Decomposition of Y,Ti,O, Particles in 8 Pct Cr
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Chemical composition analysis using inductively coupled plasma spectroscopy and phase
identification using X-ray were performed on the extracted residues of 8 pct Cr martensitic steel
strengthened by nanoscaled complex oxides, which consist of yttrium, titanium, and oxygen.
Some Y,Ti,O particles, which were stable during normalizing, decomposed into Y,O3; and
Ti,O5 during tempering. This reaction reversibly occurred between normalizing and tempering.
Y, Ti,O5 particles formed in the steel had other constituents in solid solution as compared to the
completely stoichiometric Y,Ti,O5 particles synthesized artificially in air. As for the mechanism
of the decomposition of Y,Ti,O; particles in the steel, segregation of oxygen to dislocations
induced by normalizing caused the decomposition of Y,Ti,O; during tempering. In addition to
that, the interfacial strain between Y,Oj; particles or Ti,O3 particles within Cr,;Cq carbides,
which are formed by tempering, was lower than the strain between Y,Ti,O-, which precipitated
in Cr,3Cq¢ carbides or the matrix. This difference in interfacial strain could also promote the

decomposition of the Y,Ti,05 particles in the steel.
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I. INTRODUCTION

THE experimental fusion reactor, ITER, is under
construction in France, and the first plasma should
possibly ignite by 2026. Structural materials of the
Japanese test blanket module for ITER have been
designed using a reduced activation ferritic/martensitic
(RAFM) steel, F-82H.I'?' However, the maximum
operating temperature of RAFM steels fabricated by
melting process is limited up to about 873 K (600 °C).
Application of oxide dispersion strengthening (ODS) to
RAFM steels is one of the promising ways to improve
performance as a structural material for fusion reactors,
because the application increases the maximum operat-
ing temperature and improves the radiation resistance.

Based on this concept, creep strengths of PM2000,"!
MA957.¥ 12YWT,! and F4,! which are typical
“ferritic” ODS steels with high Cr contents and “mar-
tensitic”” ODS steels with lower Cr contents such as ODS
Eurofer 978 and JAEA 9Cr-ODS steels,”'” have been
studied. In general, the creep strength of martensitic
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ODS steels is lower than that of ferritic ODS steels.
However, the martensitic ODS steels have isotropic
properties: There is no big difference in creep strength
between parallel and transverse directions to the rolling
direction.[** ' The hoop creep strength (1000 hours at
973 K (700 °QC)) for ferritic (F4) and martensitic (M11)
steel tubes, were ranging from 130 to 151 MPa, but we
could not find a significant difference in creep strength in
the transverse direction for ferritic/martensitic ODS
steels.!®*!% In any case, the transverse direction creep
strength of ODS steels is generally higher than that of
the strongest ferritic/martensitic high Cr steel produced
by melting practice.!

Modern ferritic/martensitic ODS steels for fusion
reactors contain Ti of about 0.3 pct (mass percent,
unless noted otherwise) besides Y,03 of about 0.3 pct.
Many researchers agree that Y,03; powder, which is
added as raw material, dissolves into the matrix during
mechanical alloying (MA)!'*'¥ and nanoscaled complex
oxide particles, for example, Y,Ti,O7, Y,TiOs, or Y-,
Ti-, and O-enriched nanoclusters of 1 to 5 nm, and then
form with a very high number density during the
consolidation and heat-treatment processes. This has
been supported through transmission electron micro-
scopy with energy dispersive spectroscopy (TEM-
EDX),> 1014 three-dimensional atom probe analysis
(3DAP),!'>1®1 and small angle neutron scattering
(SANS).!'" The creep strength of ferritic ODS steel
with no Ti was certainly much lower than that of ferritic
ODS steel with Ti.*! Therefore, the aforementioned
nanoscaled oxide particles or clusters are certainly
realized by adding Ti and cause an ultrahigh creep
strength of ferritic/martensitic ODS steels.
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It was believed that Y-Ti complex oxides formed in
ODS steels such as Y,Ti,O have better thermal stability
than Y,0s3, and the size of Y,Ti,0; was still ultrafine at
high temperatures, which contribute to the superior creep
strength for a long time.[*'®! However, Miller er al.'>!
reported a result using 3DAP. They showed that particle
sizes of Y-, Ti-, and O-enriched particles were unstable,
contrary to expectations, and their size largely increased
after annealing at 1573 K (1300 °C) for 24 hours.
Alinger et al"! also reported that the number density
and volume fraction of the nanoscaled clusters decreased
and their size increased with increasing consolidation
temperature. Yamashita es al.*” showed that the chem-
ical composition of complex Y-Ti oxide particles in
martensitic ODS steels after normalizing and subsequent
tempering was not stoichiometric, and the Y/Ti ratio of
the complex oxides ranged from 1.3 to 2.1. Ukai ez al.””
confirmed that precipitates found in a normalized mar-
tensitic ODS steel, M 11, were Y-Ti oxides of 3 nm, but
they also reported that nanoscaled particles of Y,O3 were
mainly observed in the normalized and tempered condi-
tion of M11.”) In addition to this, Otsuka er all'"
reported that the creep strength of a furnace-cooled
martensitic ODS steel was stronger than that of normal-
ized and tempered martensitic ODS steels. These obser-
vations suggest that the addition of Ti is essential for the
ODS steels, but the Y-Ti complex oxides are not stable
and can change their nature during thermal exposures.

Under these circumstances, Shiba and Nakamura
applied an ODS technique to the RAFM steel, F-82H,
and introduced a newly designed ODS steel, named
J1.2 Its transverse creep strength was comparable to
the ferritic ODS steels of the highest strength levels.[*”]

In this study, the effect of normalizing and tempering
condition and aging on the precipitation behavior of J1
was studied in order to improve the creep performance
of J1 and to clarify the precipitation behavior of
complex Y-Ti oxides formed in martensitic ODS steels.
Many studies on ODS steels were done using sophisti-
cated equipment, TEM-EDX, 3DAP, and SANS. These
studies clarified that very fine particles of 1 to 5 nm were
almost uniformly dispersed in the matrix of ODS steel,
which is believed to be the reason for the high creep
strength. However, 3DAP analysis also showed that the
Y, Ti, and O amounts calculated from the average size
and number density of these very fine particles were
relatively small, at most 10 pct for martensite matrix®!
and 20 pct for ferrite matrix 1 of the total Y, Ti, and O
contents of the steels. The nature of the remainder for
each element was still unclear. In this study, the
behavior of the remainders for each element was
particularly focused using X-ray diffraction (XRD)
and inductively coupled plasma (ICP) spectroscopy for
extracted residues.

II. EXPERIMENTAL PROCEDURE

Chemical composition of J1 is Fe-0.16 pct C-0.013 pct
Si-0.18 pct V-0.01 pct Ni-7.85 pct Cr-1.9 pct W-0.19 pct
Ti-0.29 pct Y-0.17 pct O-0.1 pct Ta-0.01 pct N. Contents
of Mn, P, S, Co, Mo, and Nb were below each detectable
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limit: 0.01, 0.005, 0.002, 0.01, 0.01, and 0.01 pct, respec-
tively. Insoluble Al and soluble Al in aqua regia were
0.001 pct and below 0.001 pct, respectively. J1 was
prepared by MA using premixed metal powders with
Y,0; powder in a high-energy attritor in an argon
atmosphere. Mechanically alloyed flakes were then
degassed and canned in mild steel. The canned MA
powders were consolidated by hot isostatic pressing at
1423 K (1150 °C) and then finally hot rolled to 20-mm
thickness. The hot-rolled plate was normalized at 1323 K
(1050 °C) for 1 hour followed by tempering at 1023 K
(750 °C) for 1 hour. All these processes were conducted
by Kobelco Research Institute Inc. (Kobe, Japan).

