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Abstract 

The growth of oxide particles in FeCrAl- oxide dispersion strengthened steel (ODSS) 

considering an accident condition of the light-water reactor at above 1500 K was studied by 

using a high-temperature annealing. Oxide particles grew from 9nm to more than 50nm as 

maximum at 1623K for 27h, with decreasing their number density in two orders of magnitude. 

Most of the oxide particles in 15Cr-7Al were identified as YAM or YAP, while the oxide particles 

in 15Cr-7Al-0.4Zr were identified trigonal Y4Zr3O12. Zr addition to 15Cr-7Al ODSS accelerated 

the growth of the oxide particles, which is quite contrary to the effect of Zr addition during 

sintering as suggested in the literature. The kinetics of coarsening was characterized by an 

equation of Ostwald ripening. The diffusion activation energies obtained in the present 

materials were quite larger than the conventional diffusion activation energy of Y in alpha-iron. 

Gibbs free energy of oxides should be considered to discuss the coarsening.  



1. Introduction 

According to the reports of the Fukushima Daiichi Nuclear disaster, the oxidation of the 

Zircaloy cladding began above 1173 K and causes accelerated hydrogen generation above 

1500 K [1, 2]. To remove the potential threat of hydrogen explosion in the severe accident 

condition, alternating the Zircaloy with other oxidization-resistant materials is very important. 

FeCrAl-alloy is one of the most suitable candidates for the accident-tolerant fuel cladding of the 

light-water reactors, because they form a protective Al2O3 scale under high temperature steam 

oxidation conditions [3, 4]. However, applying FeCrAl-alloy to the cladding requires reducing 

the wall thickness to almost half of that of Zircaloy to maintain neutron economy [4]. To 

overcome the deterioration of strength to be caused by the thickness reduction of the cladding, 

we have developed FeCrAl-based oxide dispersion strengthened steels (ODSS), which have 

not only oxidation resistance at high temperature, but also strength and irradiation resistance 

[5]. We added Zr into Fe-Cl-Al ODSS to improve the high-temperature strength by forming the 

fine Y-Zr complex oxide particles instead of the coarse Y-Al complex oxide particles [6, 7, 8, 9, 

10, 11]. There have been reported the relationship between the type of oxide and the size of 

oxide particles by observing the as-fabricated materials [12, 13, 10, 14]. However, in a specific 

accident scenario, FeCrAl-alloy is exposed to high temperature at approximately 1500-1600K 

for more than several ten hours in the absence of any cooling [3]. The stability of oxide 

particles at such a high temperature has yet to be clarified, even though the coarsening of 

oxide particles could significantly reduce the mechanical integrity. In the present study, we 

discuss the coarsening of oxide particles in FeCrAl-ODSS and FeCrAl-ODSS with Zr addition 

at elevated temperatures. 

 

2. Experimental 



 The target compositions of the material in this study were Fe-15Cr-7Al-0.5Ti-0.5Y2O3 (in 

wt. %) without and with 0.4wt. % Zr. We call the former 15Cr-7Al and the latter 15Cr-7Al-0.4Zr. 

FeCrAl- pre-alloyed powder, Cr and Zr metal powder, Y2O3 powder and Fe2O3 powder to 

control the excess amount of oxygen were mixed together and mechanically-alloyed (MAed) by 

using an attritor in Ar atmosphere, with a rotation speed of 220rpm, for 48h. The MAed powder 

was then canned in a capsule and extruded at 1433K. The chemical compositions of the 

extruded bars are described in Table 1. 

 

Table 1. Chemical composition of the extruded bars in wt. % (Ex. O: excess oxygen). 

 

Specimen  Fe Cr Ti Al Y2O3 Zr Ex. O 

 

15Cr-7Al  bal. 14.18 0.51 6.44 0.470 <0.01 0.120 

15Cr-7Al-0.4Zr  bal. 14.76 0.50 6.40 0.470 0.37 0.220 

 

 

 The extruded bars were cut into several pieces (we call them “as-extruded” pieces). The 

pieces were annealed in a vacuum furnace at a vacuum ~1 × 10-4 Torr, to coarsen oxide 

particles. The annealing temperature and time ranged from 1473 K to 1623 K and from 3 h to 

200 h, respectively, as listed in Table 2. The temperature increase and decrease rates were 5 

K/min. The as-extruded and annealed pieces were punched into 3 mm φ disc specimens and 

electro-polished for TEM observation. Some TEM specimens were fabricated by focused ion 

beam (FIB) with a subsequent low-energy ion milling to remove the damages induced by FIB. 

