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Abstract

The reactive elements (Ti, Al and Zr) have been widely used for the improvement of the
strength or the oxide resistance of ODS steels. In the present work, we studied the effect
of the reactive elements on the precipitation of oxide particles, especially focusing upon
the appropriate amount of the oxide composing elements, by addition of the large amounts
of Y203 and reactive elements. The mechanically alloyed powders are annealed in a wide
temperature range from 773K to 1423K, and then analyzed by various analysis method
(small angle X-ray scattering and X-ray diffraction by synchrotron radiation X-ray,
scanning transmission electron microscope combined with energy dispersion X-ray
spectroscopy, high-resolution transmission microscopy and 3D-atom probe). Ti, Al and
Zr enhanced the growth of oxide particles, opposite to the many literature of Ti and Zr
added ODS steels, as a result of the addition of Y203 and these elements ten times larger
than those for usual use. The nucleation and growth of oxide particles are discussed by
simulating the critical radius of nucleation and the growth based on the LSW theory.
Y4Zr3012 is stable and easy to precipitate even at lower annealing temperature. All
reactive elements enhance the growth of oxide particles because of their big molar volume

as compared to that of Y20s.
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1. Introduction

Oxide dispersion strengthened (ODS) steels have been developed for nuclear
applications: fuel claddings of fast reactors [1-3], plasma-facing components of future
fusion reactors [4-7]. After the Fukushima Daiichi nuclear disaster, an application of
FeCrAl-based ODS ferritic steels as an accident-tolerant fuel cladding (ATF) for light
water reactors is to be taken under consideration in Japan [8]. ODS steels have excellent
high-temperature strength and irradiation resistance because of the fine oxide particles
dispersed in the steel matrix. The type of oxide varies depending on the adding elements.
Y203 is typical oxide which is added at the beginning of mechanical alloying (MA). Oxide
particles are formed by decomposition of Y203 during MA and its re-precipitation with
the added solutes during subsequent consolidation [9-11]. Ti-added ODS steels have been
studied most widely because the Ti addition makes finer Y-Ti complex oxide particles or
clusters than Y203 particles and increases the strength of ODS steels [12-15], and the
structure and the mechanism of precipitation of oxide particles have become clearer by
recent literature: by transmission electron microscopy (TEM) observation [16-18], 3D-
atom probe (3DAP) [19, 20], several techniques using synchrotron radiation [9, 10, 21]
and computer simulation [22]. However, the effect of adding reactive elements on the
precipitation of oxide particles is still questionable, e.g. for the appropriate amount of
these reactive elements, and the systematic model of precipitation is needed for the
fabrication process of ODS steels. This paper focuses upon the effect of the reactive
elements on the precipitation of oxide particles and the difference of precipitation
between the various oxide particles, treating the addition of large amounts of the elements

which compose the oxide particles.



2. Experimental

Throughout this paper the specimen composition is expressed in mass percent. The base
composition of the material in this study was Fe-15Cr-2W-3.5Y203. The addition of Y203
is approximately ten times larger than that commonly reported in the literature to detect
the crystal structure of oxide particles clearly with the X-ray scattering (XRD). Four
different compositions were prepared to obtain various oxide particles: base, 1.5Ti, 3Al
and 3.82Zr (in this paper, we call the specimens by the total amount of added reactive
elements). The amount of Ti, Al and Zr was chosen enough to react with 3.5 wt. % Y203
and form Y-M complex oxides (M is Ti, Al and Zr). Furthermore, to form the appropriate
Y-M complex oxides, each oxygen concentration in the 1.5Ti, 3Al and 3.827Zr specimens
was adjusted by the addition of Fe:O3. We call the additional oxygen by Fe2O3 as
“excessive oxygen (Ex. O)”, more than the amount of oxygen originated from Y203. The
specimen compositions listed in Table 1. The metal, cubic Y203 and Fe20O3 powders were
mixed together, and mechanically-alloyed (MAed) by using a planetary-ball mill with a
ball/powder weight ratio 1/10, a rotation speed of 300rpm for 48h, in Ar atmosphere. The
balls for MA were made from Fe-Cr stainless steel. A MAed powder was then enveloped
in Fe foil and vacuum-shield in a quartz capsule with a piece of Zr foil to avoid surface
oxidation of the powder. A capsule was annealed in a muffle furnace at a temperature of
773K to 1423K for 4h. Even the element compositions are adjusted carefully, the
contamination of C and O is inevitable during the whole process of the specimen
preparation. We measured the amount of C and O after the specimen preparation by
infrared absorption method after combustion and inert gas fusion method, respectively

(shown in Table 1).



