|

) <

The University of Osaka
Institutional Knowledge Archive

. Thermal and Mechanical Properties of High Burnup
Title ;
Oxide Fuels

Author(s) |2U&, #

Citation |KFRKZ, 2003, EHIHX

Version Type|VoR

URL https://hdl. handle.net/11094/155

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Doctoral Thesis

" Thermal and Mechanical Properties of High Burnup Oxide Fuels
(RBEEERLDIE ORMIE - HRKHEICET 5 ZRH %)

Ken Kurosaki
Department of Nuclear Engineering,
Graduate School of Engineering,

Osaka University

2003

- ST



Doctoral Thesis

Thermal and Mechanical Properties of High Burnup Oxide Fuels
(R BRI C R D ZINE - BRI R 1 BA T 2 LRI 22)

Ken Kurosaki
Department of Nuclear Engineering,
Graduate School of Engineering,

Osaka University

2003



Table of Contents

1. General Introduction------------~=c-mmemmmommcm oo ' ‘ 1
2. Preparation of Simulated Fuel Materials and Their Properties , 9
2.1.Simulated High Burnup Oxide Fuel (SIMFUEL) 10

. 2.1.1. - Introduction of SIMFUEL------ 10

2.1.2. Preparation and Phase Equilibria of SIMFUEL 14

2.1.3.  Thermophysical Properties of SIMFUEL 39

- 2.2.0xide and Metallic Precipitates ‘ 68

2.2.1. Thermal and Mechanical Properties of Oxide Inclusions------------ 68

2.2.2. VThermal Conductivities of Metallic Inclusions 92

2.3. Nanomechanical Properties of Oxide Nuclear Fuels : 104

3. Characterization of Oxide Nuclear Fuels by Computer Simulations 132
' 3.1.Thermodynamic Equilibrium Calculations of Oxide Nuclear Fuels--------------- 133

3.1.1. Phase Equilibria of High Burnup Oxide Fuels 133

3.1.2. Phase Equilibria of BaUO;-BaZrO,-BaMoO; System-------------- 154

3.2. Molecular Dynamics (MD) Studies 0f Oxide Nuclear Fuels 163

3.2.1. MD Studies of UO,, PuO,, and (U;Pu)O‘ 163

3.2.2. MD Studies of Perovskite Type Oxides : -----185

3.3.Phase Relation Assessment for O-Pu-U System 7 212

3.4. Thermal and Mechanical Properties Modeling of High Burnup Oxide Fuels----236
3.4.1. Thermal Conductivity Modeling of High Burnup Oxide Fuels----236

3.4.2. Young's Modulus Modeling of High Burnup Oxide Fuels--------- 244
B 7 S 251
Acknowledgment------- : . 256

Research Achievements . 257



Chapter 1

General Introduction



1. General Introduction )

The trend of an oxide nuclear fuel development is to extend the burnup for the
economic and environmental reason. It is required to reduce the cost performance of the fuel
production and to reduce the volume of the spent fuel. Today, the maximum burnups of the
oxide nuclear fuel for the fuel assembly are 55 GWd/t in BWR fuel and 48 (partly 55) GWd/t in
PWR fuel, respectively. At the following stage, it is expected that the burnups may be apphed to
65 GWd/t in BWR and 60 GWd/t in PWR, respectively.

In order to propel this high burnup program, it is important to understand the thermal
and mechanical properties of the fuel at the high burnup conditions, which is affected by the
fission product (FP) and transuranium (TRU) elements. Especially, a large amount of FP
elements that is generated under irradiation changes the composition, phase relation, and
physical properties of the fuel: In particular, the thermal and mechanical properties of the fuel
pellet such as the thermal conductivity and elastic modulus are very important. For example, the
thermal conductivity controls the fuel operating temperature, and therefore it influences very
important processes such as the gas release, swelling, and grain growth, and it also limits the
linear power. On the other hand, the knowledge of the eiastic modulus and hardness of the fuel
pellet is absolutely essential for the pellet-cladding interaction (PCI).

The previous studies reveal that three kinds of solid state FP elements are formed in
the irradiated oxide nuclear fuels [1]:

(1) Oxides dissolved in the fuel matrix: Y, La, Ce, Nd, Mo, Zr, etc.,

) Oxides precipitated in the fuel. Ba, Sr, Zr, Mo, etc.,

(2) Metals precipitated in the fuel: Mo, Ru, Rh, Pd, T, etc.,

In the matrix phase, the actinide and rare earth elements are incorporated as solid solutions.
Some amounts of Sr, Ba, and Zr are also soluble in this phase. The majority of BaO and SrO
appears to the oxide precipitates as a perovskite type oxide with the chemical form of
(Ba,Sr)ZrOs, in which a minor amount of rare earth elements, Mo, U, and Pu would be soluble
[Zj. The formation of the metallic precipitates seems to be considerably complex. The metallic
precipitates produced in the fuel are mixture of two or more phases, which mainly consist of Mo,
Tc, Ru, Rh, and Pd. The composition of the phase is changed by the circumstance in the fuel
pellet, especially the oxygen potentiél. The oxygen potential of the fuel, characterized by the
oxygen-to-metal (O/M) ratio, is important factor, because it determines the chemical behavior of
the fuel during the operation. | ' ‘

The gray oxide phase with a perovskite type structure, (Bé,Sr)(U,Pu,Zr,RE,Mo)Og, and
white metallic inclusions composed of Mo, Ru, Rh, and Pd have been observed in the irradiated
oxide fuels [1,3]. The SEM images of the high burn up oxide fuels and metallic inclusion are

shown in Figs. 1 and 2 [4,5], and the compositions of thé oxide and metallic inclusions



determined by a post irradiation examination (PIE) are shown in Figs. 3 and 4 [1.4-7],
respectively. Although the thermodynamic properties and phase equilibria of the high burnup
oxide fuel have been studied until now, the thermal and mechanical properties such as the
thermal conductivity and elastic modulus have been scarcely studied. Therefore, in the present
study, the effects of the solid state FP elements on the thermal and mechanical properties of the
high burnup oxide fuels are systematically studied.

In Chapt'er 2, the simulated fuel materials have been prepared and their thermal and
mechamcal properties have been measured.

A simulated high burnup UO, based fuel (SIMFUEL) has been prepared and their
thermal and mechanical properties have been studied. The effect of the annealing oxygen
potentials on the phase equilibria of the SIMFUEL has been evaluated. The effects of the burnup
and annealing oxygenvpotential .on the properties of the SIMFUEL have élso been studied
(Chapter 2.1).

The thermophysical properties of the oxide and metallic inclusions have been studied.
The perovskite type oxides, BaUO3, BaZrO;, BaCeOs;, and BaMoO; have; been prepared and
their thermal and mechanical properties have been measured. For the simulated materials of the
metallic precipitates, the alloys composed of Mo, Ru, Rh, and Pd have been prepared and their
thermal conductivity and mechanical properties have been measured (Chapter 2.2). l

* In order to obtain the nanoscale mechanical properties such as the reduced modulus

"and nanohardness of the oxide nuclear fuels, the nanoindentation tésts have been performed.
The nanoscale ﬁlcchanical properties of the single crystal UO,, single crystal UO, (111) plane,
polycryStalline U0, (U,Ce)0,, and BaUO; have been evaluated. The nanoindentation tests have
also been performed for the SIMFUEL (Chapter 2.3). -

In Chapter 3, the characteristics of the ox1de nuclear fuels have been evaluated by the
computer simulations.

The compositions and phase equilibria of the high burnup oxide fuel have been
evaluated. An ORIGEN-2 code has been used to calculate the FP inventories. The
thermodynamic equilibrium calculation has been performed by using ChemSage program to
evaluate the phase equilibria of the high burnup oxide fuels (Chapter 3.1).

In order to evaluate the thermal and mechanical properties of the oxide fuel more
efficiently, it is necessary to develop a new technique to evaluate the properties of the fuel. In
Chapter 3.2, the molecular dynamics (MD) calculations have been performed to UO, PuO,,
(U,Pu)O; solid solution, and the perovskite type oxides. The applicability of the MD method to
evaluation of the thermal and mechanical properties of the oxide nuclear fuels has been studied.

In order to understand the phase equilibria of the high burnup oxide fuels, the phase

diagram of O-Pu-U ternary system is very important. In Chapter 3.3, the thermodynamic



modelling has been carried out for the O-Pu-U ternary system. The possible ternary phase
diagrams for the O-Pu-U system have been calculated. ‘

The thermal and mechanical properties modeling of the high burnup oxide fuels have
been carried out by using a finite elements method (FEM). The quantitative discussion about the
effect of the inclusions Qh the thermal conductivity and Young's modulus of the fuel pellet has -
been performed.

In Chapter 4, the present study has been summarized.
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Figure 1. SEM image and EDX analysis of high burnup oxide fuel (13.3 at.%-burnup) [4]. The
oxide precipitates composed of mainly Ba and Zr have been observed in the high burnup oxide

fuel.
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Figure 2. A metallic inclusion composed of mainly Mo, Ru, and Pd observed at the periphery

region of high burnup oxide fuel (9.6 at.%-burnup) [5].
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Figure 3. Compositions @f the perovskite type oxides precipitated in irradiated oxide fuels
projected onto the BaUOs-BaZrOs-BaMoOj; isothermal section at 1973 K [1,4-7].
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Figure 4. Compositions of the metallic Mo-Tc-Ru-Rh-Pd precipitates in irradiated oxide fuels,
projected onto the Mo-(Tc+Ru)-(Rh+Pd) isothermal section at 1273 K [1].