Three types of transmission electron microscopes (TEM) were applied for microstructure 

observation: JEOL JEM-2010 (200kV) to observe the mean size and distribution, JEM-2010F 



(200kV) to analyze the lattice structure and FEI Titan (300kV) to analyze the chemical 

elements of the oxide particles. Micro-Vickers hardness test was applied for all specimens 

before and after annealing, with a load of 0.98N and a holding time of 30 second. 

 

Table 2. Annealing temperature and time. 

 

Temperature (K) Time (h) 

 

1473   27 81 200 

1543   3 27 81 

1623   3 9 27 

 

 

3. Results 

 Fig.1 shows TEM micrographs of the oxide particles before and after high temperature 

annealing. The initial average sizes of oxide particles were 8nm and 9nm in 15Cr-7Al and 

15Cr-7Al-0.4Zr, respectively. In both alloys, the oxide particles after annealing for 27 h at 1623 

K were more than three times larger than those before annealing. Some particles taken from 

an appropriate crystal orientation (for example, 1~2g* on the systematic reflection) show a 

strain-contrast originated from the coherent precipitate or misfit moiré fringes originated from 

the semi-coherent precipitates (pointed by red arrows).  The average size and the number 

density of oxide particles after annealing are plotted in Fig. 2a, 2b, 2d and 2e. Each value was 

derived from 168 particles in average. The number of particles in each specimen and their size 

distribution are shown in Supplemental data 1 and 2. The results of 9Cr ODSS [15] are also 

shown in Fig. 2c and f. The oxide particles in the present work were coarsen more significantly 



than those in 9Cr ODSS. Notably, the size of the oxide particles in the 15Cr-7Al-0.4Zr after 

annealing at 1623 K for 27 h became larger than those of the other alloys. After annealing at 

1623 K for 27 h, the number densities of the oxide particles in FeCrAl-ODSS decreased almost 

two orders of magnitude as compared to those before annealing, while the number density of 

9Cr ODSS after the annealing at 1623K for 27h decreases just one order of magnitude as 

compared to that before annealing. The size of oxide particles after annealing increased with 

decreasing their number density, indicating that the oxide particles coarsened by Ostwald 

ripening. 

 Fig. 3 shows STEM-EDS mapping of the oxide particles in 15Cr-7Al after annealing at 1623K 

for 27h. In the HAADF image, oxide particles appeared as the dark spheres, pointed by red 

arrows. The small black area in adjacent to the oxide particles are Ar bubbles induced during 

the MA. Y, Al and O are distributed on the oxide particles, indicating that most of the oxide 

particles are Y-Al complex oxides. Fig. 4 shows the magnified images of a coarse oxide 

particle in 15Cr-7Al after annealing at 1623K for 27h. The large oxide particle had a core-shell 

structure; the core contained Al, Y and O, while the shell contained additionally Fe and Cr. Ti 

were distributed at the surface of the shell. Fig. 5 shows STEM-EDS mapping results of the 

oxide particles in 15Cr-7Al-0.4Zr after annealing 1623K for 27h. Most of the oxide particles did 

not clearly appear in the HAADF images except for the particles pointed by the red arrows. 

However, there were many areas where Y and Zr are concentrated, indicating that the Y-Zr 

oxides exist in the specimen.  

 Fig. 6 and 7 show a series of the HRTEM analyses of the oxide particles in 15Cr-7Al and 

15Cr-7Al-0.4Zr after annealing at 1623 K for 27 h, respectively. The right images of Fig. 6a, 6b, 

7a and 7b show the simulated diffraction patterns of the oxide particles, based on the lattice 

information of the literature displayed in a database [16, 17, 18, 19] and the simulating software 

[20]. Most of the oxide particles in 15Cr-7Al were indexed as monoclinic Y4Al2O9 (YAM: P21/c, 