Table 1. Target specimen compositions and measured amount of C and O (in wt. %)

Specimen Fe
Base bal.
1.5Ti bal.
3Al bal.
3.827r bal.
Specimen C
Base 0.20
1.5Ti 0.11
3Al 0.16
3.827r 0.15

An annealed powder was put into a silica glass capillary measuring 0.3mm internal
diameter and measured by Synchrotron-radiation X-ray diffraction and small angle
scattering (SR-XRD and SR-SAXS) at BL19B2 beamline in SPring-8 (Hyogo, Japan)
with an incident X-ray energy of 30keV (4 = 0.0413 nm). SR-XRD data was taken by
using a large Debye-Scherrer camera with radius of 286.5 nm and an imaging plate (IP)
on the 20 arm as a detector. The peak of SR-XRD was identified by using the Inorganic

Material Database (AtomWork) presented by National Institute for Materials Science
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(NIMS) [23]. SR-SAXS data was taken by using a two-dimensional hybrid pixel array
detectors (PILATUS-2M) with the camera length of 3m, corresponding the covered q-
range of 0.1-5.6 nm™!, where g is the scattering vector described with the scattering angle
0 as q = |q| = 4msin /1. The measurement time of SR-XRD and SAXS was 300 and
60 seconds per one specimen, respectively. Some of the SR-SAXS measurement took 300
seconds to obtain more clear profile. SAXS profile fitting was done based on the
lognormal distribution for the spherical particles [24].

3DAP and TEM analysis were carried out for as-MA powder and low-temperature
annealed powder. For 3DAP, CAMECA LEAP-4000X HR was used in laser pulsing
mode with laser pulse energies of 50 pJ per pulse at a specimen temperature of ~40K. The
3DAP data were reconstructed with CAMECA IVAS 3.6.10a software and the
compositions of each particles are analysed the maximum separation method. Focused
ion beam (FIB: FEI Quanta 200 3D) was used to make 3DAP specimens. For TEM, two
different machines were used: FEI Titan with an acceleration voltage of 300kV to analyse
the chemical elements of the oxide particles and JEM-2010F with an acceleration voltage
of 200kV to analyse the lattice structure. TEM specimens were fabricated by FIB (JEOL
JIB-4600F) with a subsequent low-energy ion milling (Technoorg Linda GENTLE MILL
IV8) to remove the damages induced by FIB. The simulated diffraction patterns were
constructed using EDA software [25] to analyse the lattice structure.

In order to model the precipitation of oxide particles, thermodynamic calculations were
performed using FactSage™ [26], version 7.1 with SGPS and SGTE databases and some

thermodynamic functions described in the literature [27, 28].

3. Results



Fig. 1 shows SR-SAXS profiles of all specimens as-MA and annealed at a temperature of
773K to 1423K. In as-MA specimens except for 3.827Zr, there is a little peak at around

g=1nm'