The as-received J1 was renormalized at 1223 to
1523 K (950 to 1250 °C) for 1 hour followed by
tempering at 1023 K (750 °C) for 2 hours. In order to
investigate the effect of tempering time on the precip-
itation behavior, the renormalized J1 at 1323 K
(1050 °C) was also tempered at 1023 K (750 °C) for
10,000 hours. As for the preparation of extracted
residue, specimens were electrolyzed in a solution of
I pct tetra-methyl ammonium chloride-10 pct acetyl
acetone methanol electrolyte in volume (10 pct AA
solution) using a reference potential of the saturated
Calomel electrode plus 50 mV after removing the
surface layer of heat-treated specimens. The residue
was separated using a filter with 0.1-um pores (Nucle-
pore Track-Etched Membrane filter by Whatman,
Tokyo) placed on a filter base connected to a water
aspirator. The average size of Y-Ti complex oxides
observed by TEM and 3DAP was much smaller than the
pore size of the filter. However, it was empirically
possible to analyze the precipitation behavior of ultra-
fine oxides because of the clogging of the filter pores
with extracted precipitates.

Extracted residues together with a filter were observed
by XRD using a Cu K, line, and integral breadth of a
diffraction peak was converted to particle size using the
Scherrer’s relation.?’!

K

d:ﬁcose [1]

where K, A, f, and 6 are the Scherrer’s constant, the
wavelength of X-ray, the integral breadth, and the Bragg
angle, respectively. The term d is the apparent size of the
crystalline particles perpendicular to the diffraction
plane, and K was assumed to be unity for a cubic
particle.”” Broadening caused by the test equipment of
XRD in observed integral breadths was corrected by
using the standard Si powder made by the National
Institute of Standards and Technologies (Boulder, CO).

The Y and Ti contents in the extracted residues were
analyzed using ICP. Although extracted residues were
mainly obtained by using a 10 pct AA solution, some
residues were also obtained by using a solution of 6N
HCI at 373 K (100 °C) in order to dissolve and exclude
M»;Cy from the residues, where M denotes metallic
elements such as Cr, Fe, and W.

Standard Y,Ti,O; with the stoichiometric composi-
tion was synthesized as a reference. It was prepared at
1723 K (1450 °C) for 24 hours in air using high-purity
Y,03 and TiO, (anatase) powders.
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III. RESULTS

A. Microstructure

Optical microstructure of the as-received J1 was
tempered martensite with about 15 pct of o-ferrite in
area fraction, which was elongated along the rolling
direction.”” TIts microstructure resembled the high
chromium ODS martensitic steels reported by Ukai
and co-workers.”"'") The details of microstructures
including TEM of J1 were presented in a previous
article.’”) When normalizing temperature decreased to
1223 K (950 °C), the amount of J-ferrite increased to
about 20 pct or more. In contrast, when normalizing
temperature increased from 1323 K to 1523 K (1050 °C
to 1250 °C), the amount of J-ferrite decreased to 10 pct.

B. Extracted Residue

1. Preliminary studies using filters with different
pore sizes

The sizes of Y-Ti complex oxides or clusters formed in
ODS steels were much smaller than the pore size usually
used: 100 or 200 nm. Therefore, the appropriate pore
size of filter was examined first. Measurement of the
amount of extracted residue and chemical composition
analysis using ICP was conducted using filters with
different pores of 15, 50, 100, or 200 nm. The results are
shown in Figure 1. The specimens renormalized at
1323 K (1050 °C) were used for these analyses, because
the large amount of Mj,3C4, which existed in the
as-received (normalized and tempered) condition, could
affect the ICP analysis of extracted residue. The amount
of extracted residue increased with decreasing pore size.
In Figure 1, the amounts of Y and Ti in the residues are
plotted in the form of the ratio of recovered to total
amount in steel, also called the yield rate, in percent. The
amounts of Y and Ti in the residue for 200-nm pore
filter were not measured, but they were considered to be
the same as those for 100 nm, because the amount of
extracted residue for 200 nm was the same as for
100 nm. The yield rate of Y and Ti in the extracted
residues increased with the increasing amount of the
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Fig. I—Amount of extracted residue (left axis) for normalized J1 at

1323 K (1050 °C) using a filter having pores of 15, 50, 100, or
200 nm and yield rates of Y and Ti (right axis) in each residue.
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extracted residues as clogging became more pro-
nounced. Considerable amounts, more than 50 pct of
total Y and Ti contents, were detected in the residues
even when the pore size was as large as 100 nm.
Figure 2 shows the XRD analysis of the residues in
Figure 1. Intensities of the reference compounds are
drawn in arbitrary units in proportion to the intensities
given in the powder diffraction file (PDF) by the
International Center for Diffraction Data. The presence
of M»3Cs, Y,Ti,07, and Ti,O was confirmed referring to
the PDF system, but the other compounds were not
clearly identified. The integral breadth for the diffraction
peak of Y,Ti,O7 at 30.7 deg was about 0.9 deg for each
filter examined. This value can be converted to a particle
size of about 11 nm using the Scherrer’s relation, Eq. [1].
The nanoscaled Y-Ti complex oxide particles of 1 to
5 nm reported in the literature cannot be correctly
measured using XRD, because it was difficult to
completely separate the foot of the peak corresponding
to such small particles from the background. The peak
would have to be several degrees wide. However, the size
of the extracted particles, 11 nm, is smaller than the
pore sizes, from 15 to 200 nm. Figure 2 shows that the
filters with pores from 50 to 200 nm could extract
ultrafine particles of Y,Ti,O; of about 11 nm. There-
fore, although some ultrafine particles smaller than the
pore size can pass through the filter, most ultrafine
particles can stay on a flat portion of the filter or stay
near the inlet or inside of pores due to clogging. The ICP
data shown in Figure 1 indicated that the ratios of Y/Ti
of the filters, 15-, 50-, and 100-nm pore size, were
roughly the same. Therefore, Figures 1 and 2 indicate
that the residues were composed of the same kinds of
oxides, but had a different size distribution depending
on the pore size. When a filter with 15-nm pores was
used, the amounts of Y and Ti in the residue were
comparable with the total amounts of each constituent
element in J1. Therefore, it is firmly concluded that a
filter with 15-nm pores is the best choice for this study.
However, it took a very long time, about 2 weeks, to
filter the electrolyzed solution for 1 g specimen. Conse-
quently, it was reasonable to use the filter with 100-nm
pores, although some ultrafine precipitated particles

O Cry;Cq
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Pore size
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Fig. 2—XRD patterns corresponding to Fig. 1. Pore size is shown in
the right axis.

METALLURGICAL AND MATERIALS TRANSACTIONS A



should mix in the filtered solution. The filter with
100-nm pores was used for the subsequent studies.

2. Precipitation in as-received J1

The XRD pattern of the as-received J1 is shown in the
bottom of Figure 3(a). Precipitation of M»3Cg, Y, Ti,07,
and TiO, (anatase) was confirmed, and a very weak
diffraction peak near 29 deg of Y,03 was also observed.
However, TiO, was not found for the as-received J1 in
some cases.

