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Summary

It is known that Yttrium oxide improves the mechanical properties of oxide disper-
sion strengthened (ODS) ferritic steels at elevated temperature. In the present study,
we have evaluated the elastic coefficients, C, total free energy, and Oxygen solution
heat by using the ab-initio DF'T calculation to obtain new insight for the development
of ODS steels. First, we analyzed bce-Fe containing Y203 using a supercell consist of
2x 2% 2 bce unit lattices. Two yttrium atoms are substituted in the third neighbor
site and three oxygen atoms are set in the center of bce octahedrons around Y-Y con-
nection. Here, we have considered 5 cases for the combination of the three octahedral
site. It is shown that all the models can be exist since the minor determinants of Cy; is
positive(lattice stability analysis). However, the components of each elastic coefficient
are lower than those in pure Fe. That is, Y,O3 never improve the elastic stiffness. On
the oxygen solution heat, it is suggested that the Y,O3-configuration which has lowest
total free energy has large negative solution heat in its oxygen site. Second, we have
substituted Al or Ti with Y in the previous Y,0O3-Fe calculations. It is noteworthy
that the elastic coefficients are increased from the Y,0O3-Fe systems in many cases. On
oxygen solution heat, the heat solution is weaken in the doping site above mentioned
in the Y503-Fe system while it is strengthened in the other oxygen doping site. That
is, the addition of Al or Ti can lead the possibility of the oxygen solution in various

configuration around Y, Al and Ti atoms.
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Fig.3.1 Unit cell of fcc lattice
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Fig.4.1 Simulation models.
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@ Grid atom
O Center atom
O O atom

Fig.4.2 Schematic of oxygen doping site.

Table 4.1 Calculation conditions.

F€14Y203(0Cta1) F614Y203(0Ct32) F614Y203 (Octa3)

Number of atoms 19 19 19
Number of electrons [ 136 136 136
Number of bands 106 106 106
Cutoff energy (eV) 495.0 495.0 495.0
Number of k points 43 43 43

F614Y203 (Octa4) Fe14Y203(Octa5)

Number of atoms 19 19
Number of electrons [ 136 136
Number of bands 106 106
Cutoff energy (eV) 495.0 495.0
Number of k points 43 43
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Fig.4.3 Strain perturbation on supercell for evaluation of elastic coefficients.
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4.2 OJO0O0OO0OO
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Table 4.2 Lattice parameter for minimum total free energy in Octa-models.

Octal Octa2 Octa3 Octa4d Octab

Lattice parameterl ag 6.612 6.530 6.699 6.617 6.488
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Fig.4.4 Comparison of total free energy on Octa-model.
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Fig.4.5 Comparison of Maximun of valence electron density on Octa-models.
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Table 4.3 Minor determinant of Cry on Octa-models.

Spinodal(GPa?®) | Born(GPa?) |Cy4(GPa)|Cs5(GPa)|Ces(GPa)
Feg 7.94x 108 4.96x104 56.0 56.0 54.0
Octal 4.77%10° 1.58x10% 32.0 24.0 26.0
Octa2 5.25%x10° 8.97x10? 18.0 34.0 40.0
Octa3 3.69x10° 6.32x103 28.0 22.0 10.0
Octad 5.09%10° 1.07x 10 36.0 30.0 6.0
Octab 6.93x10° 8.74x 103 42.0 40.0 42.0
Table 4.4 Components of Cr; (GPa) of Octa-models.
Ch & Css Cia Ci3 Cos Cu Css Ces
Feyq 272 272 278 156 159 159 56.0 56.0 54.0
Octal | 85.0 224 57.0 56.5 44.0 57.0 32.0 24.0 26.0
Octa2 | 69.0 151 80.0 41.5 -2.0 48.5 18.0 34.0 40.0
Octa3d | 43.0 190 77.0 43.0 24.5 50.5 28.0 22.0 10.0
Octad | 66.0 199 65.0 49.5 29.0 49.0 36.0 30.0 6.0
Octab | 111 104 121 53.0 60.0 55.5 42.0 40.0 42.0
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Fig.4.6 Distribution of valence electron density on oxide add plane (Octal).
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Fig.4.7 Distribution of valence electron density on oxide add plane (Octa2).
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Fig.5.2 Images of Ti-add model.
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Table 5.1 Calculation conditions for X-octa-models.

Al-octa Ti-octa
Number of atoms 19 19
Number of electrons [ 0 O 136 138
Number of bands 106 106
Cutoff energy (eV) 495.0 495.0
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Table 5.2 Minor determinant of C7; on Al-octa-model.