Chapter 2

Preparation of Simulated Fuel Materials and Their Properties



2.1. Simulated High Burnup Oxide Fuel (SIMFUEL)
2.1.1. Introduction of SIMFUEL

In ordef to evaluate the fuel safety and performance, it is very important to understand
the behavior of fission product (FP) and ‘trah‘suranium (TRU) elements in an irradiated oxide
nuclear fuel, because the physical and chemical properties of the fuel are affected by the FP and
. TRU elements. In partiéular, the thermal conductivity is one of the very important properties,
because it controls the fuel operating temperature, and therefore it influences on very important
- processes such as the gas release, swelling, and grain grows, and limits the linear power. On the
other hand, in terms of the pellet-cladding intérziction’(PCI), the knowledge of the elastic
modulus and hardness of the fuel is very important.

In case of the simple system composed of UO, and one kind of FP element, it is easy
to estimate or examine what kinds of phase and compound exist under the specified temperature
and oxygen potential. However, in the irradiated nuclear fuel, there are 30-40 kinds of FP
elements, and their amounts and the oxygen potential of the fuel are chahged with the burnup.
The chemical composition and phase relation of the irradiated fuel are changed by the FP
elements as shown in Fig. 1. ‘

- Post irradiation examinations (PIE) by using the real irradiated fuels provide importani
data on ‘the thermodynamics and chemistry of the FP eclements at high burnups. However, the
practical difficulties éuch as the radioactivity of the fuel have limited the propellant of these
studies. In addition, a high cost performance is required to carry out the PIE. |

. The SIMFUEL has an advantage to study high burnup effects on the irradiated fuel.
The SIMFUEL provides.a convenient Way.to study the thermal and mechanical properties of the
irradiated fuels. The SIMFUEL is a material that replicates the chemical states and phase
relation of the high burnup oxide fuels. The effect of the gaseous FP elements and radiation
damages are not simulated by the SIMFUEL. By using the SIMFUEL, we can evaluate the
effect of the FP elements to the phys;cal and chemical properties of the fuel in the laboratory,
without the complication of the infense radiation fields. \

The SIMFUEL has been studied since 1962 [1], the aim of this first study being to
perform dry-reprocessing and re-fabrication. experiments. Previous investigations on the
SIMFUEL have examined the matrix and precipitated phases [2-4], the effect of the oxygen
potential on the crystalline structure [5], and the thermal conductivity [6], etc. Recently, Lucuta
- etal [6] and Matzke et al. [7] have studied the effect of the FP elements to the thermophysical
and -chemical properties of the fuel by us‘ingb the SIMFUEL with equivalent simulated burnups
of 3 at.% (corresponding to 28 GWd/t) and 8 at.% (cofresponding to 75 GWd/t).

In the present study, in order to evaluate the effect of the solid state FP elements on the

- thermal and mechanical properties of the irradiated fuel, the SIMFUEL has been prépared and
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its various properties have been studied.
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Figure 1. Irradiation of UO, fuel pellet.
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2.1.2. Preparation and Phase Equilibria of SIMFUEL

In this section, the SIMFUEL with simulated burnups of 50, 100, and 150 GWd/t were
prepared. The composition of the SIMFUEL was determined. The phase equilibria of the
SIMFUEL were studied by an X-ray diffraction and SEM/EDX analysis, and the results were
compared with the results of the thermodynamic equilibrium calculation performed in Chapter
3.1. The effect of the oxygen potential on the phase equiﬁbria of the SIMFUEL was also
studied.

2.1.2.1. Experimental
~ The composition of the SIMFUEL was determined by using ORIGEN-2 code [1]. The
compositions of the SIMFUEL with simulated burnups of 50, 100, and 150 GWd/t are shown in
Table 1. Apprdpriate amounts of high-purity oxides of the representative elements listed in
Table 2 were mechanically mixed with UO, powder and calcined at 2023 K. The SIMFUEL
powder thus obtained was pressed into a pellet ﬁnder a uniaxial pressure. The pellet was sintered
in a reducing atmosphere at 2023 K. Note that the starting materials were mixed as oxides
‘ except for Ba that was mixed as a carbonic acid salt (BaCO3). In order to evaluate the effect of
the oxygen potential on the phase equilibria of the SIMFUEL, the samples were annealed at
1400 K (40 hours), under three kinds of oxygen potentials (-390, -340, and -220 kJ/mol).
Various oxygen potentials were obtained by using a dissociative reaction of H,O and H,, which
s coﬂtinuously measured by a solid ZrO, electrolyte oxygen sensor. The annealing conditions of
the oxygen potential are summarized in Table 3. The UQZ pellet, which does not contain the FP
elements, was also annealed at same conditions for comparison. :

The phase identification. of the SIMFUEL was carried out by a powder X-ray
diffraction method using a Cu-Ka radiation at room temperature. The lattice parameter, a, of the

- cubic matrix phase was determined from the diffraction patterns.

The total oxygen content in the SIMFUEL was measured by using an oxygen and
nitrogen analyzer (EMGA-550, HORIBA Co. 1td.). In this apparatus, a sample wrapped‘ with a
nickel capsule is heated above 3000 K, and the amount of infrared absorption of the oxygen in
the form of CO is determined.

In order to determine the compositions of each phase in the SIMFUEL, the surface
observation and elemental analysis were performed using a scanning electron microscope, SEM
(S-2600H, HITACHI Ltd.) and an energy dispersive X-ray microanalyzer, EDX (EX-200,
HORIBALtd.).

2.1.2.2. Results and Discussion ) \ L
Figure 1 (a)-(c) show the X-ray diffraction patterns of the SIMFUEL for certain
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burnups under three kinds of annealing conditions. For comparison, the X-ray diffraction
patterns of UO,, BaZrOs, BaMoO,, and Moy 34Ru3;Rhg0sPdo 26 (e-phase) are shown in Fig. 1 (d).
There are some peaks corresponding to the matrix phase (fluorite type structure) and oxide
precipitates in all the SIMFUEL samples. It is considered that the oxide precipitates form a
perovskite-type oxide structure expressed as the chemical formula of BaMOs; (M: U, Zr, Mo) at
the annealing oxygen potentials of -390 and -340 and a scheelite-type oxide structure expressed
as the chemical formula of BaMO, (M: U, Mo) at the annealing oxygen potentials of -220
kJ/mol. The metallic precipitates considered being the e-phase is clearly observed in the
SIMFUEL annealed uhder the oxygen potentials of -390 and -340 kJ/mol. |
The lattice parameters of UO,,, and the matrix phase of the SIMFUEL are shown in
Table 4. Figure 2 shows the lattice parameter of the samples annealed under the various oxygen
potentials as a function of burnups. In this figure, the curves (1)-(3) show the reported lattice
parameters of the SIMFUEL (burnup: 5-30 %FIMA) [2] and the curve (4) shows the empirical
equation (Aa='-0.07 pm per percent burnup) from the results of the irradiated UO, fuel up to
8 % burnup [3]. The lattice parameter of the oxide fuel with the fluorite type structure is known
to be affected by; (a) O/M ratio, (b) dissolution of solid state FP elements, and (c) accumulation
of radiation damages. In general, the lowering in O/M ratio and the ac_cumulafion of radiation
defects increase the lattice parameter, while dissolution of soluble FP elements decreases it. The
lattice pafameters of the matrix phase of the SIMFUEL with simulated burnups of 50, 100, and
150 GWd/t linearly decrease from 0.5470 nm (corresponds to UO,) with increasing burnup.\
Concerning the effect of the annealing oxygen pbtential, the lattice parameter slightly decreases
as the oxygen potential increases. This would be predomihamly due to the formation of higher
valency ions with smaller jonic radii under the high okygen potentials. The lattice parameter of
the matrix phase of the SIMFUEL decreases with increasing both the burnup and annealing
oxygen potential, which corresponds to literature data. However, the absolute values of the '
lattice parameter measured in the present study are slightly higher than those in literatures. This
is due to the difference of the dissolved FP elements and their fraction in the SIMFUEL.
Assuming that the matrix phase and precipitates of 'ihe SIMFUEL exist as shown in
Table 5, the amounts of the dissolved FP elements in the matrix phase of the SIMFUEL with
simulated burnups of 50, 100, and 150 GWd/t annealed under the oxygen potentials of -390 -
kJ/mol are estimated to be about 4, 7.5, and 11.0 mol%, respectively. Figure 3 shows the
‘comparison of the lattice parameters between the matrix phase of the SIMFUEL annealed under
the oxygen potential of -390 kJ/mol and (U,Ce)O; solid solution [4,5]. For the matrix phase of
the SIMFUEL, the lattice parameter is shown as a function of the simulated burnup (lower
horizontal axis), while for (U,Ce)O, that is shown as a function of the CeO, content (upper

horizontal axis). In this figure, the upper horizontal axis roughly corresponds to the lower
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horizontal axis. The lattice parameter of the matrix phase of the SIMFUEL annealed under the
oxygeh potential of -390 kJ/mol shows good agreement with that of (U,Ce)O, when the amount
~of the dissolved FP elements is transposed to the amount of Ce.