. A clear peak appears in all specimens after annealing 773K and the peak
shifts to lower- q side with increasing the annealing temperature, indicating a growth of
some particles. The average radius of the particles in the as-MA specimens with the
standard deviation: base, 1.5T1 and 3Al are 1.2+0.96 nm, 1.5+1.4 nm and 1.4+1.2 nm,
respectively. The average radius of the specimens after annealing with the standard
deviation are shown in Fig. 2. All of them are estimated from the fitting of the profiles
shown in Fig. 1. There is no significant difference in size among the specimens annealed
at 773K and 873K. The average radius of the particles in the 3.82Zr specimen after
annealing at 973K become almost twice as large as that after annealing at 873K, while
the average radius of the other specimens does not become so large. The average radius
of the oxide particles in all specimens rises more or less as the heat treatment temperature
rises. Note that, the average radius of the particles in the base specimen is the smallest of
all the specimens after annealing at above 973K. Fig.3 shows SR-XRD profiles of the
same specimens as those measured by SR-SAXS. There is a peak at 10.6° 2-theta in all
as-MA specimens and a broad shallow peak between 7.5° to 9.3° in the as-MA specimens
except for 3.82Zr. The peak at 10.6° 2-theta corresponds the plane (012) or (102) of
trigonal Y203 (space group No. 164: P3m1 [29]). In the 3.82Zr specimens there are
certain peaks even in as-MA condition and the peaks are getting shaper with increasing
annealing temperature. There is no appropriate oxide which exactly match these peaks,
however there are many oxides close to the peaks: Y2Zr207 (space group No. 227: Fd3m

[30]), Y4Zr3012 (space group No. 148: R3 [31]) and Y1.2Zro603 (space group No. 206:

Ia3 [32]) are at the left-side of the peaks, Y0.5ZrosO1.75 (space group No. 225: Fm3m
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[33]) and Yo0.2Zro.801.9 (space group No. 138: P4 2 /nmc [34]) are at the right-side of the
peaks. The peaks become sharper with increasing the annealing temperature. The broad
shallow peaks between 7.5° to 9.3° of the base and 1.5Ti specimens rise gradually with
rising the annealing temperature. Within the rising area of the base, the peaks of
monoclinic Y203 (space group No. 12: €2/ m [35]) and cubic Y203 (space group No. 206:
Ia3 [36]) appear at a temperature of 1173K to 1423K. The peaks of monoclinic Y203
appear also in the 1.5Ti specimens annealed at a temperature of 1073K to 1173K and the
3Al specimens annealed at a temperature of 1173K to 1423K. The peaks of Y2Ti2O7
(space group No. 227: Fd3m [37]) appear in the 1.5Ti specimens annealed at a
temperature of 1073K to 1423K. In the 3Al specimens, the peaks of hexagonal YAIO3
(YAH, space group No. 194: P63/ mmc [38]) appear at a temperature of 1173 to 1423K,
and the peak of Y4Al2O9 (YAM, space group No. 14: P2,/ c [39]) appear at 1423K. In
the 3Al specimens there is no clear rising below the temperature of 1073K. There are
some peaks identified as chromium oxides, Cr203 and Cr3O, in the 1.5Ti and 3Al
specimens, respectively.

Fig. 4 shows a STEM-EDS mapping of the 1.5T1 specimen annealed at 873K. There were
many small particles distributed densely in the matrix. The small particles distributed on
grain-boundaries (traced by yellow lines in HAADF image of Fig. 4) Y, O and Ti are
concentrated at the same areas as the particles (pointed by red arrows). Fig. 5a shows a
lattice image of a grain in 1.5Ti annealed at 873K (the left) and a FFT image (the right)
constructed from the area surrounded by a red square in the lattice image. The simulated
diffraction patterns are shown in Fig. 5b. The FFT image in Fig. 5a is composed of matrix

identified [001]g,. There are also some weak spots pointed by yellow arrows in the FFT



image. These spots are identified as the spots of [001]y,7207 traced by red circles on the
simulated diffraction pattern in Fig. 5b.

Fig. 6 shows the reconstructed 3DAP maps of the 3Al and 3.82Zr specimens as-MA and
annealed at 873K. Y and O distribution is localized in the as-MA specimens. The
localized Y and O are agglomerated after annealing at 873K. Both Al and Zr appear to be
condensed at the area which Y and O are agglomerated. The localization of W is also

observed in both specimens annealed at 873K.

