cast, forging or hot-rolling, the energy is much lower than that
of high-energy ball milling. That is, there is not sufficient energy
to break and refine the Y,O3 particles. Instead, the original
Y,03 particles formed during casting have survived without
being dissolved or refined during subsequent hot-forging and
hot-rolling. Generally, the nano-sized oxide particles are believed
to have a strong strengthening effect on the matrix due to
the formation of the Orowan loops (Zhang and Chen, 2006;
Wang et al,, 2013; Xu et al,, 2019). Obviously, the coarse Y,03
particles have little dispersion strengthening effect to the steel
matrix compared to the nano-sized Y-M-O particles, but the
thermal stability and anti-neutron radiation performance of the
Y-M-O particles is not as good as that of the Y,O3 particles
(Zeybek et al., 2014).

The particle density (number of particles per area) measured
Image-] software is shown in Figure 11. It should be noted that
the statistical particles herein refer to all particles, including the
Y,03 oxide and MC carbides. It can be seen that there is no

Particle density (um™)

Y content (wt%)

FIGURE 11 | Particle density (number of particles per area) of various samples
with different yttrium content.

significant change in particle density as the Y content increases.
This also indicates that although the Y content of the different
samples is different, the particle size of the Y,O3; produced
by auto-oxidation is relatively large, resulting in no significant
difference in particle density between these samples.

Scenario 3: Microhardness
Vickers hardness plotted as a function of the Y additions is
shown in Figure 12. It can be seen that as the amount of
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FIGURE 12 | Vickers hardness plotted as a function of the Y additions.

Y added increases, the hardness first increases to 494 HV
(12Cr-0.1Y) and then decreases to 422 HV (12Cr-0.3Y). In this
study, it is considered that the contribution to the hardness
mainly comes from three aspects: composite strengthening
of the dual-phase structured matrix, texture strengthening of
the matrix, and dispersion strengthening of the second phase
particles. As described above, as the Y addition increases,
the relative content of martensite phase and the texture
densities do not change significantly, so the hardness variation
induced by the Y addition is closely related to the change in
the second phase strengthening. The hardness of the 12Cr-
0.1Y sample is higher than that (463 HV) of the 12Cr-0Y,
which may be mainly due to the dispersion strengthening
effect of the introduced yttria particle. As discussed above,
when the amount of Y addition is increased to 0.3 wt%,
the yttria particles tend to aggregate with the Mjy3C¢ and
TaC particles, resulting in coarsening of the original fine
carbides. Obviously, the coarsening of the fine particles causes
deterioration of the dispersion strengthening, resulting in a
decrease in hardness.

Combining casting and self-oxidation of yttrium instead
of MA process can avoid the reaction of yttira with other
alloying elements. However, the size of the yttira introduced
by self-oxidation is much larger than that of the MA.
Moreover, as the yttrium addition is high, the yttira particles
are easy to be segregated with the fine carbide particles,
resulting in coarsening of the particles and reducing the
mechanical properties of the ODS steels. Therefore, how
to refine the particle size of yttira introduced by self-
oxidation and prevent the agglomeration of yttira and carbide
particles is one of the key issues in the future research of
this method.
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CONCLUSIONS

In this study, the 12Cr ODS steels with different Y additions
have been fabricated by casting, hot-forging and subsequent hot-
rolling. The microstructure and properties were characterized
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