Table 6 shows the densities of U02+; and SIMFUEL pellets after the annealing

- procedure. The bulk densities of the samples were calculated from the measured weight and
dimensions. Assuming that all the FP elements in the SIMFUEL are composed with the fluorite

- structure, the theoretical deﬁsities of these samples are estimated b_y‘ the following equation: |

zM : :

e | @)
where z is the molecular number in the unit cell (= 4), M is the molecular weight, a is the lattice
parameter, and N, is the Avogadro constant. The measured bulk densiiies of the UO,,, and
SIMFUEL ére around 83-84 %TD and 90-94 %TD, respectively.

Figure 4 shows the relationship between the oxygen potentiél of UO,,, and the
oxygen—io—metal (O/M) ratio. The O/U ratios of UO,,x annealed under the oxygen potentials of
-390, -340, and -220 kJ/mol at 1400 K are 2.00, 2.002, and 2.03, respectively.

The O/M ratio of the matrix phase of the SIMFUEL was détermined based on the
results of the thermodynamic equilibrium calculation performed in Chapter 3.1. The O/M ratio

of the matrix phase is calculated using the following equation:

. p =N @ A} p Al
( 0 ) _ /Al Yrotal /Al ‘oxide precipitate /1” metallic precipitate
matrix

M 1-M e =M prctali

: @

oxide precipil precipitat

where M, is the niolecular weight of the precipitated phase x. In the preseﬁt study, the sanipleé
~ annealed at the oxygen potentials of -390 and -340 kJ/mol are assumed to have the oxide
precipitates formed Ba(Uy.sZro5)O; with all amounts of Ba and the metallic precipitates formed
Mo-Ru-Rh-Pd alloy with all amounts of Mo, Ru, Rh, and Pd." All amounts of Y, La, Ce, Nd, and
remained Zr are assumed to exist in the matrix phase. Table 7 shows the calculated results of the
O/M ratio of the matrix phase. ‘

The SEM image and results of the EDX analysis of the matrix phase, oxide
precipiiates, and metallic precipitates observed in the SIMFUEL surface with simulated burnup
+ of 50 GWd/t annealed at the oxygen potentials of -390 and -220 kJ/mol are shown in Figs. 5, 6,
and7. ‘ , - (

Alarge par't of the matrix phase is UO, and the small amount of additional elements,
Nd, Ce, La, etc. is fully or partially dissolved in the matrix phase as shown in Fig. 5.

It is confirmed that the oxide precipitates annealed at the oxygen potential of -390
kJ/mol is mainly consisted of Ba, U, Zr, and Mo. On the other hand, the oxide precipitates |

annealed at the OXYgen potential of -220 kJ/mol is mainly consisted of Ba, Mo, and U. Based on
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the results of the X-ray diffraction analysis, they correspond to the BaMO; (M: U, Zr, Mo) and
BaMO, (M: Mo, U), respectively. o

The average compositions of the perovskite-type oxide precipitates annealed at the
oxygen potential of -390 kJ/mol are graphically presented in Fig, 8, together with the result of
‘the thermodynamic equilibrium calculation (Burnup: 100 GWd/t) performed in Chapter 3.1. In
this figure, the effect of the burnup on the composition of the oxide precipitates is not clearly
observed. The fraction of BaMoO; in the oxide precipitates is about 10 %, irrespective of the
burnups. Figure 9 shows the compositions of the (Ba,Sr,Cs)([U,Pu,RE],Zr,M0)O; precipitates.
observed in irradiated HTR and FBR fuels projeéted onto the isothermal section of the
- pseudo-ternary BaUO;-BaZrO;-BaMoOs system at 1973 K [6-9]. It is confirmed that the
compositions of the perovskite-type oxide precipitates obtained in the present study are located
withih the cubic mono-phase region of the pseudo-ternary BaUO;-BaZrO,;-BaMoO; éection.

The Scheelite-type oxide precipitates-would be caused by the oxidation of Mo in the
perovskite-type oxide precipitates. The MoOs thus produced would react BaO in UO, and/or in
the perovskite-type oxide precipitates, and the scheelite-type oxide precipitates will be produced.

The reaction may be expressed as:
1
BaMOO3(Perovskite) + 5 02 - BaMOO4(Scheelite)' : ) ‘ (3)

As a first appfoximation, the oxygen potential of the reaction is obtained as follows [2]:

AG(0, )T / mol )= =302 +0.0656T . . | )

From above equation, it is suggested that the scheelite-type oxide precipitates would be formed
instead of the perovskite-type oxide precipitates under thé oxygen potential above -210 kJ/mol
at 1400 K, which is slightly higher than the present experimental condition.

The metallic precipitates obser§ed in the SIMFUEL annealed at the oxygen potentials
of -390 and -220 kJ/mol are mainly composed of Mo, Ru, Rh, and Pd, as shown in Fig 7. Figure
10 shows the average compositions of the metallic precipitates in the SIMFUEL annealed at the
oxygen potentials of (a): -390 kJ/mol and (b): -220 kJ/mol, together with the result of the
. thermodynamic equilibrium calculation (Burnup: 100 GWd/t) performed in Chapter 3.1. The

Mo concentration in the metallic precipitates is clearly affected by the annealing oxygen
potential. The Mo concentration decreases with increasing oxygen potential, which is due to the
- oxidation of Mo in the metallic precipitates. These experimental results show good agreement
with the resuits of the thermodynamic equilibrium calculation. Figure 11 shows the
compositions of the metallic precipitates with the chemical form of Mo-Tc-Ru-Rh-Pd alloy in /
irradiated LWR fuels, which is projected onto the isothermal section of the ternary Mo-Ru-Pd
system at 1273 K [10]. The metallic precipitates observed in the SIMFUEL annealed at the

oxygen potential of -390 kJ/mol are located in around the e-phase inconsideration of

- 17



experimental error. It has been reported by many workers that this phase is a Ru-based alloy,
and its main components are Ru, Mo, Tc, and Pd [9]. Assuming that the oxygen potential in

LWR is about -400 kJ/mol, this experimental result is valid considerably.

2.1.2.4. Conclusion |
The phase equilibria of the SIMFUEL anhealed at three kinds of oxygen potentiai
have been studied by using the X-ray diffraction analysis, SEM observation, EDX analysis, and
oxygen chemical analysis. The behavior of the FP elements in the SIMFUEL well agrees with
the results of the thermodynamic calculation. The lattice parameter of the matrix phase linearly
decreases from >0.547O nm (corresponds to UO,) with increasing both the burnup and oxygen
potential, which corresponds to literature data. The O/U ratios of UO,,, annealed under the
oxygen potentials of -390, -340 and A—220 kJ/mol at 1400 K are 2.00, 2.002, and 2.03,
respectively. The chemical compositions of the oxide and metallic inclusions measured in the

present study almost correspond to the PIE results.
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Table 1 :
- Compositions of the SIMF UEL (6.2 wt.%-U235) calculated by ORIGEN2-code

Burmp
6.2 wt.%-U235 50.0 GWd/tM 100.0 GWd/tM ~  ©  150.0 GWd/tM
' 5.24 at.% 10.46 at.% - 1547 at%
Representative elements mol% wt. % mol% wt.% mol% wt. %
U (+Pu) 92.48 96.20 85.428 ° 92.34 78.90 88.48
Ba (+Sr) 0.762 0.457 1.363 0.850. 1.944 1.257
Zr (+Nb) 1.430 0.570 2.427 1.005 3.227 '1.387
Mo (+Tc) - 1.456 0.611 2.653 1.156 3.655 1.652
Ru 0.723 0.320 1.679 0.771 2.688 1.280
Rh 0.127 0.057- 0.146 0.068 0.140 0.068
Pd 0.303 0.141  1.130 0.546 2.108 1.057
Y 0.208 0.081 0.319 0.129 0.392 0.164
La (+Am, Cm) 0.325 0.197 0.726 . 0.458 1.147 0.751
Ce (+Np) 0.747 0.457 1.348 0.858 1.797 1.186
_Nd(rotherREs) 1436 0905 2779 1820 3998 2716

TOTAL 100.00 100.00 _ 100.00 100.00  100.00 100.00
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Table 2

Representative elements and their belonging groups

Groups Representative elements
Ba+Sr Ba ‘
Zr+Nb Zr

Mo+Tc Mo

Ru Ru

Rh Rh

Pd Pd

Y Y
La+Am+Cm La

Ce+Np Ce
Nd+other REs. Nd .
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Table 3 v ‘
Annealing conditions of UO,,, and the SIMFUEL

Oxygen potential ~ Estimated . Preparation conditions .
(kJ/mol) O/M ratio  Gas mixture Temperature (K) . Annealing time (h)
- Ar-7 %H,-H,0 , ‘
N A mewpeimezrsi MO e
Ar-3 %H»-H,0
A mewpeimizesiy MO S
-220 2.030 AI-H0 1400 18

(Dew point: 278 K)
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Table 4

Lattice parameters (nm) of UO,,, and the SIMFUEL (matrix phase)

Oxygen potentials Simulated burnups
(kJ/mol) U0, 50 GWd/t 100 Gwd/t 150 GWd/t
B0 0.54725 ... 054691 . 0.54664 . 034639 ..
30 054714 0.54697 ... 054650 054622 .
-220 0.54727 0.54685 0.54650 0.54600
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Table 5

Compositions of the SIMFUEL at various OXygen potentials based on the results of the

thermodynamic equilibrium calculation performed in Chapter 3.1.

Representative elements Oxygen potentials (kJ/mol)
. -220 -340 and -390 .