4. Discussion
4.1. Distortion of Y203 by MA

SAXS profile of the as-MA specimens except for 3.82Zr show a peak originated from
some particles. On the other hand, XRD of the same specimen does not detect cubic Y203,
which is initial powder of this fabrication process, while a broad shallow peak is shown
in the profile at the 26 range of approximately 7.5° to 9.3°. For a very fine crystallite less
than 100 nm, broadening angle of diffraction (B) should be considered and it is described

as well-known Scherrer equation:

091

B= (1)

t-cos 6

where 1 is a wavelength of the X-ray, t is diameter of the crystallite and 6 is angle of
diffraction. If cubic Y203 exists as fine particles after MA process and SR-SAXS detected
these particles, the value of B for the {222} diffraction (d = 3.061 A [36] and its 20 =
7.74° ) is calculated as 0.89° by using the particle radius of 1.2 nm estimated by the SR-
SAXS measurement of the base as-MA specimen and the wavelength of 30keV X-ray of

0.413326 A. The broadening angle of diffraction almost agrees with the rising area at the



2-theta range of approximately 7.5° to 9.3° in Fig. 2, and this interprets the remaining of
initial cubic Y203 even after 48h MA. However, the peak corresponded to trigonal Y203
appears in as-MA condition and monoclinic Y203 appears after annealing 1173K to
1423K, both of which cannot exist from the beginning of sample preparation. Even Y203
remained after 48h MA, the crystal structure of cubic Y203 should be highly distorted

during MA.

4.2. Nucleation of the oxide particles

Fig. 4 and 6 shows that the additive elements, Ti, Al and Zr, are concentrated at the area
which Y and O are agglomerated, even at lower temperatures where the complex oxides
are not detected by SR-XRD (except for 3.82Zr). According to Fig. 5, the particle
probably has their own lattice identified as Y2Ti207 at 873K although the spots in the FFT
image are very weak. These results indicate that oxide particles could precipitate at lower
temperatures, but they are highly disordered. The present result agrees with the disordered
structure of the oxide particles has been reported by He et al. [10] and the oxide cluster
formation has been suggested by a lot of literature [40- 42]. However, According to Fig.
3, Y-Al complex oxides are more difficult to precipitate at lower temperatures. Here we
consider a free energy change associated with the nucleation process of an oxide particle,
AG, which is described by the following well-known equation:

AG = —VAG, + Ay + VAG; 2)

where V is a volume of an oxide particle, AG, is the chemical driving force of the oxide
formation, A is the area of interface, y is the interfacial energy and AG; is the elastic strain
energy of the oxide particle. For an oxide particle which has a spherical shape, Equation

(2) will be described as a function of the radius of oxide particle, r, and given by:

10



AG = —%nr3(AGv — AGy) + 4mrty 3)

AG, can be calculated based on the solid solution supersaturation at the equilibrium [43,
44]. Considering the following reaction of Y20s3:

2Y%+ 30% = Y,04 4)
where the superscript indicates solution in ferrite matrix, a. At the equilibrium, AG,, can
be expressed by the Gibbs free energy of the elements which compose Y203, as:

AOGY203 =0 GY203 - 2OGY - 3060

RTlog(a$” - ag®) [J-mol™]

RT log(ag” - ag”) - py,0,/my,0, [J-m”] (5)

where R is gas constant, T is temperature, ay and ag are activity of Y and O in the ferrite
matrix, py,o, and my, o, are density and molecular weight of Y203, respectively. In
Equation (5), the activity of the Y203 oxide particle is assumed to be 1. Going back to
Equation (3), AG; is described as AG; = 462, where u is the shear modulus of the
matrix and § = (dp — dy) /dy is the lattice misfit between the oxide particle with an
interplanar distance of dp and the matrix with an interplanar distance of d,, [45]. y can
be calculated based on the Read—Shockley equation of the well-established dislocation
model of grain-boundaries, and described as following equations [46]:
y=Ey-0(a—1nb) (6)

0=

S

=9 (7)
where Ey~0.1ub, b is the Burgers vector for the iron matrix. @ is a constant, which
depends on the core energy of an individual dislocation and here taken as 1. @ is the

disorientation angle between two grains, which has the same meaning as §. § can be

calculated by using some certain orientations and lattice constants reported in the