A clear peak was observed at a diffraction angle of
24 deg beside these precipitates. This peak agreed with
the strongest peak of Ti,O3 (described as TiO; s, in
PDF No. 01-073-1781), although the subpeaks of Ti,O3
were not clear. Other compounds were not identified for
this peak in the PDF system excepting WO;. However,
WO; is usually formed by hydrolyzing a solution that
contains W ions. Its diffraction peaks are generally
broad and WOs; is not usually formed in an alcohol-
based solution. Consequently, we identified a peak near
24 deg as Ti,05. Okuda and Fujiwara'? also identified
this peak as Ti,Os.

In addition to these particles, TaC should precipitate
because of the solubility limit at the normalizing
temperature.”” However, TaC was not confirmed.
Although a diffraction peak was occasionally found
near the strongest diffraction angle for Ta,Os, clear
evidence for Ta compounds was not obtained by
XRD. ICP analysis of the residue extracted from the
as-received J1 showed that only 24 to 48 pct of total Ta
content in J1 was detected in the residue for both
as-received and renormalized specimens. This indicates
that most Ta passed through the filter as nanoscaled
particles or ions. Nanoscaled particles denote hereinaf-
ter the particles smaller than about 1 to 5 nm, which
cannot be captured by the filter with 100-nm pores. An
amorphous-like broad peak was frequently observed
near 22 deg; however, this might not be a diffraction
peak, but a ghost peak caused by a subtracting method
of background intensity.
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Fig. 3—XRD npatterns of extracted residues of J1: (a) as-received,
(b) renormalized at 1323 K (1050 °C) for 1 h, and (c¢) retempered at
1023 K (750 °C) for 2 h after renormalization.
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Integral breadth of a diffraction peak can be con-
verted to a particle size using Eq. [1]. The particle sizes
of the as-received J1 shown in Figure 3(a) were as
follows: 52 nm for (511) of M»3Cq, 15 nm for (222) of
Y,Ti,07, 99 nm for (222) of Y,03, 56 nm for (012) of
Ti»O3, and 127 nm for (101) of TiO,. Although these
values were average values based on some assumptions
for a tremendous number of particles extracted on a
filter, the previous work>>2"! confirmed that the mea-
sured sizes by XRD for several kinds of precipitates
ranging 10 to 300 nm roughly coincided with the TEM
observations.

3. Characteristic feature of XRD pattern resulting

from heat treatment

Figure 3 also shows (b) diffraction patterns of
both renormalizing at 1323 K (1050 °C) for 1 hour
and (c¢) renormalizing followed by retempering at
1023 K (750 °C) for 2 hours. It is found by comparing
Figures 3(a) and (b) that in the renormalized state of J1
(b), the peaks of Ti,O3 and Y,O3 were apparently and
completely diminished, while the peaks of M»3Cq almost
disappeared as predicted. In addition, the peak height of
TiO, of the renormalized state seemed to be lowered,
compared to the peak heights of Y,Ti,O; and TiO,.

On the other hand, as shown in Figure 3(c), the
diminished peaks of Ti,03 and Y,Oj5 after renormalizing
appeared again after tempering, although there are some
NaCl peaks for the renormalized and tempered speci-
men (c), which was caused by an error. It should be
noted as an astonishing result that these formation and
decomposition reactions of Ti,O; and Y,O3 can revers-
ibly take place at relatively low temperatures of nor-
malizing and tempering.

It is difficult to specify the reactions that caused the
appearance and disappearance of Ti,Os or decrease and
increase of the amount of TiO,, accompanied by
normalizing or tempering, because Ti could form several
kinds of oxides. However, although compounds con-
taining Y were only Y,Ti,O; and Y,Os5, the appearance
and disappearance of Y03 by tempering and normal-
izing took place. This phenomenon indicates that
tempering should cause decomposition of some
Y,Ti,0; particles and formation of relatively large
Y,0s5 particles about 100 nm extracted by the filter with
100-nm pores, although most of the aforementioned
oxide particles passed through the filter, as already
discussed in Section I.

Figure 4 shows XRD patterns of (a) the as-received
J1, (b) the further tempered J1 (1023 K (750 °C) for
1000 hours), and (c) the renormalized and tempered J1
(N: 1523 K (1250 °C) for 1 hour and T: 1023 K
(750 °C) for 2 hours). The peak height of M,;Cq at
38 deg for each specimen in Figure 4 was made the same
in order to compare the relative intensities of other
compounds. From the comparison of Figures 4(a) and
(b), we found that the peak heights of Y,Ti,O5 and TiO,
decreased and those of Y,03; and Ti,O3 contrarily
increased with increasing time of tempering from 2 to
1000 hours. From the comparison of Figures 4(a) and
(c), we found also that the peak heights of Y,Ti,O; and
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Fig. 4—XRD patterns of extracted residues of J1: (@) as-received,
(b) further tempering at 1023 K (750 °C) for 1000 h, and (c) renor-
malized at 1523 K (1250 °C) for 1 h followed by tempering at
1023 K (750 °C) for 2 h.

Ti,O5 seemed to be larger (compare also Figure 4(c) to
Figure 3(c)). Although it is well known that Y,Os,
Y,Ti,07, TiO,, and Ti,O3 are stable compounds,
Figures 3 and 4 really indicate that these oxides ranging
from 10 to 100 nm formed in J1 were not so stable and
easily decomposed and formed, depending on normal-
izing and tempering conditions.

If the decomposition of Y,Ti,O, takes place during
tempering, changes in the peak profiles of Y,Ti,O,
should be expected. Figure 5 shows diffraction profiles
of Y,Ti,05 in the extracted residue of J1 renormalized at
1423 K (1150 °C) comparing it with one that was
artificially synthesized. The main peak of the synthesized
Y,Ti,O; agreed with that of stoichiometric Y,Ti,O;.
Besides this main peak, weak peaks were observed at
29.3 and 30.2 deg for the synthesized Y,Ti,07. Y>Ti,0,
has a cubic lattice and forms a pyrochlore type solid
solution, Py. The phase diagram of the Y,03-TiO,
system?! shows that the chemical composition of P,
ranges from the stoichiometric composition to the Y,0;
enriched composition by about 3 mole pct at just below
1603 K (1330 °C) and the solid solution can largely
dissolve Y,03; at higher temperatures. Hexagonal
Y,TiOs is an equilibrated phase with Py at 1723 K
(1450 °C),*! the temperature at which Y,Ti,O; used in
this study was synthesized in air, but any corresponding
peaks to Y,TiOs could not be found. Therefore, the
subpeak at 29.3 deg is considered not to correspond to
either equilibrated or precipitated Y,Oj3, but to unre-
acted Y,0;. The equilibrated phase with Y,O; at
1723 K (1450 °C) is a fluorite type solid solution with
a cubic lattice. The fluorite solid solution dissolves TiO,
of about 40 to 50 mole pct, and the phase boundary
between the fluorite solid solution and P, at high
temperatures is not clear. Lattice constant of the solid
solution linearly changes with increasing Y,O3 content
from 67 mol pct Y03 in Y>Ti,O5 to 60 mole pct Y,05-
40 mole pct TiO,P" This change corresponds to the
changes in diffraction angle of 29.8 to 30.7 deg, where
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Fig. 5—Comparison of diffraction peaks of Y,Ti,O; from extracted
residues from the renormalized J1 at 1423 K (1150 °C), the renor-
malized and subsequently retempered at 1023 K (750 °C), and the
synthesized one.

the center is 30.25 deg. Hence, a mixture of solid
solution, which consists of fluorite and pyrochlore types,
could make the subpeak of the synthesized Y,Ti,O- at
30.2 deg shown in Figure 5.