U o MO,BavUO, MO, Ba(UosZros)Os . ..
B2 S MOy, Ba(UosZrosytOs .
X

La M02
Ce T MO,
N e
Ba i BaMOoosUo)Oy  BaUosZros)Os
Mo ... BaM00O4,Mo0O, |

Ru , .
R Ru-Rh-Pdalloy Mo-Ru-Rh-Pd alloy

Pd
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Table 6

{

Bulk densities (g/cms) of UO,,, and the SIMFUEL

Simulated burnups

Oxygen potentials
(kJ/mol) U0, 50 GWdst 100 GWd/t 150 GWd/it
1390 9.23 9.58 8.91 ‘ 8.58
___________________________ (843 %TD) (910 %TD) (879 %TD.) __ (87.7%TD.) ___
1340 i 9.57 9.27 9.09
e (0.9 %TD,) (913 %TD) (928 %TD)_
220 9.12 9.76 9.14 9.05
(83.2 %T.D.) (92.5 %T.D.) (89.9 %T.D.) (92.1 %T.D.)
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Table 7
O/M ratio of the matrix phase in UO,,, and the SIMFUEL

Oxygen potentials L Simulated burnups
(kJ/mol) o, 50 GWdt 100 GWd/t 150 GWdrt
300 2.000 2000 . 2000 ... 2001
340 2.003 . 2004 . .. 2001 . 2002 ...
-220 2.029 2.027 2.027 2.028
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‘Figure 1 (a). X-ray diffraction patterns of the SIMFUEL with simulated burnup of 50 GWd/t.
(The open circle, sQlid circle,‘ and solid square represent Mo-Me (Me: Ru, Rh, Pd) alloy, BaMOs
(M: U, Zr, Mo), and BaMoO, (M: U, Mo), respectively.)
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‘Figure 1 (b). X-ray diffraction patterns of the SIMFUEL with simulated burnup of 100 GWd/t. ‘
. (The open circle, solid circle, and solid square represent Mo-Me (Me: Ru, Rh, Pd) alloy, BaMO;
(M: U, Zr, Mo), and BaMoO4 (M: U, Mo), respectively.)
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Figure 1 (c). X-ray diffraction patterns of the SIMFUEL with simulated burnup of 150 GWdt.
(The open circle, solid circle, and solid square represent Mo-Me (Me: Ry, Rh, Pd) alloy, BaMO;
(M: U, Zr, Mo), and BaMoO, (M: U, Mo), respectively.)
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Figure 1 (d). X-ray diffraction patterns of UO,, BaZrOs, BaMoO,, and Mo-Ru-Rh-Pd alloy.
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Figure 2. Lattice parameters of the matrix phase under the various oxygen potentials as a

function of simulated burnup.
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Figure 3. Comparison of lattice parameters between the matrix phase of the SIMFUEL (-390
GWd/t) and (U,Ce)0,. '
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Figure 4. Relationship between the oxygen potential of UO,,, and O/U ratio.
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Simulated bumup:‘ 50 GWd/t
Oxygen potential: -390 kJ/mol

Figure 5. SEM image and EDX analysis of the matrix phase of the SIMFUEL with simulated
burnup of 50 GWd/t annealed at the oxygen potential of -390 kJ/mol.
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Simulated burnup: 50 GWd/t
Oxygen potential: -390 kJ/mol

Simulated burnup: 50 GWd/t

Oxygen potential: -220 kJ/mol

Figure 6. SEM image and EDX analysis of the oxide precipitates in the SIMFUEL with
simulated burnup of 50 GWd/t: (a) annealed at the oxygen potential of -390 kJ/mol, (b)
annealed at the oxygen potential of -220 kJ/mol.



Simulated burnup: 50 GWd/

Oxygen potential: -390 kJ/mol

Simulated burnup: 50 GWd/t
Oxygen potential: -220 kJ/mol

Figure 7. SEM image and EDX analysis of the metallic precipitates in the SIMFUEL with
simulated burnup of 50 GWd/t: (a) annealed at the oxygen potential of -390 kJ/mol, (b)
annealed at the oxygen potential of -220 kJ/mol.
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Figure 8. Average compositions of the perovskite-type oxide precipitates observed in the
SIMFUEL annealed at the oxygen potential of -390 kJ/mol, together with the result of the

thermodynamic calculation performed‘ in Chapter 3.1.
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Figure 9. Compositions of the perovskite type oxides precipitated in irradiated oxide fuels
projected onto the BaUO;-BaZrO3-BaMoOj isothermal section at 1973 K [6-9].
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_ Figure 10. Average compositions of the metallic p‘recipitates‘observed in the SIMFUEL -

annealed at the oxygen potential of (a): -390 kJ/mol and (b): -220 kJ/mol, together with the

result of the thermodynamic calculation performed in Chapter 3.1.
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Figure 11. Compositions of the metallic Mo-Tc-Ru-Rh-Pd precipitates in irradiated LWR fuels,
that are projected onto the isothermal section of the ternary Mo-(Tc+Ru)-(Rh+Pd) system at
1273 K [9].
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2.1.3. Thermophysical Properties of SIMFUEL

As mentioned in the previous section, the SIMFUEL with the éimulated burnups of 50,
100, and 150 GWd/t were prepared and annealed at the oxygen potentials of -390, -340, and
-220 kJ/mol. The effects of the simulated burnup and annealing oxygen potential on the phase
equilibria of the SIMFUEL were studied.

In the present section, the thermophysical properties, viz., the thermal diffusivity,
specific heat capacity, thermal conductivity, elastic modulus, and micro Vickers hardness of the
SIMFEL have been measured. The effects of the simulated burnup and annealing oxygen

potential on the thermophysical properties of the SIMFUEL have been studied.

2.1.3.1. Experimental
2.1.3.1.1. Thermal Diffusivity

The thermal dlffuswmes of UO,,, and the SIMFUEL were measured by a laser flash
method from room temperature to about 1800 K in vacuum (10 " Pa) by using ULVAC TC-7000
(ULVAC-RIKO Inc.). | |

This technique con51sts of a rapid heatmg of the surface of the sample with an energy
pulse from a ruby laser (as shown in Fig. 1). Subsequently, the temperature change on the
rear-surface is monitored with an indium antimonide infrared detector. The ambient témperature
of the sample is established and controlled by a high temperature electric furnace. The
temperature is measured with a Pt versus Pt-10%/Rh thermocouple. In the present study, a
logarithmic method [1] is used to solve the thermal diffusion equation. This method is utilized
" to determine the thermal diffusivity o, from the eXperimental rear-surface temperature history of

the sample after being flashed by a laser pulse, using theifollowing equation:
‘ 1

1 ' 2 2 .
> L L 1 ‘
log| T;t? | =log| 2T, ‘ , 1)
: na 4o , ’
where ty, is the time to one-half of the maximum temperature rise, T, IS the temperature at
rear-surface of the sample, T, is the temperature at rear-surface of the sample at the time t, and L

is the sample thickness. L%4a. (=) is determined by the slope of log(th) versus 1/t plot, then

the thermal diffusivity a is expressed by the following simple equation:
o =—. . ‘ @)

The effects of a heat leak from the sample and non-uniform heating by the pulse laser are much
less than those case of a half time method used often in the laser flash technique. |
In the present study, for thermal diffusivity measurements, about 10 mm in diameter

and about 1 mm thickness of disc shape sample was sliced from the pellet. The thermal
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diffusivities at a temperature obtained at the heating process were checked during the cooling
cycle.
2.1.3.1.2. Specific Heat Capacity |

The specific heat capacities of UO,., and the SIMFUEL annealed at the oxygen
potentials of -390 and -220 kJ/mol were measured by a differential scahning calorimeter (DSC,
ULVAC-RIKO Inc.) apparatus, in the temperature range from room temperature to about 1200
K in Ar flow atmosphere.

The apparatué has a “triple-cell” system and an adiabatic temperature control system,
which was originally developed by Takahashi et al. [2]. In this apparatus, there are three cells
for sample, reference material, and empty. The temperature differences between the sample and
empty sides and betweén the reference and erhpty sjdes are detected simultaneously by R-type
thermocouples under the condition of constant heating rate. The specific heat capacity of the
sample is determined by comparing each of the signals. The principle of the apparatus is briefly
summarized as follows [3}. A

The concepiual construction of the DSC is- illustrated in Fig. 2. The fundamental

thermal equations for the system are given by the following equations:

1 drT, dT
—(, -1, )=C, —m4+C,—, 3
Rl,(h Im) 1m dt 1 dt ()
1 , dar, dr,

—(T, -T, )=C, m4+C,—2, 4
Rz,(h Zm) 2m dt 2 dtv ()
1 - - dT. dT. '

—@, -1, )=C, —m4+C,—, 5
R3,(h 3m) 3Im dt 3‘dt . ()

where the subscripté indicate the empty, reference, and sample side, respectively. T; is the
temperature of the sample, T, the temperature of the isothermal plate, Tiy, is the temperature of
the sample-pan holder, R;” is the thermal resistance beiween the holder and isothermal plate, C,
is the specific heat capacity of the holder, and C; is the heat capacity of the sample. Suppose that
an empty sample pan is placved on the empty side, a pan filled with reference material (a-Al,O5)
on the reference side, and a pan filled with the sample on the sample side, these pans are then
heated from the heat source through the thermal resistances R and R’. Assuming that Rj<Ry’,
R,’=R,’=R,’, and the heating rate is equal to dT,/dt everywhere on the isothermal plate during
the scan, we can obtain the heat capacity of the sample Cg from only a single run using the
following equation: - '
‘ Ty = Tom

Cs ='C', R
' TIm _T.Zm

©)

where C; is the heat capacity of the reference material, (T1,-Tam) i the observed temperature
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difference between the sample and empty pans, and (T,-Tap) is the observed temperature

difference between the reference and empty pans.
Even when the condition of R,’=R,’=R,’ fails, only two separate runs are needed in

the system. The first run is carried out with three empty sample pans on all the sides (blank run).