11



literature. Then, the variation in AG with r at selected temperature by assigning the values
to Equation (3). Fig. 7a shows the variations in AG with r at 873K for some oxides which
observed in the present work. The parameters used for the calculations are given in Table
2. The activities are calculated using FactSage™ software with some thermodynamic
functions cited from literature (see Table 2). The detail of the calculations is shown in
Supplemental data. We choose YAM for the 3Al specimen and Y2Zr207 and Y4Zr3O12
for the 3.827r specimen because we do not have any appropriate thermodynamic or
structural data for the other oxides. According to Fig. 7, the critical radius of Y203,
Y2Ti207, Y2Zr207 and Y4Zr3012 range less than 2 x 10719 m; their critical sizes (diameter)
of the precipitates are approximately same as the nearest-neighbour distances of Y-O
bonds. This can signify that the oxide particles immediately precipitate once the atoms
which compose the oxides encounter each other. However, in the above calculations,
theoretical calculated values are used for thermodynamic data, and the actual values of
activities should be different because the as-MA specimens have many vacancies
originated from the defects induced by MA and the defects are not fully recovered after
annealing at 823K [47]. We have 3DAP data of the 3Al and 3.82Zr specimens, and the
actual oxide formation free energy can be obtained measuring the actual concentration of

each oxide-forming elements in the particles and the matrix. Equation (3) is now modified

as:
0 C€4_6512_639 3
A”Gy,a1,0, = RT In gt aZ ad * Py, 41,00/ My, 1,0, [J-M07] (8)
Y Al (0]

where ¢ or cP are the concentrations of each target element in the matrix or in the
particle, respectively. The measured values of c¢® or c? from 3DAP is listed in Table 3.

The concentrations in the matrix and the particles are calculated from the ROI of 10 x 10

12



x 100 nm® in Fig. 6 by using the maximum separation method. Fig. 7b shows the
variations in modified AG of Fig. 7a with r by using Equation (8) at 873K for YAM,
Y2Zr207 and Y4Zr3012. There is no critical radius for YAM and Y2Zr207 and their free
energies increase indefinitely, which indicates that the two oxides cannot precipitate at
873K. On the other hand, Y4Zr3012 have a critical radius of 0.26 nm. According to Fig.
7b, Y4Zr3012 is strongly stable even if the matrix contains many vacancies originated
from the defects induced by MA process, and become the most probable oxide formed in

the 3.82Zr specimen after annealing at 823K.

Table 2. Parameters used for the nucleation model of the oxides observed in the

present work.

Value source value ref.
Gas constant R = 83144598 J-K ! -mol™!
Shear modulus U= 66.8 GPa (at 873K) [48]
Burgers vector b=248x 107 m for a/2 (111) [49]
At 873K
Cubic Y203
activity
A°Gy o, = RTlog(a$” - a8’ a = 24895 x 10718 [26]

a% = 82008 x 1072

13



Lattice constant

Density
Molecular weight

Misfit parameter

coherent plane

Y2Ti207

activity

0 — a2, a2, a7
A GYZTi207 = RT log(ay ar; aop

Lattice constant
Density
Molecular weight

Misfit parameter

coherent plane

YAM(Y4AlL209)

activity

0 _ a? . 2 a9
A GY4A1209 = RT log(ay aAl ao

Lattice constant

10.604 x 10710 m [36]

py203 = 5.01 X 106 g 'm_3 [50]

My, 0, = 225.809 g mol~

6=0.078

{4401}y,0,|[ {110}, [17]

a% = 7.1334 x 10715
af; = 30631 x 107*

a% = 40651 x 10726

10083 x 107 m [37]

pszi207 = 5.00 x 106 g m_3
My, 11,0, = 385.539 g~ mol ™!