A peak profile of the normalized J1 shown in Figure 5
is asymmetric and has a tail at lower angle. Therefore,
the extracted residue of the normalized J1 possibly
contained a considerable amount of Y,Ti,O; enriched
with Y,03, P, in addition to stoichiometric Y,Ti,O,. It
was reported that nanoscaled particles or clusters found
in ODS steels had core/shell structures, the precipitate
cores were Y rich, while the shell regions were enriched
in Ti, Cr, or V.B'3? Therefore, P, the presence of
which was estimated in the residue of the normalized J1,
possibly contained these elements, Cr and V, although
the lattice constant of a fluorite or pyrochlore type solid
solution dissolving these elements is not yet available in
the literature.

In the figure, the diffraction intensity of retempering
at 1023 K (750 °C) after normalizing at 1423 K
(1150 °C) is also plotted, and the diffraction pattern is
serrated due to the coexistence of large particles of
M,3C¢, which make up the majority in the residue. In
this specimen, the peak at 29.2 deg is clearly observed
and this is the main peak of Y,03. The serrated peak
excluding the part of Y,O; was fitted by a bimodal
normal distribution curve. A bold line represents a
regression curve adjusting the diffraction angle and the
peak height to the summit position of the renormalized
one. The integral breadth of the renormalized specimen
is large and the peak profile is largely tailing toward a
low diffraction angle as compared to the subsequently
retempered one. Therefore, we can say that the temper-
ing of J1 caused the decomposition of the stoichiometric
compound of Y,Ti,O; and P, which dissolved more
Y203 in Y2Ti207.
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Fig. 6—Yield rates of Y and Ti in the extracted residues of J1. The
as-received steel is conditioned to be normalized and tempered at
1023 K (750 °C) for 1 h condition. “Renormalized” denotes that
as-received J1 is renormalized at 1323 K (1050 °C), and “‘retempered
for 1000 h” denotes that the as-received J1 was tempered further for
1000 h at 1023 K (750 °C).

4. ICP analysis

In the preceding Sections III-B-2 and IT1I-B-3, it was
shown that fine oxide particles in J1 were possibly
decomposed and reformed by heat treatment. Figure 6
shows the yield rates of Y and Ti in the extracted residues
of the specimens renormalized at 1323 K (1050 °C) (white
bars), normalized and tempered at 1023 K (750 °C) for
1 hour, as-received (hatched gray bars), and the as-
received J1 tempered further at 1023 K (750 °C) for
1000 hours (black bars). The variations in the ICP data
for both elements are similar. Regarding the as-renor-
malized state, about 60 pct of Y and Ti remained on a
filter asY- and Ti-containing compounds. On the other
hand, in the as-received state, which represented the
normalizing and tempering at 1023 K (750 °C) for 1 hour
condition, only about 40 pct of the total Y or Ti was
detected on a filter. Therefore, the difference of about
20 pct of Y or Ti containing particles or ions passed
through a filter after tempering. This indicated that some
of the Y and Ti containing particles must have decom-
posed to ions or subdivided into nanoscaled particles on
tempering.

During further tempering for 1000 hours, the yield
rates of Y and Ti tended to recover to the renormalized
state, although the yield rates decreased once by 2 hours
of tempering. That is, a reverse reaction seems to take
place between short-time tempering and long-term
tempering. However, as shown in Figures 3 and 4, the
compounds precipitated during tempering were the
same, i.e., M23C6, Y2Ti207, TiOz, Ti203, and Y203,
for both tempering conditions: 2 and 1000 hours at
1023 K (750 °C). This could be explained if the growth
of Y,Ti,O7 or Y,03; and Ti,O3 particles, which formed
through the decomposition of Y,Ti,O, took place. This
would cause the increase in the yield rates of Y and Ti.

5. Relation between precipitation and normalizing
temperature

The compound of Y,Ti,05 is a stable phase described
in the equilibrium phase diagram of the Y,O3-TiO,
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Fig. 7—Relative intensity of precipitated compounds, Y,Ti,O,
Y,03, TiO,, and Ti,O3, formed by tempering at 1023 K (750 °C) for
2 h are presented as a function of normalizing temperature. Relative
intensity after 1000 h tempering is also shown by double marks.

system.>”) However, Figures 3 through 6 indicated that
some of the fine particles of Y,Ti,O; formed in J1 at the
normalizing temperature possibly decomposed during
subsequent tempering. In order to reconfirm this phe-
nomenon, the precipitation behavior of J1 was analyzed
as a function of normalizing temperature.

Precipitates in the renormalized J1 at 1223 to 1523 K
(950 to 1250 °C) were confirmed to be Y,Ti,O7, TiO,,
and M»3Cg. Neither Y,O3 nor Ti,O3 were found. After
subsequent tempering at 1023 K (750 °C) for 2 hours, a
great amount of M,3C¢ was found together with
Y,Ti,07 and TiO,. In addition, Y,03 and Ti,O5; were
also found. The amounts of these compounds were
estimated by the following method.

It was confirmed by ICP analyses that the Cr content
in the residues was nearly constant, 16.5 pct, after
tempering at 1023 K (750 °C) for 2 hours, independent
of the normalizing temperature. Since the Cr content in
M,;3C¢ formed in high Cr martensitic steels was roughly
60 pct,®! the amount of M,3Cy formed in the normal-
ized and tempered J1 should be roughly constant.
Therefore, the integrated intensities of Y,Ti,O7, TiO,,
Ti,03, and Y,O5 were divided by the integrated intensity
of (420) M»3C¢. The calculated relative intensities for
each compound are presented in Figure 7 as a function
of normalizing temperature. Relative amounts for each
compound were high, when the normalizing tempera-
ture was 1223 K (950 °C). On the contrary, they
decreased when the normalizing temperature was
1323 K (1050 °C). The relative amounts for Y,Ti,O,
TiO,, Y,0s3, and Ti,O3 decreased slightly or stayed the
same with increasing normalizing temperature. How-
ever, the relative amounts for these compounds of the
1000 hours tempered specimen, as shown by the double
marks in the figure, increased largely. This increase
suggested that the coarsening of the compounds listed in
Figure 7 progressed during long-term tempering and
many particles were captured by the filter.

Figure 8 shows the changes in yield rates of Y and Ti
under two conditions: normalized only and normalized
and tempered, as a function of normalizing temperature.
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Fig. 8—Yield rates of Y and Ti of the extracted residues for the nor-
malized, and the normalized and subsequently tempered, specimens
are presented as a function of normalizing temperature. The yield
rates for 1000 h tempering are also shown by double marks.

The data of 1000 hours tempering at 1023 K (750 °C)
are also presented in Figure 8. No compounds contain-
ing Y other than Y,Ti,O; were found in the extracted
residues of the normalized only specimens. Moreover,
the changes in the yield rate of Ti in the normalized only
specimens were roughly the same as the yield rate of Y.
Therefore, the yield rate of Y in the normalized
specimen could be explained mainly by Y,Ti,O7,
although we found minor peaks for TiO,. It is found
that the yield rate for Y and Ti is about 70 pct in the
normalized specimens at 1523 K (1250 °C) and 1423 K
(1150 °C). On the contrary, at 1423 K (1150 °C) and
lower temperatures, the yield rate for Y and Ti
decreased with the decrease in normalizing temperature.
Since as pointed out by Miller!'” the oxide particle size
in austenite increases by heating at high temperatures,
the yield rate of Y and Ti could increase with an increase
in normalizing temperature on the reasonable assump-
tions that the total amount of Y,Ti,O; formed in
austenite of J1 was roughly constant independent of
normalizing temperature and the yield rate for Y and Ti
was largely independent on the average size of particles.