The tempefature differences observed in this case are given by the following equations:
{

& (Th _T]m)’ - (7)

ATZ?n =(T2m _Tlm)B =|1-

[

1

1B

/ ATfn =V(T3m _Tlm)B = (Th _Tlm )> : (8) ‘

1

where the subscript B indicates the result of a “blank run”. The second run-is then performed
with the empty pan on the empty side, the pan filled with the reference material on the reference
side, and pan filled with the sample on the sample side. The temperature differences are

represented by the following equations:

R, , dar o ‘
ATy, = Wy =Ty ) = 1—-—%)@. ~ Ty, )-R5(C, - C, )=, ©)
R, \ dt
R, . dar
‘AT3m=(T3m_T1m) = 1—”‘?— (Th_TIm)_,R3(C3—CI)E' (10)
1

By subtracting the equations (7) and (8) from the equations (9) and (10), respectively, we can

obtain the following equations: - N

AT, - 4T3, =-R;(C; - €, ‘CZ : oay
B y T ., d *

AT, - ATy, =‘R2(C2 _C])E_RZ(CZ "CI)_E‘ (12)

The Cs is thus given by the following equation:
R, AT, - ATE, |
" R} AT,, - ATE,

Therefore, knowing the value of R,’/R,’, the Cq can be determined from two separate runs,

Cs=C (13)

including the blank run. The descriptions above refer to the principle of the scanning method
can be also applied to the enthalpy method. Figure 3 shows the schematic diagram for the
enthalpy and scanning methods. The enthalpy method refers 0 heat capacity measurements in
which all the output signals during a iemperature scan are integrated to give the total enthalpy
change (AH) for the given temperature interval (AT). The quantity AH/AT is taken as the value
- of the heat capacify at the middle point of the temperature interval. The scanning method refers

to heat capacity measurements in which the output signals are continuously converted to the
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heat capacity values over the range of the temperature scan. For a‘ given temperaturé range of a
scan, the quantities required that must be recorded are the difference in ordinate displacement
between the reference and blank, and between the sample and bléﬁk.
Takahashi et al. [3] have been measured the heat capacities of some material from 300
K to 1500 K usfng this “triple-cell” DSC. They determined the precision of the measurement by
~ the enthalpy method and scanning method is within +3 % and 5 %, respectively. It is indicated
that the heat capacity deterfnined by the enthalpy method is more precise than that determined
by the scanning method. However, using the scanning method, it is possible to determine the
- profile of the heat capacity anomalies more using the enthalpy method.

In the present study, for the speciﬁc heat capacity measurements, the sample with a
column shape of about 5 mm diameter and 4 mm in height was cut from the pellet.' The specific
heat capacity measurement was carried out in a high purity argon (99.999 %) atmosphere with a
ﬂoW rate of 100 ml/min. The sample was heated with small and large temperature intervals as
shown in Fig. 4. The specific heat capacity was calculated by the enthalpy method. Furthermore,
we calculated the specific heat capacity by the scanning method at individual temperatures in
the large interval region. In order to check the accuracy of the apparatus, the heat capacity of

a-Al,O, was measured.

2.1.3.1.3. Thermal Conductivity
| The thermal conductivity was calculated from the thermal diffusivity, heat capacity,
and density using the following standard expression:
A=aCpp. ' : , . - (14)
In the present study, the thermal conductivity was evaluated from room temperature to
about 1200 K. The specific heat capacity evaluated by fitting of the experimental scanning data
was used for computing the thermal condhctivity. _For the.  density evaluation at high

temperatures, the recommended following equations [4,5] for UO, were used:
‘ y R N
p(T)= p(273)0.9734x10" +9.802x107T- 270510797 + 4.391x10°T% ° g/ m?®

(In the temperature range between 273 K and 923 K), | (15)

’ . N
p(T)= p273)0.9672x10™ +1.179x1075 7= 2.420x10°T % +1.219x10°272 | (g /m?

(In the temperature above 923 K), ' ~ / (16)
where p(273) is the density at room temperature. These equations are derived from the thermal
expansion data. In the present study, the difference in the thermal ‘expansion between UO; and
the SIMFUEL is considered to be small.

The thermal conductivity was normalized to 95 % of the theoretical density using the
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Maxwell-Eucken relationship [6,7]:

1+2p
I1-p ’

* Ags =0.86367, 17)

where Ay is the thermal conductivity with porosity of p (=1-p/ prp).

2.1.3.1.4. Elastic Modulus ‘

An ultrasonic pulse-echo measurement was carried out by using Echometer 1062
(NIHON MATECH Inc.) to evaluate the elastic moduli of UO,,, and the SIMFUEL at room
temperature in air. . ‘

The schematic view of the apparatus is shown in Fig. 5. The sample is cemented to the.
SiO, buffer, and the other end of the buffer is bonded to the 5 MHz transducer connected to the
Echometer. The sound velocity in the sample is estimated from the sample length and time
separation between the ultrasonic echoes t obtained from the Echomefer. The glue joint between
the transducer and buffer is Sonicoat-SHN13 (Nichigo Acetylene. Corp.). « |

The longitudinal sound velocity V. and shear sound velocity Vs are calculated by:

2L , (18)
-1,

2 2
T; -7, + T, -T;
D 2L

where T, is the reflection time of the longitudinal sound veldcity from bottom face of the

VL=

1

2

, | (19)

>VS=

sample, T; is the reflection time of the longitudinal sound velocity from top face of the sample,
T, is the reflection time of the shear sound velocity from top face of the sample, D is the
diameter of the sample, and L is the length of the sample. .

For isotropic media, the shear modulus G and Young’s modulus E are expressed in

terms of the measured longitudinal sound velocities V. and shear sound velocities Vs as:

G =pVs’, o (20)
k1% 2 _ 2
E=G ——L—Z——4—V§— , @1)
VL _VS .

where p is the sample density. ‘ '
The measurements were performed three times over changing the sample position, and

the error in the sound velocity calculated from t was within 20 m/s.

2.1.3.1.5. Micro Vickers Hardness

The Vickers hardness measurement was carried out using MHT-1 Vickers hardness
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tester supplied by MATSUZAWA SEIKI Co. The Vickers hardness, Hy was measured by

loading a diamond pyramid-type (with apex 136°) indenter into the surface of the specimen,

which is defined by:
" 2py sing ; ‘
Hy = _—%1—7— , : | (22)

where d is the mean diagonal length of the diamond-shaped impression made in the indented
surface (see Fig. 24). In the present study, the applied load and loading time were chosen to be 1
kg (9.8 N) and 30 sec, respectively. The measurements were repeated 12 times for all the
samples, and the ‘b average Was gotten from the data except for the maximum and minimum

values.

. 2.1.3.2. Results and Discussion
2.1.3.2.1. Thermal Diffusivity

The temperature dependences of the thermal diffusivities of UO,,, and the SIMFUEL
with simulated burnups of 50, 100, and 150 GWd/t annealed at the oxygen poténtials of -390
and -220 kJ/mol are shown in Figs. 6 and 7, respectively. In these figures, the measured thermal
diffusivities, oy are normalized to 95 % of the theoretical density considering the porosity
correlation which can be derived from the following equation:

ogs = 1.158a,, (§1sz55)) : : (23)

In Fig. 6, the thermal diffusivity of stoichiometric UO, measured by Lucuta et al. [8] is shown
for comparison. The thermal diffusivity of UO;ge measured in the present study is in good
agreement with that of stoichiometric UO, [8]. The thermal diffusivities of the SIMFUEL are
lower than that of UO,, for the specimens annealed at same oxygen potential. The difference is

especially marked at low temperatures.

2.1.3.2.2. Specific Heat Capacity |

Figure 8 shows the temperature dependence of the specific heat capacity of a-Al,O;
determined by both the enthalpy method in the small interval region and the scanning method in
the large interval region. The measured values well agree with literature data [9] within +3%."

The temperature dependences of the specific heat capacities of UO,., and the
SIMFUEL are shown in Figs. 9, 10, 11, 12, 13, and 14. In these figures, the ploited values
represent the specific heat capacity calculated by the enthalpy method, and the smooth lines
represent the fitting results by using the scanning data. The 'fitting equations for UO,,, and the
SIMFUEL are listed in Table 1. | '

Figure 9 shows the specific heat capacity of UO,,,, together with literature data [10].
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The specific heat capacity of UO, g measured in the present study is in good agreement with
that of stoichiometric UOZV[]_O]. The measured specific heat capacity of UO, oy is slightly higher
than that of stoichiometric UO,, but the difference is inconspicuous.