No. 14, a = 0.73752 nm, b = 1.04621 nm, c = 1.11102 nm, α = γ = 90 °, β = 108.575 °) [16] or 

orthorhombic YAlO3 (YAP: Pnma, No. 62, a = 0.5184 nm, b = 0.5317 nm, c = 0.7368 nm, α =β 

= γ = 90 °) [17]. Based on the orientation relationship proposed by Dou et al. [14], the particle 

shown in Fig. 6a is measured 34nm and semi-coherent to the matrix, referred as 

(1�2�4)YAM ||(1�10)α−Fe  and [253]YAM||[111]α−Fe . The lattice misfit δ = (𝑑𝑑P − 𝑑𝑑M) 𝑑𝑑P⁄  is 17.0% 

using the lattice constant of the Fe-Cr alloy 𝑑𝑑Fe−Cr = 0.2876 nm [10]. The particle shown in Fig. 

6b is measured 23nm also semi-coherent to the matrix, referred as  (22�1)YAP ||(1�10)α−Fe and 

[432]YAP||[111]α−Fe. The lattice misfit δ is -2.1%. Almost all the oxide particles in 15Cr-7Al-

0.4Zr were indexed as trigonal Y4Zr3O12 (R-3, No. 68, a = b = 0.9738 nm, c = 0.9115 nm, α = 

β = 90 °, γ = 120 °). The particles shown in Fig. 7a is measured 27nm and semi-coherent to the 

matrix, referred as  (1�2�4)Y4Zr3O12 ||(1�10)α−Fe and [21�0]Y4Zr3O12||[111]α−Fe. The lattice misfit δ 

is -9.7%. The particles shown in Fig. 7b is measured 27nm and coherent to the matrix, referred 

as  (2�32�)Y4Zr3O12 ||(1�10)α−Fe , (4�20)Y4Zr3O12 ||(1�01)α−Fe  and [122]Y4Zr3O12||[111]α−Fe .  The 

smallest lattice misfit δ is 16.5% for (2�32�)Y4Zr3O12 ||(1�10)α−Fe. There were also ZrO2 to some 

extent in 15Cr-7Al-0.4Zr (photo not shown). 

 Fig. 8 shows the results of Vickers hardness test of 15Cr-7Al and 15Cr-7Al-0.4Zr. Before 

annealing, the hardness of 15Cr-7Al-0.4Zr is harder than that of 15Cr-7Al, whereas after 

annealing at 1623K for 27h, the hardness of 15Cr-7Al-0.4Zr significantly decreases and lower 

than that of 15Cr-7Al. The tendency of the hardness-decrease roughly agrees with that of the 

coarsening of the oxide particles. 

 

4. Discussion 

4.1. Type of oxide particles in the present specimens 

 In the present work, most of the oxide particles in 15Cr-7Al were YAM or YAP. They are likely 

to have been formed by internal oxidation of Y and Al during sintering. Based on the literature 



[21], the reactions leading to these oxides are summarized as follows: 2Y2O3 + Al2O3(γ) → 

YAM (~1273K), Al2O3(γ) + YAM → 4YAlO3 (Hexagonal: YAH, 1273-1373K), YAH → YAP 

(1373-1473K). Dou et al. [14] suggested in their analysis of the oxide particles in 15.5Cr-4Al 

ODSS that the formation occurs due to the affinity of oxygen with different solute atoms, and 

concluded that the oxide particles in their specimen could be transformed to YAH because of 

their very low concentration of Ti, i.e., 0.1wt. %. In the present work, the concentration of Ti is 

quite high, i.e. ~0.5wt. %, which would retard the diffusion of oxygen by forming TiO2+ ions and  

leave YAM in the as-received specimen. Once YAH could be formed in our specimen as a 

consequence of the high temperature annealing, it should be transformed to YAP at 1623K. On 

the other hand, almost all particles in 15Cr-7Al-0.4Zr were Y4Zr3O12. Because Zr has a slightly 

higher affinity to oxygen than Al [22], Y-Zr complex oxides are formed instead of Y-Al complex 

oxide. In the literature, several phases of zirconium oxide have been identified in Zr-added 

ODSS:  Yu et al. [11] have found cubic Y2Zr2O7 particles in Fe–16Cr–4Al–2W–0.35Y2O3 with 

0.6Zr, while Dou et. al. [10] have found tetragonal Y4Zr3O12 particles in Fe–15Cr–2W–0.1Ti–

4Al–0.35Y2O3 with 0.63Zr (in mass. %). The phase diagram for the ZrO2-YO1.5 system 

suggests that Y4Zr3O12 are possible at the temperature range from 1473K to 1623K [23], while 

no interpretation or existence of Y2Zr2O7 is shown. The present result agrees with P. Dou et. al. 

and is reasonable according to the phase diagram. 