6= -0.129

{440}y, 71,0, [{110}4 [17]

af = 80120x 10711
ay, = 19941 x 107

a% = 8.1054 x 10729

a=7261%x10"1m [39]

14
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Density
Molecular weight
Misfit parameter

coherent plane

Y2Z1207

activity

0 _ az . a 2 . 057
A GYZZr207 - RTlog(aY azr " Qg

Lattice constant

Density
Molecular weight

Misfit parameter

coherent plane

Y4Z13012

4 3
A°Gy, zr.0,, = RT log(af" - ag,

ag") af=1x1077

b=10.134%x 1071%m

c=109341x 1071m

B=108.628
Py,a1,0, = 438 x 10 g-m™3 [52]
My, at,0, = 553.579 g - mol™*
§=10.17
(124) v, 41,0, (110) 4 [53]

af = 94099 x 10710 [26, 28]

a%, = 82548 x 1073
ad = 15687 x 107%°
1042 x 1071%m [30]
Py,zr0, = 554 x 10® g-m™3 [54]

My, 7r,0, = 472253 g+ mol ™
§=0.096

{440}y, 2r,0,][{110}4 (present work)

[26, 28]
a%. = 53365x 1073

a% = 6.4040 x 1072

15



Lattice constant 1042 x 10710 m [30]

Density Py,zr;0,, = 528 x 10 g-m™3 [55]
Molecular weight My, zr,0,, = 821.284 g-mol™
Misfit parameter 6= 0.022

coherent plane {432}y, 210,11 {101}, [56]

Table 3. Concentrations of each target elements measured from 3DAP (in at. %)

Specimen  ¢f ¢ % & o & b
3Al 0.16 2.0 - 1.0 10 8.7 - 8.8
3.827r 0.4 - 1.1 2.7 9.5 - 8.0 16

4.3. Coarsening of the oxide particles

Ti and Zr are well-known as the elements which reduce the size of the oxide particles
[1]. Despite the common knowledge, the present SAXS measurement showed that all
reactive elements (Ti, Al and Zr) enhance the size of oxide particles than that in the base

specimen. Assuming that oxide particles grow following Ostwald ripening during

16



annealing and conventionally analysed based on the Lifshitz-Slyosov-Wagner (LSW)
theory [57] described by the following equation:

3 —1rd = Kt 9)

K = 8yC®DV,*/9RT (10)

where r and 1, are the average radius of the particles after and before coarsening,
respectively, and the annealing time ¢t, y is interfacial energy of the particles, C,g is the
equilibrium solubility of the elements which compose the particles, D is the
diffusivity, V;, is the molar volume of the particles, R is gas constant, T is the annealing

temperature. If 7, is enough to small, 7 is described from Equation (9) and (10), gives:

1
8yCe4DV,,? /3
- [P ] (an

It is difficult to estimate C®? if the particles are composed of several elements. C°? is
theoretically described by the solubility products if the precipitate is soluble in the matrix
[57, 58]. However, Y and O have very low solubility in the Fe-base bcc matrix [59, 60]
and their concentration in the present matrix should be saturated. Then we represent the
concentration of Y in the matrix as qu and calculated qu by equilibrium of Fe-15Cr-
2W-3.5Y on Factsage™ software [26]. D is determined by the lowest diffusion species
among the elements composing the oxide [61], and here represented by the diffusion
coefficient of Y [62-64]. Fig. 8 shows the variation of calculated r from Equation (11)
for the oxides, considered in the section 4.2, with the given values of y, qu, Dy and V.
The parameters are listed in Table 4. According to Fig. 8, the calculation based on the
LSW theory does not give so bad agreement with the present results (Fig. 2). The
deviation from the experiments should be due to the initial radius of the clusters in the as-

MA condition, the difference of the diffusion mechanism (the grain-boundary diffusion