Figures 10 and 11 show the specific heat capacities of the SIMFUEL annealed at the
oxygen potentials of -390vand -220 kJ/mol, respectively. All the SIMFUEL samples show an
increase in specific heat capacity with increasing temperature, and have the same trend as UO;.
The specific heat capacity of the SIMFUEL with simulated burnup of 50 GWd/t is lower than
that of UO,, and the specific heat capacities of the S‘IMFUEL increase with increasing the
simulated burnup. The specific heat capacity of the SIMFUEL with simulated burnup of 150
GWd/t is at the same level as. that of UO,. ‘

The specific heat capacities of the SIMFUEL with simulated burnups of 50, 100, and
150 GWd/t are represented in Figs. 12, 13, and 14, respectively. It is confirmed that the specific

heat capacities of the SIMFUEL increase with increasing the oxygen content.

2.1.3.2.3. Thermal Conductivity

Figure 15 shows the temperature dependence of the thermal conductivities of UO,,,
annealed at the oxygen potentials of -390 and -220 kJ/mol. The thermal' conductiﬁty of U0, 001
is slightly higher below 500 K, but is good agreement above 500 K in comparison with
~ literature data [8]. The thermal conductivities of UO,,, decrease with increasing O/U ratio due
to the formation of interstitial oxygen atoms and/or U** ions in order to maintain the electrical
neutrality. For UO, ¢y, a change in the slope‘ of the curve of the thermal conductivity is observed
at around 800 K. This change is considered to be the phase transition from UO,+U, 0 1o UO,,
single phase. The same behavior has also observed in literatures [8,11]. For UO, fuel with
defects of deviations from the stoichiometric composition, Carbojb et al. [12] has recommended
the following correlation, which combines the lattice term recommended by Lucuta et al. [13]

and the ambipolar term recommended by Ronchi [14]:

1 ‘ 6400 \
Ay = +1.158 expt-16.35/ (Wm/K), (24
%7 0.0257 +3.336x +(2.206 - 6.85x)t | 10 R P F 4 s ( K. @9

where t = T/1000, T is the temperature in K-and x is the deviation from stoichiometry. This
equation is for 100 % of the theoretical density of UO,. The thermal conductivity of UO, o9 wWas
calculated by using above equation. The result, which is corrected to the data of 95 % of the
theoretical dehsity, is shows in Fig. 15. The thermal conductivity 6f UO,020 measured in the
present study is good agreement with the calculated result, above about 800 K.

The normalized thermal conductivities 1o 95 % of the theoretical density of UO,,, and .
the SIMFUEL annealed at the oxygen potentials of -390, -340, and -220 kJ/mol are shown in
Figs. 16, 17, and 18, respectively. The thermal conductivity of the SIMFUEL annealed at the
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oxygen potential of -340 kJ/mol was calculated using the specific heat capacity of the
SIMFUEL annealed at the oxygen potential of -390 kJ/mol, because the difference of the
specific heat capacities is very small. E , | | '

The thermal conductivities of the SIMFUEL decrease with increasing temperature,
i_ndieating a phonon conduction characteristic. The thermal conductivities of the SIMFUEL also
decrea-se with increasing the simulated burnup, which is due to the phonon scattering caused by
the dissolved FP elements. These characteristics are always observed, regérdless of the
annealing oxygen potential. '

As shown in Figs. 16, 17, and 18, the reduction rafe of the thermal conductivities
caused by the burnup increasing appears to be small with increasing burnup. In general, the
degradatfon is caused primarily by the dissolved FP elements and possibly by the oxide
precipitates, and the metallic precipitates should increase the thermal conductivity. (It is
expected that the thermal conductivity of the metallic precipitates is about 10 times larger than
that of the matrix phase at room temperature reported in Chapter 3.2. of this thesis.) Since the
volume fraction of these precipitates is very small, they will have only a small effect. For
example, according to a literature [15], the contribution of the metallic precipitates is about 1 %
increase in the thermal conducﬁvity for each 1 at.% (equivalent to 9.375 GWd/t) burnup. In the
present study, the SIMFUEL has the metallic precipitates about 2.0 to 3.0 vol.% for the
simulated burnup of 50 GWd/t, 5.0 to 6.0 vol.% for the simulated burnup of 100 GWd/t, and 8.0
to 9.0 vol.% for the simulated burnup of 150 GWd/t. The amouvnt of the metallic precipitates in
the SIMFUEL prepared in the present study is higher than that with the sirﬂulated burnup of 14
to 75 GWd/t reported by Lucuta et al. [8,16]. (In the literature, for example, the volume fraction
of the metallic precipitates is 2.0 to 3.0 vol.% for 75 GWd/t.) Consequently, it is considered that
the contribution of a large amount of metallic precipitates reduces the reduction effect by the
-dissolved FP elements on the thermal conductivity with increasing burnup.

Figixres 19, 20, and 21 show the effect of the oxygen potential on the thermal
conductivity for a given burnup. The thermal conductivities of the hyperstoichiometric
SIMFUEL are lower than that of the stoichiometric SIMFUEL. A similar characteristic observed

for UO,,, is found due to the formatien of the interstitial (oxygen and/or high valency ions.

2.1.3.2.4. Elastic Modulus A

The calculated shéar modulus G and Young’s modulus E of stoichiometric and
hyperstoichiometric UO,,, and the SIMFUEL from the longitudinal and shear sound velocities
were normalized to 100 % of the theoretical density by using the correlation of the elastie
modulus of UO, as a function of the porosity [17]: B '
G =82 (1-2.03p), ; - (25)
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E =220 (1-234p), ; (26)
where; p is the porosity. | ;

Iﬁ Fig. 22, the normalized values of the shear and Young’s mo‘duli are shown as a
function of the simulated burnup. It is found that the elastic moduli decrease linearly with
increasing the simulatéd burnup. The effect of the annealing oxygen potential on the elastic
modulus is not confirmed. The reduction rates in the elastic moduli of the SIMFUEL are about
6.5 % per 50 GWd/t burnup for the shear modulus and about 7 % per 50 GWd/t burnup for the
~ Young’s modulus, respectively. . ‘ |
The effects of the solid FP elements on the elastic modulus have been studied by using
" the solid solutions between UO, and appropriate FP oxides [18-20]. Boocock et al. [19] has
reported that the addition of 6 wt.% of the FP clements, comprising transition metals and
lanthanides, to the mixed oxide reduced both the shear and Young’s moduli by less than 10 %.
We have also studied that the effect of the rare earth FP elements on the elastic modulus using
(U,Ce)O, solid solution with the CeO, contents ranging from 0 to 20 mol%. Figure 23 shows
the shear and Young’s moduli of (U,Ce)O; solid solution, as a function of the CeO, content. It
can be seen that the shear and Young’s moduli decrease with increasing CeO, content. As
compared to the elastic moduli of the SIMFUEL obtained in the present study, the reduction rate
in the elastic moduli with siinulaied burnup of 50 GWd/t corresponds to about 3.5 mol% CeO,
in.case of (U,Ce)O, solid solution. This correlation and the reduction rate are the same as the

case of the lattice parameter described in previous section.

2.1.3.2.5. Micro Vickers Hardness

- Figure 24 shows the micro Vickers hardness of UO,., and the SIMFUEL as a function
of the simulated burhup. The Vickers hardness of the SIMFUEL decreases with increasing the
simulated burnup. In general, the hardness of the ceramic material is known to increase with the '
density. The SIMFUEL indicates lower hardness than that of UOZ. (The density of UO; is lower
than that of the SIMFUEL.) Therefore, it is confirmed that the dissolved FP elements lead lower
~ hardness. The effect of the annealing oxygen potential on the Vickers hardness of the SIMFUEL
is not confirmed in the present study. '

For various materials, the Vickers hardness Hy is associated with the Young’s modulus

E. For some oxide and carbide ceramics, Hy is found to be proportional to E with the values of
[21]:
i | :
7” ~0.05. | 27)
The values of thve‘Vickers hardness for UO, and the SIMFUEL with simulated burnups of 50,
100, and 150 GWd/t are plotted in Fig. 25, as a function of the normalized Young’s modulus. As
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shown in this figure, it is found that the relationship between the Vickers hardness and Young’s
modulus for the SIMFUEL is located ranging from about 0.04 to 0.05, indicating typical

ceramics characteristics.

2.1.3.3. Conclusion ; ‘ ‘

The thermophysical propérties of UO; and the SIMFUEL have been measured and the
effects of the simulated burnup and‘annealihg' oxygen potential on the properties have been
studied. The specific heat capacity of the SIMFUEL measured by the "triple cell" DSC shows
that the simulated burnup increases the specific heat capacity 6f the SIMFUEL. The specific
~ heat capacity of the SIMFUEL with the simulated burnup‘of 150 GWd/t nearly equals to that of
UO,. The specific heat capacity of the SIMFUEL slightly increases with increasing the oxygen
content. The thermal conductivity of the SIMFUEL decreases with burnup increasing. The
reduction rate of the thermal conductivity is appeared to be small with increasing burnup. The
excess oxygen decreases the thermal conductivity of the SIMFUEL. The elastic moduli and
Vickers hardnéss of the SIMFUEL decrease with increasing the simulated burnup. The effects of
the anhealing oxygen potential on the mechanical properties of the‘ SIMFUEL are not clearly

confirmed.
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Table1
Empirical equation of the specific heat capacity Cp of UO, and the SIMFUEL evaluated ﬁy
fitting the experimental scanning data (323-1é00 K).

Specific heat capacity Cp JK'gh) = atbT+cTo4dT?