 

4.2. Kinetics of the particle coarsening 

Given the kinetic relationship for precipitate coarsening thorough Ostwald ripening [24]: 

𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛 = 𝑘𝑘 ∙ exp(−𝑄𝑄 𝑅𝑅𝑅𝑅⁄ ) ∙ 𝑡𝑡  (1) 

where 𝑟𝑟 and r0  are precipitate radius after and before annealing, respectively, 𝑘𝑘  is the rate 

constant for a specific temperature and diffusive process, 𝑄𝑄 is the diffusion activation energy, 𝑅𝑅 

is the gas constant, 𝑅𝑅 is the temperature, 𝑡𝑡 is the annealing time, and the exponent 𝑛𝑛 is the 



value restricted by the mechanisms of diffusion: 𝑛𝑛 = 3  for lattice diffusion, 𝑛𝑛 = 4  for grain-

boundary diffusion and 𝑛𝑛 = 5 for dislocation ‘pipe’ diffusion. Taking logarithm for eq. (1), it 

gives: 

ln(𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛) = 𝐴𝐴 + ln 𝑡𝑡   (2) 

where 𝐴𝐴 =  −(𝑄𝑄 𝑅𝑅𝑅𝑅⁄ ) + ln𝑘𝑘, is a constant at given temperature. Fig. 9a shows an example of 

the corresponding plot of ln(𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛) versus ln 𝑡𝑡 (𝑛𝑛 = 5 for 15Cr-7Al), and Table 3 shows the 

values of the slope of the line fits for all 𝑛𝑛 and at all annealing temperatures. The slope of the 

fits becomes nearest to 1, when 𝑛𝑛 = 5 for 15Cr-7Al at 1473K and when 𝑛𝑛 = 4 for 15Cr-7Al-

0.4Zr. For 15Cr-7Al, the corresponding slopes at 1543K and 1623K are much lower than 1. 

The slopes of the fits for 15Cr-7Al at 1543K and 1623K become nearest to 1 when 𝑛𝑛 = 8 and 

𝑛𝑛 = 9, respectively. The higher values of 𝑛𝑛 than 𝑛𝑛 = 5 indicate that certain diffusion mechanism 

faster than pipe diffusion mechanism would be applied. However, the mechanism faster than 

pipe diffusion mechanism, e.g. surface diffusion, is difficult to be considered because the oxide 

particles distributed in a solid material. The change in the slope at higher temperature is similar 

to that of Alinger for MA956 [24]. He suggested that, at higher temperature, a transformation of 

the nano-clusters to nearer to equilibrium oxide type phases should be considered as well as a 

possible change in coarsening mechanism from pipe diffusion. However, in the present work, 

the transformation from YAH to YAP could occur at all annealing temperatures from 1473K to 

1623K, as mentioned in the section 4.1. We think that it is too early to draw a conclusion 

without any further examination with longer annealing time, because the growth of oxide 

particles does not appear to be saturated in Fig. 2 at 1543K and 1623K. So far, we apply 𝑛𝑛 = 5 

(pipe diffusion) for 15Cr-7Al because the oxide particles in annealed specimen associate with 

dislocations (see Fig. 1 at 1623K, 27h). 

 

Table 3. The values of the slope of the line fits. 



 

15Cr-7Al 

Temperature [K] n=3 n=4 n=5 n=6 n=7 n=8 n=9 

 

1473   0.60 0.76 0.93 1.10  1.28 1.46  1.64 

1543   0.39 0.50 0.61 0.73 0.85 0.97  1.09 

1623   0.34 0.45 0.56 0.67 0.78 0.90  1.01 

 

15Cr-7Al-0.4Zr 

Temperature [K] n=3 n=4 n=5 

 

1473   0.62 0.75 0.90 

1543   0.76 0.95 1.15 

1623   0.81 1.05 1.31 

 

 