After the subsequent tempering of the specimens
normalized at 1423 K (1150 °C) and 1523 K (1250 °C),
the yield rates of Y and Ti significantly decreased. In the
tempered specimens, Y,03 and Ti,O; were additionally
found. Consequently, one would expect the yield rates to
increase due to these compounds, but the opposite was
found. This could be expected if some Y,Ti,O particles
possibly decomposed during tempering and the decom-
position products passed through the filter. The mini-
mum amount of the decomposed Y,Ti,O; in the
specimens normalized at 1423 K (1150 °C) and 1523 K
(1250 °C) should be proportional to the difference in the
yield rate of Y, i.e., roughly 40 pct (= 70 to 30).

On the other hand, when normalized at 1223 K
(950 °C), the yield rates of Y or Ti after subsequent
tempering at 1023 K (750 °C) for 2 hours were about
the same as the rates in the normalized specimen. This
suggests that the decomposition of Y,Ti,O; hardly
took place, when the normalizing temperature was
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Fig. 9—XRD patterns of powders: (a) synthesized Y,Ti,O7; (b) heat-
ing the synthesized Y,Ti,O; at 1023 K (750 °C) for 2 h; (¢) heating
the mixture of the synthesized Y,Ti,O; and extracting residue of
M;Cg at 1273 K (1000 °C) for 2 h; and (d) heating the mixture of
the synthesized Y,Ti,O;, extracting residue of M»3C¢ and Ti at
1273 K (1000 °C) for 2 h.

1223 K (950 °C). However, this explanation seems
inadequate. It would be reasonable that the fraction of
the decomposition of Y,Ti,O; is roughly the same
regardless of the normalizing temperature, and the yield
rates of Y and Ti in tempered specimens decrease with
decreasing normalizing temperature. However, the
observed yield rates for the tempered specimens, nor-
malized at 1223 K (950 °C) and 1323 K (1050 °C) and
tempered at 1023 K (750 °C) for 2 hours including
1000 hours tempering, were only slightly lower than for
as-normalized specimens. Therefore, we propose that
two opposing phenomena simultaneously occur to
explain the observed results. When the normalizing
temperature was low, the amount of J-ferrite was large
and the average particle size of Y,Ti,O; was small.
These are also considered in Section IV.

The decomposition of the compound Y,Ti,O5 raises
many questions that need to be resolved. Nevertheless,
the evidence that such a decomposition took place is
implicit in Figures 3 through 8.

C. Chemical Property of Y,Ti»O,

1. Stability of Y,Ti,O; synthesized in air

We start by showing the compatibility of the synthe-
sized Y,Ti,07 with M»3C4 and Ti, which could form in
iron matrix. Figure 9 shows the XRD peaks for the
samples: (a) the synthesized Y,Ti,O7; (b) the synthesized
Y,Ti,07 annealed at 1023 K (750 °C) for 2 hours in an
open container made of SiO,; (¢) the mixture of
synthesized Y,Ti,O; and M,3C4 powders annealed at
1273 K (1000 °C) for 2 hours in a vacuum sealed
capsule; and (d) a mixture of synthesized Y,Ti,O-,
M,3Cq, and Ti powder annealed at 1273 K (1000 °C) for
2 hours in a vacuum-sealed capsule. The powder of
M,;C¢ was electrolyzed and extracted from an experi-
mental steel composed of Fe-9 pct Cr-1 pct Mo. Most
peaks of the synthesized Y,Ti,07 agreed with diffraction
angles calculated referring to the PDF cards. Weak
subpeaks near 30.2 and 35 deg, which were on the left
shoulder of each peak of Y,Ti,0, and a weak subpeak
at 29.3 deg were observed. These peaks corresponded to
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Fig. 10—XRD patterns of the extracted residues: () and (b) as-received
J1 and (c¢) and (d) renormalized J1. (a) and (c) extracted residues using
a 10 pct AA solution and (c) and (d) extracted residues using a
6 N HCI solution. The number in parentheses denotes the amount of
extracted residue for each.

P, and unreacted Y,Oj, respectively, as already
explained using Figure 5. This indicated that the syn-
thesized Y,Ti,O7 was a stoichiometric compound with a
very small amount of impurity. In Figure 9(b), we can
see clear peaks for the stable phases of Y,03, TiO, (both
rutile and anatase), and TiO with peaks of Y,Ti,O;.
These clear peaks show that some synthesized Y,Ti,O5
definitely decomposed to its constituents and other
stable oxides when annealed at 1023 K (750 °C) in air.
This temperature is much lower than the synthesis
temperature of 1723 K (1450 °C).

When the synthesized Y,Ti,O; is anncaled at
1273 K (1000 °C) with M»;Cq4 in vacuum, as shown in
Figure 9(c), there are Y,03, YCrOs, TiO, (both rutile
and anatase), TiO, Ti,03, and Cr;C; other than the raw
materials of Y,Ti,O; and M»3;C¢. When Ti is added, in
case (d), M»3Cq4 is completely consumed and TiC is
found. However, TiO and Cr;C; are not observed.
These results show that, even though Ti does not
coexist, M,3Cq carbide can promote the decomposition
of Y,Ti,O; and form Ti,O5 with the formation of Y,05,
which is more stable in air than TiO,. From Figure 9, it
is concluded that the stoichiometric compound Y,Ti,O5
formed in air is easily decomposed in the presence of
M23C6 or Tl

These results suggest that Y,Ti,O, in J1, which is
stable at the normalizing temperatures, could decompose
and form Y,03, TiO,, and Ti,O3 by M»3Cg or soluble Ti
in the matrix of J1 on tempering at 1023 K (750 °C).

2. Stability of Y,Ti>O, in a 6 N HCI solution

Figure 10 shows diffraction peaks of the extracted
residues using different solutions for the as-received and
renormalized J1. The solutions are a 10 pct AA solution
and a 6 N HCI solution. Figure 10(a) shows the
diffraction pattern for the extracted residue from
the as-received J1 using a 10 pct AA solution. When
the as-received J1 is directly dissolved in a 6 N HCI
solution (Figure 10(b)), weak peaks of Y,Ti,O- at 35.6
and 39.0 deg can be detected easily, because the back-
ground becomes low due to the dissolution of M,3Cg¢ by
HCI. However, peaks for both Y,O;3 at 29.3 deg and
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Table I. Durability in a 6 N HCI Solution for Precipitates
in J1 and the Synthesized Compounds
Material Durability in 6 N HCl
Standard
Y,03 completely soluble

at room temperature
insoluble at 373 K (100 °C)
almost insoluble

at 373 K (100 °C)

TiO, (anatase)
Y,Ti,0,
(synthesized in air)
Precipitates in J1
M»3Cy almost soluble
at 373 K (100 °C)

TiO, (anatase) possibly soluble

Ti,05 completely soluble
Y,0; completely soluble
Y, Ti,O4 possibly soluble

Ti,O3 at 23.9 deg were lost at the same time. Concerning
the renormalized specimens (Figures 10(c) and (d)),
both Y,Ti,O; and TiO, were observed and a strong
peak for Ta,Os was occasionally observed ((d)),
although a small peak at 28.4 for (b) and (d) was not
identified. It is very hard to see the durability of Y,Ti,O5
in HCI by the simple comparison of the peak heights of
the residues extracted using a 6 N HCl and a 10 pct AA
solution. The amounts of the extracted residues were
also shown in Figure 10. When considering the result
using a 10 pct AA solution ((a) and (c)), the difference in
the amounts of extracted residue between the as-received
and renormalized specimens (3.3 - 1.1 = 2.1 pct)
roughly corresponds to the amount of M,3C4. This
amount is in general agreement for similar heat-resistant
steels. However, the value of about 1 pct of the residue
extracted from the normalized J1 is much greater than
the sum of Y, Ti, and O mass fractions, about 0.65 pct.
Therefore, other elements such as Cr and VB!'=3? than Y,
Ti, and O are possibly contained in Y,Ti,O; formed in
J1. The enrichment of Cr, V, and Ti is reported by
Marquis®® and Klimenkov e al.®" as shell structures of
the nanoscaled Y,Ti,O7 type oxides precipitated in the
martensitic/ferritic ODS steels.