17



is dominant instead of the lattice diffusion at lower temperatures), and the difference of
the precipitate species (especially for 3Al). In the present calculation of Equation (10), y
and V,,, depend on the type of oxide. All complex oxides with adding elements (Ti, Al and
Zr) will grow faster than Y203, because the higher y and V;,, of Y2Ti207, YAM and
Y2Zr207 than that of Y203. The calculated inter facial energies for Y203 and Y2Ti207 in
the present work are different from the analytical values of Ribis et al. [17] after 1573K
for 1h annealing, which are 350 mJ-m? and 260 mJ-m? for Y203 and Y:Ti207,
respectively. Their interfacial energy of Y2Ti207 is much lower than that of our present
work. It is because we do not consider the shape of the oxide particles, i.e. the anisotropy
of elastic strain in the oxide particles. We also calculated with applying the interfacial
energy of Ribis et al. and plotted the size of oxide particles in Fig. 8. Although the much
smaller interfacial energy is applied, the Y2Ti1207 oxide particles grow faster than the
Y203 oxide particles. This indicates that the values of V,, are effective. It is difficult to
find justifiable reasons for the difference between the present work and lots of literature,
however, based on at least the LSW theory, it can be said that the growth of oxide particles
is enhanced with the addition of the reactive elements, Ti, Al and Zr, by forming the
complex oxides. The difference between the present work and lots of literature is the
amount of Y203 at the initial process; in the present work, the amount of Y203 is
approximately ten times larger than those of the literature. It should be considered the
special effect of dilute addition of such reactive elements in the literature. Also, the
amount of Y203 should affect qu in Equation (11). According to Boulant et al. [43], who
calculated the solubility products of Y203 and Y2Ti207 in 0.16wt. % Y added Fe-14Cr-
1W ferritic steel, the values of solubility products of Y2Ti207 and Y203 are very low: ~10

18 and~108 at 1423K, respectively. These small values should affect C,? in Equation

18



(11) and r will be much lower than those in the present work, and also deduce the

reduction of the radius of the oxide particles by the addition of Ti.

Table 4. The values used on the calculation of Ostwald ripening.

Cubic Y203 Y2Ti207 YAM Y2Zr207 Y4Zr3012
V,, [m3-mol!] 4.51x107 7.71x107 1.26x10*  8.52x10°  1.56x10™
y [J-m]*
Temperature [K] Cubic Y203 Y2Ti207 YAM Y2Zr207 Y4Zr3012
773 0.48 0.68 0.81 0.55 0.18
873 0.46 0.65 0.78 0.53 0.18
973 0.44 0.62 0.74 0.51 0.17
1073 0.42 0.59 0.71 0.48 0.16
1173 0.40 0.56 0.67 0.46 0.15
1423 0.34 0.49 0.59 0.40 0.13
Temperature [K] Cy? [mol'] Dy [m*s]
773 4.75x1071° 6.15%10726
873 6.06x10°  1.27x10%
973 5.03x1078 8.77x1072?
1073 2.84x107 2.75x10°%°
1173 1.13x10°¢ 4.80x10"
1423 1.98x10°° 1.05x10°'¢

*Temperature dependence of y is calculated from the variation of shear modulus u with

temperature [48].

5. Conclusion

The effect of Ti, Al and Zr-addition on the nucleation and the growth mechanisms of
Fe-15Cr ODS ferritic steel is studied in the present work. SR-SAXS and XRD shows that
cubic Y203 exist but highly distorted after MA. TEM and 3DAP shows that the additive

elements, Ti, Al and Zr, are concentrated at the area which Y and O are agglomerated,
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even at lower temperatures where the complex oxides are not detected by SR-XRD
(except for 3.827r). The critical radius of nucleation at 873K from theoretical calculation
is close to the size of the molecule for the oxides, however, the oxides are difficult to
precipitate at lower temperatures except for Y4Zr3O12 because of the effect of MA. The
massive addition of Y203 affects the growing of the oxide particles, and the reactive
elements enhance the growth of oxide particles because of the large interfacial energy and

the molar volume of the complex oxides than those of cubic Y20s3.
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Captions of the figures

Figure 1. SR-SAXS profile of as-MA and annealed powders.

Figure 2. Variation of average radius with annealing temperature analysed by SR-SAXS

profile shown in Fig.1.

Figure 3. SR-XRD profile of as-MA and annealed powders.

Figure 4. STEM-EDS mapping of 1.5Ti specimen annealed at 873K.

Figure 5. HRTEM analysis of 1.5Ti specimen annealed at 873K: (a) Lattice image (left)
and its FFT image (right), (b) simulated diffraction patterns of the matrix (left) and

Y:2Ti207 (right).

Figure 6. 3DAP image of 3Al and 3.82Zr specimens as-MA and annealed at 873K.

Figure 7. Free energy of nucleation in the function of the radius of the particle for the

oxides.

Figure 8. Variation of the calculated radius of the particles based on the LSW theory with

annealing temperature.
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