Substituting 𝛼𝛼 = 𝑘𝑘 ∙ exp (−𝑄𝑄 𝑅𝑅𝑅𝑅⁄ )  in eq. (1) and taking logarithm for the equation: 

ln𝛼𝛼 = −𝑄𝑄 𝑅𝑅𝑅𝑅⁄ + ln 𝑘𝑘 = −𝑄𝑄 𝑅𝑅⁄ ∙ (1 𝑅𝑅⁄ ) + ln𝑘𝑘  (3) 

For 15Cr-7Al, for instance, applying 𝑛𝑛 = 5 to eq. (1), the 𝑡𝑡 versus 𝑟𝑟5 − 𝑟𝑟05 curve can be plotted 

as shown in Fig. 9b. The value of α can be obtained by the fit to the data 𝑟𝑟5 − 𝑟𝑟05 and 𝑡𝑡 in Fig. 

9b. Fig. 9c shows the corresponding fit to the ln𝛼𝛼 versus 1 𝑅𝑅⁄  in eq. (3) with the values of 𝛼𝛼 

obtained by the fits in Fig. 9b. The slope of the fit in Fig. 9c yields the values of 𝑘𝑘 and 𝑄𝑄. Table 

4 shows the values of 𝑘𝑘 and 𝑄𝑄 for the present materials. The values for 9Cr ODSS are also 

shown as a reference [15]. 

 



Table 4. The rate constant (𝒌𝒌) for a specific temperature and the diffusion activation 

energy (𝑸𝑸). 

 

Material  𝑘𝑘 [mn·s-1] 𝑄𝑄 [kJ·mol-1] n 

 

15Cr-7Al  1.3×1020 480  5 (pipe) 

15Cr-7Al-0.4Zr  1.4×1028 747  4 (grain-boundary) 

9Cr ODSS [15]  2.8×1033 891  5 (pipe)  

 

  

The value of 𝑄𝑄 for 15Cr-7Al is much lower than those for 15Cr-7Al-0.4Zr and 9Cr ODSS due 

to the small values of the slope at 1543K and 1623K in Table 3 which are already discussed 

above. The value of 𝑄𝑄 for 15Cr-7Al-0.4Zr is lower than that for 9Cr ODSS, which indicates that 

the diffusion of the dispersion species is faster in 15Cr-7Al-0.4Zr than that in 9Cr ODSS. The 

interpretation agrees with the present results of coarsening (see Fig. 2). In any case, the 

values of 𝑄𝑄 obtained in the present work and the past work for 9Cr ODSS are remarkably 

higher than that of the impurity diffusion of Y atom in alpha-iron (299 kJ·mol-1 [25]). The 

present values of 𝑄𝑄 should contain the contributions of both the diffusion activation energy and 

the effective activation energy controlling the solubility of the key solutes at a dislocation or a 

grain-boundary [24]. Then, we distinguish the superficial activation energy during Ostwald 

ripening of oxide particles, as 𝑄𝑄 = 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 , from the real diffusion activation energy of the 

elements, as 𝑄𝑄𝑑𝑑. The most effective contribution to 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 should be from the bonding energies 

of oxides. We do not interpret that the bonding energy can be inserted directly into the equation 

(1). However, note that Gibbs free energy (𝐺𝐺0) of the oxides is very large negative even at high 



temperature. For example, 𝐺𝐺0  of Y2O3 at 1623K becomes -2218kJ/mol according to the 

thermodynamic function of ref [26]. 

 

4.3. Coarsening of the oxide particles at a high temperature 

Al is the element which coarsens oxide particles by forming incoherent Y-Al complex oxides 

[6-8], while Zr is the element which prevent coarsening oxide particles in Al added ODSS by 

forming coherent trigonal Y4Zr3O12 [10] or pyrochlore Y2Zr2O7 [11]. In the present study, 

however, the oxide particles in the 15Cr-7Al-0.4Zr become more than 10 nm coarser than 

those 15Cr-7Al after annealing at 1623 K for 100 h. Our result agrees with the previous study 

of Sawazaki et al. [27]. Here we discuss the result in more detail. 