On the other hand, when considering the results using
a 6 N HCI solution, the amounts of the extracted
residues were much lower than 1 pct. Consequently, not
only Y,03 and Ti,O3, but also Y,Ti,O4, dissolved in the
solution, because Y,Ti,O; was the major oxide in the
extracted residue in the normalized J1. If Y,Ti,O,
formed in J1 dissolves in an HCI solution, it can be
concluded that TiO, in J1 also dissolves in an HCI
solution from the comparison of the peak heights of
Y,Ti,O5 and TiO,, as shown in Figures 10(a) and (b).

Table I shows the summary of Figure 10 with the
results of beaker tests. It can be seen that Y,Ti,O; and
TiO, (anatase) formed in J1 are soluble in HCI solution
at 373 K (100 °C), although the synthesized ones in air
were almost insoluble. This implies that the chemical
properties of these compounds formed in the matrix of
J1, Y,Ti,04, TiO,, and Ti,Os, are different from those
synthesized in air.

From the preceding discussion, Y,Ti,O formed in J1
decomposed easier than the Y,Ti,O, synthesized in air.
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The synthesized Y,Ti,O7 also decomposed when placed
in contact with M,3C¢ and Ti. These characteristics of
Y, Ti,07 support the decomposition of Y,Ti,O in J1 by
the application of a heat treatment.

IV. DISCUSSION
A. Modeling for decomposition of Y,Ti,O;

The experimental results clearly indicated that some
Y,Ti,O; formed in J1 reversibly decomposed and
reformed during the normalizing and tempering heat
treatments. This conclusion was obtained from the
XRD results of the extracted residues recovered from a
100-nm pore filter. However, we know that ODS steels
are certainly strengthened by the dispersion of nano-
scaled oxide particles, which should have passed
through from the filter pores. Therefore, speculation
regarding the behavior on the nanoscaled particles’
possible reactions, which occur in J1 during the heat
treatments, is discussed.

First, we consider the consolidation process of ODS
steel. Previous work!!? described that when Y,O0;
powders were mechanically alloyed with metal powders
in the presence of Ti in a high-energy attritor, Y,03
decomposed to soluble Y and O atoms in the steel
matrix in a metastable condition and at the same time
oxygen gas, which adhered to metal powders and ball
mill elements, and was impurity in an argon atmosphere,
was dissolved in the metal matrix. During subsequent
hot isostatic pressing and normalizing, the nanoscaled
complex oxide particles of Y,Ti,O; formed by combin-
ing with the solute Ti.

The reactions during the consolidation processes and
the normalizing can be summarized qualitatively by the
following equation:

Y05 +Ti+ 0y — Y,T1,07 + TiO,
+Y20; + Ti,03 + TiO + Y(y) + Ti(y) + O(y) [2]

where the underbar and double underbar denote solute
atoms in the matrix and substances that pass perfectly
through a filter and are not detected in the extracted
residues, respectively. The left-hand side of Eq. [2]
indicates a state before mechanical alloying, and O,
denotes the excess and inevitable oxygen gas in an
attritor ball mill. The excess oxygen concentration was
0.092 mass pct, the value obtained by subtracting oxy-
gen concentration in Y,0O;3 from total oxygen concen-
tration in the steel. The right-hand side corresponds to a
state after normalization. Solute atoms of Y, Ti, and O
should exist thermodynamically in the normalized J1,
because we confirmed Y,Ti,O; and TiO, in J1. Nano-
scaled particles of Y,Ti,O5, which pass through a filter,
should exist in J1, as confirmed in the similar ODS
steels,1%29-22321 put the double underbar was omitted for
simplicity. If both Ti and TiO, coexist, Ti,O; and TiO
thermodynamically exist also, because the oxygen
potentials of these oxides are between Ti and TiO».
Y,0;5 could exist for the same reason. However, these
were not confirmed on the filter residues. Therefore, all
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of these compounds are indicated by the double
underbar, although the amounts of these are unknown.
In Eq. [2], a description for Py was omitted, because the
chemical composition of P is close to the stoichiom-
etric Y,Ti,O7. Although P precipitated in J1 possibly
contained Cr and V, as discussed in Section III-C-2, a
description for this was omitted for simplicity. We
confirmed Ta,Os occasionally in the extracted residues,
and therefore, more stable oxide SiO, should exist.
However, these are omitted in Eq. [2], because the
amounts formed were considered to be small.

From Figure 3, it was found that some of the Y,Ti,O,
particles that existed in the normalized J1 were replaced
by Ti,O5 and Y,0; during subsequent tempering. After
tempering for 1000 hours at 1023 K (750 °C), at least
four kinds of oxides, Y,Ti,07, TiO,, Y,03, and Ti,Os3,
were observed, although neither Y,0O3 nor Ti,O5 existed
in the residues before tempering. However, Y,03 and
Ti,O5 disappeared from the residues and Y,Ti,O; was
found again when the steels were renormalized. That is,
the decomposition and reformation reactions of
Y,Ti,O; were reversible on normalizing and tempering.
Hence, the following equation can be written for a
qualitative description:

Y1Ti,07 + TiOs + Y05 + Tiy05 + TiO + Y(y) + Ti(y)

+0(7) & Y,Ti,07 + Y,0;3 + TiO;, + Ti,0;
+ Y2TiOs + YTiOs3 + TiO + Y (o) + Ti(x) + O(a) [3]

The left- and right-hand side of Eq. [3] correspond to
normalized and tempered conditions, respectively. The
notations in Eq. [3] are the same as in Eq. [2]. Figure 11
shows the locations of these compounds in the Y,Os-
TiO,-Ti ternary diagram. In the diagram, possible
regions of stability for J1 at the normalizing and
tempering temperatures are shown schematically. The
experimental results obtained by XRD indicate that the
normalized J1 was in equilibrium with the region that
included Y,Ti,O7, P, and TiO, and the tempered J1

Normalizing
Tempering

Ti0 Oxygen rich

¥2Ti05 Pes  YaTiaOy

Fig. 11—Y,0;-TiO,-Ti phase diagram (mole fractions). Regions in
equilibrium with J1 in the normalized, and the normalized and sub-
sequently tempered, states are shown schematically.
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with the region including Y,0s3, Ti,Os3, TiO,, and
Y,Ti,05. The compound of YTiO3 was not confirmed
by XRD for the tempered J1. Since Ti,O3 and Y,O;
were confirmed in the residue, more stable compounds
of YTiO; than Y,03 and Ti,O3 may exist, depending on
the condition of the heat treatment.

Although it is impossible to discuss in detail the
substances that are not in the residue, Eq. [3] can be
simplified as follows:

Y,Ti,07(7) < Y,0; + Ti,0;3 4+ O(«) (4]

where O(a) denotes soluble oxygen in the matrix.
Decomposition of Y,Ti,O; implies that Y and Ti atoms
diffused out from the compound, and the formation of
Y,03 and TiO, implies that nucleation and growth
processes should occur, and hence, many nanoscaled
particles besides large particles of Y,03 and TiO, should
form. Therefore, a considerable amount of the nano-
scaled Y and Ti particles must have passed through the
filters, and so, the yield rates of Y and Ti for the
tempered states were lower than those of the normalized
states, as shown in Figures 6 and 8. However, Eq. [4]
predicts clearly that tempering temporarily increases
soluble oxygen in the ferritic matrix. Reliable data on
the solubility limit of oxygen in alpha and gamma iron
are limited, but the solubility limit of oxygen in alpha
iron is considered to be lower than that of gamma
iron.*¥) Moreover, phase stability calculations including
metastable stages show Y,Ti,O; to be more stable than
Y,0; and Ti0,.?%?%34 Therefore, if Eq. [4] is true,
additional explanation is necessary.