Spinodal(GPa?®) | Born(GPa?) |Cy(GPa)|Cs5(GPa)|Ces(GPa)
Fe14 YAIO3(Al-octala) 4.58x 105 1.07x10% 44.0 36.0 42.0
FeraYAIOs(Al-octalb) | 9.55x 107 158107 100 | 340 | 280
Fer YAIO3(Alocta2a) | 4.61x10° 7.80x 107 380 | 400 | 320
Fe1,YAIO3(Al-octa2b) 4.24x10° 6.90x 103 38.0 30.0 46.0
Fei14 YAIO3(Al-octa3a) 2.83x10° 4.21x103 36.0 32.0 22.0
Fer,YAIO;(ALocta3b) | 3.67x10° 7.20x10° 20 | 340 | 280
Fei14 YAIO3(Al-octada) 6.11x10° 1.23x10% 34.0 24.0 20.0
Fe1, YAIO3(Al-octadb) 8.65x10° 1.51x10* 36.0 30.0 34.0
Fe;,YAIO3(Al-octab) 6.55x10° 9.07x10? 36.0 34.0 34.0
Table 5.3 Minor determinant of Cr; on Ti-octa-model.
Spinodal(GPa?®) | Born(GPa?) |Cy(GPa)|Cs5(GPa)|Ces(GPa)
Fe14YTiO3(Ti-octala) 5.22x10° 1.30x10* 40.0 28.0 40.0
Fei1,YTiO3(Ti-octalb) 1.89x10° 8.59x10? 36.0 26.0 24.0
Fe1,YTiO3(Ti-octa2a) 3.57x 106 2.10x 104 32.0 10.0 10.0
Fe14,YTiO3(Ti-octa2b) 3.10x 108 1.83x10% 32.0 10.0 10.0
Fe1,YTiO3(Ti-octa3a) 8.54x 105 1.21x10% 42.0 26.0 36.0
Fe14YTiO3(Ti-octa3b) -1.66x10° 8.57x 105 38.0 46.0 28.0
Fe14YTiO3(Ti-octada) 4.81x10° 1.20x 104 24.0 14.0 6.0
Fe1,YTiO3(Ti-octadb) 1.11x106° 1.71x10* 38.0 44.0 24.0
Fe1,YTiO3(Ti-octab) 1.14x10° 1.30x10* 38.0 40.0 42.0
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Table 5.4 Components of C7; (GPa) of Al-octa-model.

C(1 1 C'22 C133 C’1 2 C’13 C'23 C’44 C{55 C166

Al-octala | 77.0 203 94.0 70.5 61.5 72.5 44.0 36.0 42.0

Al-octalb | 83.0 229 84.0 26.5 40.0 56.0 40.0 34.0 28.0

Al-octa2a | 78.0 134 102 51.5 57.0 48.5 38.0 40.0 32.0

Al-octa2b | 76.0 132 97.0 56.0 47.5 58.0 38.0 30.0 46.0

Al-octada | 34.0 162 92.0 36.0 27.0 49.0 36.0 32.0 22.0

Al-octa3b | 58.0 169 84.0 51.0 41.5 57.0 42.0 34.0 28.0

Al-octada | 69.0 221 78.0 54.0 43.0 51.0 34.0 24.0 20.0

Al-octadb | 98.0 194 93.0 62.5 96.5 98.0 36.0 30.0 34.0

Al-octab 112 107 105 54.0 93.5 50.0 36.0 34.0 34.0

Table 5.5 Components of C7; (GPa) of Ti-octa-model.

Cl 1 022 C’33 C11 2 C113 C’23 C{44 C'55 C166

Ti-octala | 79.0 196 72.0 49.5 47.5 93.5 40.0 28.0 40.0

Ti-octalb | 48.0 197 40.0 29.5 28.5 31.5 36.0 26.0 24.0

Ti-octa2a | 87.0 274 205 53.0 49.5 71.5 32.0 10.0 10.0

Ti-octa2b | 82.0 253 201 49.5 46.5 62.0 32.0 10.0 10.0

Ti-octada | 83.0 197 106 65.0 49.0 69.5 42.0 26.0 36.0

Ti-octadb | 830 2358 | -1451 | 1118 | -212 387 38.0 46.0 28.0

Ti-octada | 69.0 226 69.0 60.0 42.0 60.5 24.0 14.0 6.0

Ti-octadb | 92.0 218 91.0 54.5 44.0 55.0 38.0 44.0 24.0

Ti-octad 132 131 133 65.5 65.5 67.5 38.0 40.0 42.0
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Fig.5.5 Comparison of each component of C; on Octa2 model.
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Fig.5.9 Distribution of valence electron density on (011) plane (Octala).
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Fig.5.10 Distribution of valence electron density on O-add plane (Octadb).
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Fig.5.11 Distribution of valence electron density on O-add plane (Octalb).
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Table 5.6 Solution heat(eV) of Al-octa-model.

a-model asite | [site | ~site ||| b-model asite | [site | ~ysite

Al-octala || -3.062 | -3.062 | -4.143 ||| Al-octalb | -3.745 | -3.745 | -1.917

Al-octa2a || -2.783 | -3.094 | -3.174 ||| Al-octa2b || -5.047 | -5.954 | -5.711

Al-octada || -6.757 | -6.061 | -8.600 ||| Al-octa3b | -6.605 | -9.681 | -9.291

Al-octada || -3.533 | -2.975 | -1.648 ||| Al-octa4b || -2.975 | -3.533 | -4.104

Al-octad | -3.159 | -3.159 | -3.159

Table 5.7 Solution heat(eV) of Ti-octa-model.

a-model asite | f[site | ~ysite b-model asite | [site ~site
Ti-octala | -3.261 | -3.261 | -4.323 ||| Ti-octalb -3.744 | -3.744 | -2.005
Ti-octa2a | -2.626 | -2.877 | -3.116 ||| Ti-octa2b 2.542 | -2.803 | -3.033
Ti-octada || -10.642 | -8.064 | -10.527 ||| Ti-octa3b(Unstable) || -8.821 | -11.758 | -11.456
Ti-octada | -3.568 | -3.568 | -1.806 Ti-octadb -3.091 | -3.091 | -4.116
Ti-octad -3.011 | -3.011 | -3.011
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Fig.5.13 Comparison of solution heat on Octa2 model.
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Fig.5.16 Comparison of solution heat on Octab model.
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