Considering the equation of Ostwald ripening, eq. (1) is rewritten as following equation [24]: 

𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛 = 𝑎𝑎 {(𝐷𝐷𝐶𝐶0𝛾𝛾(𝑉𝑉𝑚𝑚)2) (𝑅𝑅𝑅𝑅)}⁄ 𝑡𝑡  (4) 

where 𝑎𝑎 is the coefficient depending on the morphology of the diffusion path, 𝐷𝐷 is the diffusivity 

of the dispersion species which is the slowest moving, 𝐶𝐶0 is the solubility of the elements which 

compose the oxide particles. 𝛾𝛾 is the interface energy of the oxide particle/matrix, and can be 

calculated based on the Read–Shockley equation of the well-established dislocation model of 

grain-boundaries [28]. 𝑉𝑉𝑚𝑚 is the molar volume of the oxide particles. In eq. (4). 𝐷𝐷, 𝐶𝐶0 and 𝛾𝛾 

depend on the type of oxide. Fig. 10 shows the calculated 𝛾𝛾 against the size of the oxide 

particle observed in the specimen annealed at 1623K for 27h (the list of oxide particles and 

corresponding 𝛾𝛾 are shown in supplemental data 3). To calculate 𝛾𝛾, we used the equation of 

shear modulus for alpha-iron [29]. There is no correlation seen between the size of the oxide 

particles and 𝛾𝛾. The values of 𝐶𝐶0 for the dispersion species  at 1623 K [30, 31, 32, 33]  are 

shown in Table 5. Considering the diffusion coefficient 𝐷𝐷, eq. (4) is expanded as follow: 

𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛 = 𝑎𝑎 {(𝐷𝐷𝐶𝐶0𝛾𝛾(𝑉𝑉𝑚𝑚)2) (𝑅𝑅𝑅𝑅)}⁄ 𝑡𝑡 = 𝑎𝑎 {(𝐶𝐶0𝛾𝛾(𝑉𝑉𝑚𝑚)2) (𝑅𝑅𝑅𝑅)} ∙ 𝐷𝐷0 exp(−𝑄𝑄𝑑𝑑 𝑅𝑅𝑅𝑅⁄ ) ∙⁄ 𝑡𝑡 (5) 



where 𝐷𝐷0 is pre-exponential factor and 𝑄𝑄𝑑𝑑 is the diffusion activation energy as defined in the 

section 4.2. We calculated the volume diffusion coefficient  at 1623K by using the values of 𝐷𝐷0 

and 𝑄𝑄𝑑𝑑 in ref. [25, 35, 34, 36] and show in Table 5 (we applied the volume diffusion coefficient 

instead of the short-circuit diffusion coefficients used when 𝑛𝑛 = 4 or 𝑛𝑛 = 5, because of lack of 

the data). According to Fig. 10 and Table 5, there is no sufficient reason for the acceleration of 

coarsening of oxide particles in 15Cr-7Al-0.4Zr at 1623K. 

 

Table 5. The physical property of the dispersion species at 1623K. 

 

Element 𝐶𝐶0 [wt. %]  𝐷𝐷 [m2·s-1] 

 

Y  <1 [30]  2.4×10-15 [25] 

Al  >20 [31]  2.3×10-14 [35] 

Zr  1~2 [32]  3.7×10-14 [34] 

Ti  ~7 [33]  7.6×10-11 [36] 

 

 

In the section 4.1. we discussed the kinetics of Ostwald ripening and distinguished the 

superficial activation energy during Ostwald ripening of oxide particles, as 𝑄𝑄 = 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠, from the 

real diffusion activation energy of the elements, as 𝑄𝑄𝑑𝑑. Now we re-write the equation (5) as 

follows: 

𝑟𝑟𝑛𝑛 − 𝑟𝑟0𝑛𝑛 = 𝑎𝑎 {(𝐶𝐶0𝛾𝛾(𝑉𝑉𝑚𝑚)2) (𝑅𝑅𝑅𝑅)} ∙ 𝐷𝐷0 exp�−𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠 𝑅𝑅𝑅𝑅⁄ � ∙� 𝑡𝑡 (6) 

Table 6 shows the values of 𝐺𝐺0 of oxide particles which are expected to exist in the present 

materials at 1623 K. The values are calculated being based on the thermodynamic functions 

described in ref. [26, 37, 23, 38]. According to Table 6, the stability of oxide is in order of YAM 



> Y2Ti2O7 > Y2O3 > YAP > Y4Zr3O12. The order of stability roughly agrees with the coarsening 

of oxide particles, except for the result of YAM. Note that, the value of 𝐺𝐺0  for Y4Zr3O12 is 

significantly lower minus than those of the other oxides. According to the phase diagram of 

ZrO2-Y2O3, Y4Zr3O12 decomposes above 1660K [23], while the other oxides are stable far 

above the temperature [26, 37, 38]. So far, we conclude that, for the oxide particle at high 

temperature, the stability of oxide is most effective on Ostwald ripening. 