Many dislocations exist before tempering, and M»3Cgq
is formed during tempering. M,3C¢ could assist the
decomposition of Y,Ti,O7, as shown in Figure 9, and
forms YCrO;, Cr,Cs, and so on. However, these Cr
compounds were not confirmed in our experiments.
Therefore, M»3C¢ is not directly responsible for the
decomposition of Y,Ti,O;. On the other hand, disloca-
tions introduced by normalizing have a very strong
interaction with the solute oxygen atoms. This was
evidenced by the 3DAP observations by Miller.['*!
Therefore, dislocations induced before tempering can
absorb the excess soluble oxygen presented by Eq. [4]
during tempering. In other words, although it is usually
not feasible that the reaction of Eq. [4] progress from the
left to right hand, if the interaction energy between
dislocations and the soluble oxygen atoms is large,
decomposition of Y,Ti,O7 is possible. This means that
the following equation should stand up for the decom-
position of Y,Ti,O:

Gy,0; + GTi,0, + Go + Edist = Gy,Ti,0;, + Edist = Gy,0,
+ Gti,0, + Edisi (O) (5]

where Gy,o, and so on are formation free energies of
each substance, FEgy is the internal energy due to
induced dislocations, and Eg;q (O) is the internal energy
of dislocations to which solute oxygen atoms are
segregated. That is, the interaction energy between
dislocations and solute oxygen atoms, defined by the
term Egi(O) — Egig — Go, is negative, or the relation of
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Edgis + Go > Egist(O) is required. This is supported by
the 3DAP observations by Miller.'® In addition, the
bonding force of Y,Ti,O; particles formed in JI was
found to be not as strong as that of the synthesized
Y, Ti,0;.

It has been already reported that the introduction of
dislocations decomposes stable compounds, such as
carbides. Wilson®® showed that when quenched mar-
tensite is plastically deformed and then tempered,
precipitation of e-carbide was inhibited and the well-
known first stage of tempering was bypassed. This was
interpreted as the clustered carbon about dislocations
being more stable than e-carbide.’® Kubota er all’”
showed that even the stable carbide of NbC, which
precipitated in austenite, dissolved by cold working and
subsequent tempering. Tamura er al?>® recently
showed that NaCl carbonitrides precipitated in a mar-
tensitic steel dissolved during tempering with the help of
dislocations. In this way, redistribution of solute atoms
around dislocations causing the decomposition of stable
compounds was established in many experimental
results. Therefore, the reversible reaction presented in
Eq. [4] can be rewritten as follows:

Y2Ti207{i1’1 '})} < Y505 + Ti203 + dlSl(Q) {11’1 O(} [6]

where disl(Q) denotes soluble oxygen trapped by dislo-
cations. Figure 12 shows a schematic drawing of Eq. [6].
When normalizing, dislocations are annealed out and
the free oxygen proceeds to form Y,Ti,O; in gamma
iron.

B. Variation in yield rate of Y and Ti

Assuming that Eq. [6] is true and some of the
nanoscaled particles formed by this reaction passed
through a filter, the decrease in the yield rates of Y and
Ti due to tempering, as shown in Figures 6 and 8§,
could be qualitatively explained. The increased yield
rates of the normalized state with increasing normal-
izing temperature could be explained also assuming the
growth of oxide particles during normalization at high
temperatures. However, the fact that the yield rates
after tempering increased with lowering of the normal-
ization temperature was not yet explained satisfactorily.
However, neither induced dislocations by normaliza-
tion nor M»3C¢ formed during tempering can simply
explain the variation of the yield rates shown in
Figure 8, because the dislocation density or the amount
or distribution of M,3C¢ does not depend much on the
normalizing temperature. On the other hand, the
amount of J-ferrite indeed increases with decreasing
normalizing temperature.

Figure 13 shows SEM microstructures of the longitu-
dinal cross section of as-received J1. Finely dispersed
white contrast was mainly due to M,3Cs and the
precipitation free zone, deformed in the rolling direction,
was observed as about 15 pct in area fraction and we
called this o-ferrite. o-ferrite was surrounded by coarse
M,;Cg particles. The EDX results are shown in Table I1I.
Positions 1 and 2 are the matrix of J-ferrite and tem-
pered martensite, respectively. Chemical compositions
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Fig. 12—Decomposition of Y,Ti,O; and TiO, by tempering is illustrated schematically. Large symbols denote precipitates on a filter and small
ones denote nanoscaled particles or ions, which passed through a filter. Dotted symbols denote dissolved compounds by tempering. Disl(O)

denotes soluble excess oxygen atoms trapped by dislocations.

Fig. 13—SEM images of longitudinal cross section of as-received J1. EDX analyses of the positions shown by numbers are given in Table II.

Table I1. Chemical Compositions for Marked Positions
Indicated in Fig. 13 (Mass Percent)
Position Cr Fe W \% Ti Y Remarks
7.7 86.5 244 029 0.14 <0.1 J-ferrite

7.5 862 2.11 <0.1 0.23  0.33 martensite
179 68.5 554 041 025 049 MxCq
153 754 342 <0.1 0.18  0.49 MxCq
154 76.6 2.18 <0.1 <0.1 <0.1 MxCq

(S SNVS I NS

analyzed resembled to the chemical composition of J1,
although Y in d-ferrite and V in martensite were not
detected at a significant level. Although the matrix
might affect the EDX results for positions 3 through 5,
these particles were considered to be M,3Cg, because
their Cr content was higher than the matrix. These
results suggested that M,3C¢ precipitated on a bound-
ary between martensite and J-ferrite included Y-, V-,
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or Ti- 0x1de partlcles because the thermodynamic
calculations®” indicate that M,;Cq dissolves little V
and Ti, although the data regarding Y are not
avallable Ukai et al.®”! also reported that M,3Cq found
in a 9 pct Cr martensitic ODS steel contained Ti.
Table 111 shows coherency with M,3C¢ or Fe matrix
of typical Y-, Ti-, Cr-, Fe-, V-, and Ta-oxides referring
to the phase diagrams. Coherency was defined as a
ratio of a lattice constant of a compound to the lattice
constant of M,3Cg¢ or iron. The averaged values shown
using an asterisk were calculated for Y203, Y,Ti,07,
and Y;TaO, agamst bee iron based on “‘the cube on
cube relation,” ie., the Baker—Nutting relation.[*”
When the crystal system is not cubic, the most coherent
value was listed and so only partial coherency is
expected for these oxides. Many kinds of oxides have
high coherency with both M,;Cy and the matrix, and
most of them have higher coherency with M,3C¢ than
the bce matrix. Especially Y,Ti>O7, Y03, and Y;TaO,

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table III. Coherency with M,3C¢ and Fe of Typical Oxides Possibly Formed in J1; When a Compound is not Cubic, the Most

Coherent Value is Calculated and, Therefore, Only Partial Coherency is Expected for these Compounds

Lattice Constant (A) Coherency

Substance Crystal System a b ¢ M»;Cyq Bce Fe Fcc Fe Remarks
Y,0; cubic 10.60 — — 0.99 1.02%* 0.98 —
Y,Ti,04 cubic 10.09 — — 0.95 0.97* 0.93 Y,03-2TiO,
Y,TiOs orthorhombic 10.35 3.70 11.25 0.97 0.90 — Y,05-TiO,
YTiO3 orthorhombic 5.68 7.60 5.34 1.00 0.99 — Y,05-Ti,03
YCrO; orthorhombic 5.52 7.53 5.24 0.98 0.97 — Y,05-Cr,053
YFeO; orthorhombic 5.28 5.59 7.60 0.99 0.92 — Y,05-Fe, 05
Y10V2020 monoclinic 10.06 7.85 13.96 0.94 0.88 — 5Y,03-V,05
Y;TaO, cubic 10.52 — — 0.99 1.02* 0.97 3Y,05-Ta,05
TiO cubic 4.18 — — 1.18 1.10 — —
Ti,05 rhombohedral 5.15 — 13.63 0.97 0.90 — —
TiO, (anatase) tetragonal 3.79 — 9.51 0.89 0.83 — —
Cry;Cq cubic 10.66 — — 1.00 0.93 0.99 —
Bec Fe cubic 2.86 — — 1.07 1.00 — —
Fcc Fe cubic 3.60 — — — — 1.00 —

Asterisked values denote the average of coherency based on the Baker—Nutting relation.

are cubic, and these compounds are clastically more
stable in M,3Cs than the matrix. Moreover, the
compound TiO3 produced by the decomposition of
Y,Ti,O; may be also stable in M»;Cq, although it is
rhombohedral. This shows a possibility that M»3Cq
forms colonies of compounds with Y,Ti,O;, Y,Os,
and Ti,O3. Due to the predictable high diffusion rate
near the boundaries between J-ferrite and martensite
matrix, precipitates grow rapidly, so that the mixed
colonies of M»3;Cq, Y5Ti,07, and Y,Oj3 in the form of
M,3C¢ can be formed. Therefore, the yield rates of Y
and Ti, as shown in Figure 8, increased with decreas-
ing normalizing temperature, i.e., increase in the
amount of J-ferrite. When normalizing, most of the
M,;Cg particles dissolve in gamma iron and relatively
large particles of Y,Ti,O; are reformed from Y- and
Ti-compounds, which increase in the yield rates of Y
and Ti.

When the smaller Y,Ti,O, particles decompose on
tempering, Y, Ti, and O diffuse in a state of atom and
coarsen the larger Y,Ti,O; particles. Therefore, long-
time tempering of 1000 hours could increase the yield
rate for Y and Ti, as shown in Figures 6 and 8. In
addition to this reason, existence of M»3;Cy should be
taken into account. As shown in Table III, YCrO5 and
YFeOj; are complex oxides having high coherency with
M,3C¢ as compared with the matrix, although the
coherency is partial. Therefore, thermodynamic data for
these complex oxides are not available yet, but when, in
addition to Y,Ti,O; and Ti,O3, these compounds form
in M»3Cg, total elastic energy could decrease. Figure 9
shows that YCrO; forms by heating M»3Cq and Y,Ti,0O4
at 1273 K (1000 °C), although this heating temperature
is much higher than the service or tempering tempera-
tures of ODS steels. If these situations could happen and
the colonies of M,3Cq and nanoscaled oxide particles
form, redistribution of the nanoscaled oxide particles
should progress, which causes the increase in the yield
rates of Y and Ti after 1000 hours tempering, as shown
in Figures 6 and 8.
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C. Future study

In this study, it was clarified based on the experiments
that fine Y,Ti,O particles of about 10 nm decomposed
to Y,O3 and Ti»O5; during tempering. This brings to
mind the degradation of creep strength after long-term
service. However, the redistribution of these oxides
could occur through the pipe diffusion of oxygen
accompanying the formation of a large number of
nanoscaled oxides or clusters along dislocations. There-
fore, even though the redistribution of the precipitates
may happen, so long as the considerable amount of
dislocations exists, the speed of the degradation of creep
strength may not be so large, because the nanoscaled
particles are continuously formed. In other words, when
dislocations are exhausted after long-time service, the
redistribution rate of Y,Ti,O also slows, leading to a
plateau in degradation.

However, on inverse transformation, retained disloca-
tions supply not only many precipitation sites for
nanoscaled particles but also diffusion paths to coarsen
the pre-existing particles such as Y,Ti,O, which could
lead to a decrease in the number of nanoscaled particles
that are formed during normalization and tempering.
Therefore, for martensitic ODS steels, in order to keep
high creep resistance, it is important to optimize the
fabrication processes, i.e., working and heating processes.

Usually, the strengthening constituent of TaC
with 10 nm is found in the extracted residues of the
Ta-containing high Cr martensitic steel; however, in the
residues of J1, only 24 to 48 pct of total Ta was detected
and the Ta-containing compounds were seldom found
except as Ta,Os. However, one of the reasons for high
creep strength of J1 is that this steel contains Ta.
Y;TaO; is a stable compound, so that Y,O3 and Ta,Os
could form Y3TaO; in J1 and Y;TaO; itself has high
coherency with the matrix of alpha and gamma iron, as
shown in Table III. Therefore, Ta could form nano-
scaled Y;TaO; particles and increase creep resistance.
However, since YzTaO; was not detected by XRD and
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has the same crystal system and similar lattice constant
with Y,Ti,0O;, Y3TaO; may form a solid solution with
the nanoscaled Y,Ti,07. Y3TaO; has high coherency
with M»3Cg as well, so Ta could be contained in M»3Cg
as coprecipitated oxides. Lu er al.*"! recently reported
that Ta-rich carbides were not observed in Eurofer 97,
the chemical composition of which was similar to J1,
and Ta was found in a relatively large Y,Oj3 particle. In
any case, Ta certainly increases the creep strength of J1
and may be Eurofer 97; therefore, the situation of Ta
should be clarified in the near future.

The model proposed for the precipitation sequence,
schematically shown in Figure 12, is based on several
speculations. Therefore, further studies using TEM,
3DAP, and other sophisticated techniques are necessary
for evaluating the model. Measuring oxygen solubility in
alpha and gamma phases of the matrix of JI is also an
essential issue.

V. CONCLUSIONS

Extracted residues of an oxide-dispersion-strength-
ened high chromium martensitic steel, J1, were analyzed
by X-ray and inductively coupled plasma atomic emis-
sion spectroscopy, and the following conclusions were
obtained.

1. Fine particles of Y,Ti,O; with a small amount
of coarse TiO, (anatase) particles formed by
normalization.

2. By tempering at 1023 K (750 °C) for 2 h, Y,O;
and Ti,O3; formed and some Y,Ti,O; particles
decomposed.

3. The Y,03 and Ti,O3; disappeared and Y,Ti,05
reformed on renormalization. That is, the decom-
position and reformation of Y,Ti,O; particles
occurred reversibly.

4. Chemical properties of Y,Ti,O7 formed in the ODS
steel, J1, were different from the stoichiometric
Y,Ti,O7 synthesized in air. Y,Ti,0 in J1 dissolved
other constituents, especially Y->O5’s in its structure,
which made it less stable.

5. The segregation of oxygen to dislocations intro-
duced by normalization can also aid the decomposi-
tion and reformation of Y,Ti,O.

6. The carbide M,3C¢ formed during tempering has
the same crystal structure and a very close lattice
constant to Y,03, which suggests that M,3C¢ could
provide a favorable site for Y,03, and thus help
with the decomposition of Y,Ti,O5 on tempering.
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