 

Table 6. Gibbs free energy of the typical oxides in Al, Zr, Ti-added ODS alloys at 1623K. 

 

possible oxide  𝐺𝐺0 [kJ·mol-1]  

 

Y2O3(cubic)  -2218  [26] 

YAlO3 (YAP)  -2080  [37] 

Y4Al2O9 (YAM)  -6515  [37] 

Y4Zr3O12  -275.8  [23] 

Y2Ti2O7   -4515  [38] 

 

 

5. Conclusion 

 The growth of oxide particles in FeCrAl-ODSS considering an accident condition of the light-

water reactor at above 1500 K was studied by using a high-temperature annealing. Oxide 

particles in 15Cr-7Al and 15Cr-7Al-0.4Zr became more than three times larger at 1623K for 

27h than those of before annealing, while decreasing their number density by two orders of 

magnitude. Most of the oxide particles in 15Cr-7Al were identified as YAM or YAP, while the 

oxide particles in 15Cr-7Al-0.4Zr were identified trigonal Y4Zr3O12. 0.4w. % Zr addition to 15Cr-



7Al accelerated the growth of the oxide particles, which is quite contrary to the effect of Zr 

addition which refines oxide particles during sintering as suggested in the literature. The 

kinetics of coarsening were characterized by an equation of Ostwald ripening and the diffusion 

activation energies of the coarsening were estimated. The diffusion activation energies 

obtained in the present materials were quite larger than the conventional diffusion activation 

energy of Y in alpha-iron. The large diffusion activation energies and the coarsening 

acceleration of Y4Zr3O12 at higher temperature could be explained by the stability of oxides, so 

far Gibbs free energy. 
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Captions of the figures 

Figure 1. TEM micrographs of the oxide particles in 15Cr-7Al and 15Cr-7Al-0.4Zr before and 

after high temperature annealing. 

Figure 2. (a, b) Sizes and (d, e) number densities of the oxide particles in 15Cr-7Al and 15Cr-

7Al-0.4Zr against annealing time. The data of 9Cr-ODSS from ref. [14] is also shown in (c, f). 

Figure 3. STEM-EDS mapping of the oxide particles in 15Cr-7Al after annealing at 1623K for 

27h. In the HAADF image, oxide particles appeared as the dark spheres, pointed by red arrows. 

The small black area in adjacent to the oxide particles are Ar bubbles induced during the MA. 

The scale bars measure 100nm 

Figure 4. Magnified images of a coarse oxide particle in 15Cr-7Al after annealing at 1623K for 

27h. The scale bars measure 3nm. 

Figure 5. STEM-EDS mapping results of the oxide particles in 15Cr-7Al-0.4Zr after annealing 

at 1623K for 27h. The scale bars measure 200nm. 

Figure 6. HRTEM images (left), their FFT image (middle) and simulated diffraction patterns 

(right) of the oxide particles in 15Cr-7Al. 

Figure 7.  HRTEM images (left), their FFT image (middle) and simulated diffraction patterns 

(right) of the oxide particles in 15Cr-7Al-0.4Zr. 

Figure 8. Vickers hardness of the specimens before and after annealing against the annealing 

time. 

Figure 9. (a) ln 𝑡𝑡 versus ln�𝑟𝑟5 − 𝑟𝑟05�, (b) 𝑡𝑡 versus 𝑟𝑟5 − 𝑟𝑟05 curve for oxide particles in 15Cr-7Al 

and (c) the corresponding fit to the ln 𝛼𝛼 versus 1 𝑅𝑅⁄  with the values of 𝛼𝛼 obtained by the fits in 

Fig. 8a. 



Figure 10. Calculated interfacial energy based on the lattice misfit (γ) against the size of the 

corresponding oxide particles. 






