Sample a bx10” ex107 ax10°
UOrow 0.25174 140 58 438
WO 024631 130 | 414 324
50 SIM 7000 0.28445 3.00 20.978 2424
50 SIM 507 0.31766 0.20 1.96 -6.24
100 SIM 5 o0 0.35401 -0.80 3.91 7.82
100 SIM 5 o7 0.33276 -0.50 333 -5.80
150 SIM 500, 0.30472 0.30 112 -5.94
150 SIM ;28 0.31733 0.051 0.35 -5.89
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Figure 1. Schematic view of the laser flush method.
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Figure 2. Conceptual diagram of the "triple-cell” DSC. T.I, T,, and T, are the temperatures of the
sample; Tlm, Tom, and Ta, afe the temperatures of the holder; T, is the temperature of the
isothermal plate; C;, C,, and C; are the heat capacities of the sample; Cyp, C;m, and G, are the
heat capacitiés of the holder; Ry, R,, and R are the thermal resistances between fhe holder and
sample; R;’, R, 7, and R;’ are the thermal resistances between the holder and isothermal plate;

Subscripts 1, 2, and 3 indicate the empty side, reference side, and sample side, respectively.
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Figure 3. Schematic diagrams for the enthalpy method and scanning method.
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Figure 5. Schematic view of the ultrasonic pulse echo method. The longitudinal sound velocity
| V. and shear sound velocity Vg can be calculated by using Ty, T,, T3, D, and L, as follows:
2L 1 ‘ p
L=-T2—_T—3— and s=\/(T_T)2 (T_T)Z.
3 2 + 2 1

D? 417
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Figure 6. Temperature dependence of the thermal diffusivities of UO,,, and the SIMFUEL with
simulated burnup of 50, 100, and 150 GWd/t annealed at the oxygen potential of -390 kJ/mol.
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2.2. Oxide and Metallic Precipitates
2.2.1. Thermal and Mechanical Properties of Oxide Inclusions
2.2.‘1.1. Introduction
In an irradiated nuclear fuel, a number of fission product (FP) elements are produced
and they affect the fuel performance. Especially the FP elements precipitated in the fuel matrix,
such as oxide and metallic inclusions, have a great influence on the‘thermal and mechanical
properties of the fuel. Therefore, the behavior of FP elements and the propertles of their
compounds are very important for evaluation of the safety of the fuels. It is known that some FP
elements are soluble in the fuel matrix and others form the oxide or metallic inclusions [1-6].
The white metallic precipitates composed of Mo-Tc-Ru-Rh-Pd alloys and the oxide precipitates
with a perovskite type structure of (Bé,Sr)(U,Pu,Zr,RE,Mo)O3 have been observed in the
irradiated oxide fuels. It is considered that the inclusions affect the thermochemical and
-physical properties of the fuel. / ,
We have systematically studied the thermophysical and -chemical properties of Ba
seriés perovskite type oxides until now [7-15]. In the present paper, the thermal and mechanical
properties, viz. the thermal expansion coefficient, melting point, elastic modulus, microhardness,

heat capacity, and thermal conductivity of BaUO;, BaZr03, BaCeO;, and BaMoO; are studied.

2.2.1.2. Experimental :

Polycrystalline perovskite type oxides, BaUOs;, BaZrO;, and BaCeO; were prepared
by mixing the appropriate amounts of UO,, ZrO,, CeO,, and BaCO; followed by reacting at
1273 K and smtermg at 1773 K. Polycrystalline BaM003 was prepared by a reduction of
BaMoO, (supplled by Furuuchi Chemical Co., Ltd.) under 4 % H,-Ar atmosphere at 1523 K.

The crystal structure of the samples was analyzed by both the powder X-ray
diffraction method and Raman spectroscopy. The powder X-ray diffraction was performed at
room temperature using Cu-Ka radiation. The Raman spectra were recorded by using a
_NR-1’600 (JASCO Co. Ltd.) using an argon laser with a wavelength of 514 nm operated at 100
mW. In order to determine the chemical composition, the SEM-EDX analysis was performed
using a HITACHI S-2600H SEM instrument équipped with an energy-dispersive HORIBA
EX-200 system. The oxygen analysis was also performed by using HORIBA EMGA-550 to
identify the oxygen concentration of the samples. For measurements of the thermal
conductivities and heat capacities, appropriate shapes of the samples were cut from the sintered
- pellets. The bulk density was determined by the weight and geometric measured volume.

The thermal expansion cocfficieht was evaluated by using a dilatometer in the
temperature range from room temperature to about 1000 K under a reduction atmosphere. The

melting point was measured by a thermal arrest method under a reduction atmosphere. The
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longitudinal and shear sound velocities were measured by an ultrasonic pulse-echo method at
-room temperature, which enables us to evaluate the elastic moduli and the Debye temperature.
From the obtained sound velocities of the sintered pellets with porosity, the elastic moduli and
Debye temperature for 100 % of the theoretical density were estimated by using a finite element
method. Hardness measurements were also performed, ét room temperature, using a
micro-Vickers hardness tester. The heat capacity was measured by using a differential scanning
calorimeter, DSC (ULVAC Co. Ltd.) with triple cells in a high purity argon atmosphere. The
samples were heated with small and large temperature intervals. The heat capacity was
determined by both enthalpy and scanning methods at individual temperatures. The thermal
diffus‘ivity was measured by a laser flash method by using an ULVAC TC-7000 in the
temperature range from room temperature to 1400 K in vacuum. The thermal conductivity was

evaluated from the heat capacity, thermal diffusivity, and density.

2.2.1.3. Results and Discussion

The powder X-ray diffraction patterns at room temperature of BaUQ,;, BaZrOs,
BaCeO;, and BaMoO; are shown in Fig. 1. It is found that the perovskite type‘ single phase is
obtained in the present study. ‘ | ‘

The conventional parameter describing the geometric distortion of a perovskite type

. -compound is defined as a tolerance factor, t:
Ta 7,

"B er0) 0
where r,, I, Io are the ionic radii of each atom. Ordinarily, the value of "t" is within 0.75 t0 1.1
for the perovskite type oxides. The cubic structure has a value near 1. As the value of "t" shifts
from 1, a geometric distortion becomes gradually large. The values of the tolerance factor "t" of
BaUOs, BaZrO;, BaCeO;, and BaMoO; are shown in Tablel. The Shannon's values of the ionic
radius [16] are referred in the present study. 3 |

| It is reported that the crystal structure of BaCeQs at room temperature is orthorhombic
(Pnma ), equivalent to a small distortion of the cubic structure [17]. On the other hand, BaUOs,,
BaZrO;, and BaMoO; are cubic at room temperature. The Raman spectra of BaZrO, and
BaCeO; are shown in Fig. 2, togethér with the XRD patterns. The Raman spectrum of BaZrO,
shows a very low intensity, showing that this substance has a cubic structure (Pm3m), while the
Raman-active modes of the drthorhombic structure are easily observed in the Raman spectrum
of BaCeOs. These results are similar to those in literatures [18,19]. The crystal structures of .
BaZrO; and BaCeO; are shown in Fig. 3. | ’ '

The lattice parafneters evaluated from the X-ray diffraction patterns correspond to the -

previously reported values [17,19-21]. The bulk densities of the samples are about 90 % of the
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theoretical densities calculated from the lattice parameters. The chemical composition of the
samples does not deviate from the stoichiometric composition. The lattice parameters and O/M
ratios of the samples are shown in Table 1. ' ,

| Figure 4 shows the relationship between the molar volume and jonic radius of M* for
BaMO; type perovskite type oxides. The values of the ionic radius are obtained from a literature
[16]. The molar volume increases linearly with increasing the ionic radius of M* ions. S

The thermal expansioﬁs of the samples measured by the dilatometer are shown in Fig.
5, together with the data of UO, [22]. The thermal expansions bf BaUO; and BaCeO; nearly
equal that of UO,, while BaZrO; and BaMoOj; show slightly lower thermal expansion. From the
- slope of the thermal expahSion curves shown in Fig. 5, the linear thermal expansion coefficients
oy of the samples were evaluated as shown in Table 1. . ‘

The melting points T,, measured by the thermal arrest method of BaUOs;, BaZrO;;,'
BaCeOs, and BaMoO; are shown in Table 1. In the present study, the melting point of BaZrO;
was not evaluated because of the unclear thermal arrest signal; so the reference value [23] is
shown in Table 1. It is empirically confirmed that the linear thermal expansion coefficient varies
inversely as fhe melﬁng point fb_r many substances, and for some substances the following
relationships between oy and Ty, in K have been reported [24]:
a; T, =0.019 (for metals), (2)
a; T, =0.030 (for fluorite type oxides). 3)
The relationship between oy and T,, for BaUOs;, BaZrOj, BaCeOs;, and BaMoO; is shown in F igl.
6, together with the data of UO; [7]. For BaZrO; and BaCeOQ;, the products bf o] ahd T, show
apprbximately same value (= 0.022). The product of oy and Ty, for BaUO; shows slightly higher
value (= 0.027) th;m thése for BaZrO3' and BaCeOs, while that for BaMoO; shows slightly lower
value (= 0.017). '

- For isotropic media, the shear modulus G, Young's modulus E, compressibility 8, and

Debye temperature 6p can be written in terms of the longitudinal sound velocity Vi and shear

sound velocities Vs as [25-27]:

G =pVi, . | @
Gbv,2 - av 2
) ®)
L ~-Vs ‘ g
- , |
o Ay | | O
P(VL _EVS ) ’
h 9N 3
0p =|—1 , . 7
° (kB) 4nV-ﬁ/L'3+2VS'3j v v )
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where p is the sample density,v h is the Plank constant, kg is the Boltzmann conétant, N is the
number of atoms in a unit cell, and V is the unit cell volume. The longitudinal and shear sound

" velocities of BaZrO; and BaCeO, wefe measured at room temperature and in air. The elastic

moduli and Debye temperature evaluated in the present study are shown in Table 1. Figure 7
shows the relationship between the Young's mc;dulus E and tolerance factor t for the perovskite
type oxides. The Young's modulus becomes small as the tolerance factor deviates from 1,
indicating that the symmetry of the crystal affects the elastic properties. |

For some substances, Young's modulus E is proportiohal to q(RTw/ Vi) [28], where q is
the number of atoms in the chvemical formula, T, is the nieltin’g temperature in K, Vy is the
molar volume, and R is the gas constant. For pure metals, we have obtained the following

relationship [29]:

RT

E= 97.9-q(v—:) , . ’ ’ 8)

- which is in good agreement with the results of Frost and Ashby [28]. In the present study, the
melting point of BaZrO; is referred to literature data [23]. The Young's moduli E of BaUOs,
BaZrO;, BaCeO;, and BaMoOs; are shown in Fig. 8 as a function of q(RT,,/Vy,), together with

‘the data of UO, [10]. In the relationship between E and q(RT./Vy), BaZrOs;, BaCeOs, and
BaMoO; show similar characteristics and the proportionality is almost identical. Although
BaUOQ; has the same crystal structure as BaZrO; and BaMoO;, the proportionality between E
and q(RT./Vy,) is almost identical with that of SiO, glass. Lo

It is known that the Debye temperature Op can be related to the melting temperature
T, in K, the molar mass M, and the molar volume V,, by a Lindemann relafionship [30]. The
relaiionships were reexamined for the perévskite type oxides, and the ratio of Op to
qs“s('l‘,,,/(M‘.\/,,12/3))”2 was evaluated to be 1.60 [31], where q is the number of atoms in the
chemical formula. Figure 9 shows this relationship for BaUO;, BaZrOs;, BaCeO;, and BaMoO;,
together with the data of other substances [10,32]. The proportionality constants of BaZrO;,
BaCeO;, and BaMoO; are almost identical (around 1.60), indicaiing typical characteristics of
the perovskite type oxides. However, the tendency differs between BaUOj énd other perovskite
type oxides, which apparently shows the glass-like characteristics of BaUO;.

~ The hardness is associated with the resistance of a material to plastic deformation. The

measurements were repeated ten times for a given sample, and the applied load and loading
time were chosen to be 9.8 N and 30 s. The values of the Vickers microhardness obtained for
BaUOs, BaZrO,, BaCeOs, and BaMoO; are shown in Table 1.

For some oxides and carbides, the hardness H is found to be proportional to Young’s
modulus E with the following relationship [33]:
HJE =0.05. | : ©)
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We have estimated the H/E for pure metals using literature data [34] and obtained the values“of
0.006, 0.003, and 0.004 for bcc, ’fcc, and hcp metals, respectively [29]. The values of H for the
perovskite type oxides are plotted in Fig. 10 as a function of Young’s modulus E, together with
other substances data [10,32]. Since both the hardness and elastic modulus are affected by the
sample density at the same level, therefore, the non—corrécting values of the Young's modulus
are plotted in Fig. 10. BaZrO,, BaCeO;, and BaMoog show similar characteristics, and the
proportionality constants are arouhd 0.03. However, the relationship between the Vickers
hardness and Young’s modulus for BaUO; is similar to that of SiO, glass.

Figure 11 Shows the temperatﬁre dependenc‘e of the heat capacity of BaUO; '
determined by‘the enthalpy method. The C; of BaUO; measured in the present study well agrees
with the estimated values using the data of Cordfunke et al. [35], but shows slightly higher
values than those using the data from MALT2 [36]. The difference comes from the C, values of
BaO, in which it decreases with increasing temperature in MALT2. The temperature
dependencé of the C, values of BaUO;, in the temperature range of 373-873K, is determined
frorﬁ the experimental values as follows:

Cp UK mol™) =126.6+1.61x107T ~1.42x10° /T2 (10)

- The temperature dependence of the heat capacity of BaZrO; determined by the
enthalpy and scanning methods is shown in Fig. 12, together with literature data [23,35,37]. The .
experimental values obtained in the present study well agree with the data of Nagarajan et al.
[37] and Vassen et al. [23], while are slightly lower than that of Cordfunke et al.' [35]. In the
temperature range between 300 K and 1400 K, the empirical equation for the Cp of BaZrO; is
determined from the experirﬁental values as follows: ;

CpUK 'mol™) =111.1+1.21x1072T - 6.22x10° / T 2. ‘ (11)

The temperature dependence of the heat capacity of BaCeO; determined by the
enthalpy and scanning methods is shown in Fig. 13, together with literature data [38,39]. The
experimental values obtained in the preseht study are slightly lower than those in literatures.
Three signals associated with the phase transitions are observed in. our experimental data-
determined by the scanning methods. It is reported that BaCeO; evolves slowly toward ideal
cubic perovskite structure with increasing temperature. Knight [20] examined the phase
transition of BaCeO, by a neutron diffraction method, and reported that the phase transitions
occur at 560 K (orthorhombic, Imma), at 670 K (thombohedral, R3c ), and at 1170 K (cubic,
Pm3m). In the present study, the transition temperatures observed in the Cp curve of BaCeOs
are 540 K, 600 K, and 1180 K, which almost agree with the previously reported values.

The temperature dependence of the heat capacity of BaMoO; determined by the
enthalpy and scanning methods is shown in Fig. 14. Cordfunke and Konings have estimated the

heat capacity at room temperature from a comparison with BaZrO; and recommended 101.7
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JK'mol™ at 298.15 K [35]. Agarwal et al., has evaluated the heat capacity from the Enthalpy
increment [40]. In the present study, the empirical equation for the Cp 6f BaMoO3 up to 800 K is
determined from the experimental values as follows: '
Cp(JK'mol™)=131.8+9.36 x107T -4.33x10° /T>. 12)
Our experimental dafa is slightly lower than literature data. On the other hand, it well agrees
with the data obtained from Newmann Kopp’s rule based on the heat capacities of the
constituent binary oxides, BaO and MoO,, taken from Kubaschewski [41].

The heat capacity at constant pressure Cp can be evaluated from the following
relationship:
Cp=C,+Cy+C (13)

where C,, is the harmonic term, Cy is the lattice dilation term, and Cqy.ys is the residual term. The

others *

harmonic term C;, is expressed by using the Debye temperature 0p as follows::

c, =3nRD(0%), - (14)»

where n is the number of atoms per molecule, R is the gas constant, and D(6p/T) is the Debye
function. The lattice dilatational term Cq4 can be calculated from the volumetric thermal
expansion coefficient oy and compresSibility B as follows:
&V, T '
B

where V, is the molar volume and T is the absolute temperature.

C4 - | (15)

The temperature dependences of the Gy, G, and (G, +C;) of BaUO; and BaZrO; are
shown in Fig. 15. It is confirmed that the measured Cp of BaZrO; is nearly consistent with the
(Cl1 +Cj). On the other hand, the measured Cp of BaUO; is highér than the (G, +C,), indicating
the existence of other contributions. The residual terrh Coters of BaUO; is approximately
evaluated to be proportional to the absolute temp_efature.

| The thermal conductivity A was calculated from the thermai diffusivity D, heat
capacity Cp, and density p by using the following relationship: |
A=DCpp. (16)
The thermal diffusivity was measured by the laser flash method. The temperature dependence of
the thermal conductivities of BaUQ;, BéZrOg, BaCéO3, and BaMoO; are shown in Fig. 16,
together with that of UO, [42]. The thermal conductivities were corrected to 100 % of the
theoretical density by using Schulz's equation [43]. The thermal conductivities of BaZrO;,
BaCeO,, and BaMoOs decrease with increasing temperature, showing a phonon conduction
mechanism. The thermal conductivities of BaUOs;, BaZrO;, and BaCeO; are lower than that of
UO; in the whole temperéture range, especially that for BaUO; shows the extremely low values.

The thermal conductivity at room temperature of BaUO; is around 1 Wm™K™, which is about
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10 times lower than that of UO,. On the cher hand, BaMoO; shows the extrémely high values,
in which the thermal conductivity at room temperature of BaMo0; is around 30 Wm K.

The electrical resistivity and Seebeck coefficient of BaUO; and BaMoO; were
measured simultaneously by using ULVAC ZEM-1 in He atmosphefe. The electrical resistivities
of BaZrO; and BaCeOj; are too high to measure by using our apparatus. The temperature
dependence of the electrical resistivities of BaUO; and BaMoOj is shown in Fig. 17, together
with the data of other substances [44-46]. The electrical resistivity of BaUO; ' shows
semiconducting characteristics with the 'negative temperature coefficient, while that of BaMoO;
shows metallic characteristics with the positive temperature coefficient. The electrical resistivity
of BaUOs; is higher by approximately five to seven orders of magnitude than that of BaMoOs. |

The temperature dependence of the Seebeck coefficients of BaUO; and BaMoO; is
shown in Fig. 18, together with the data of other substances |[44-46]. The Seebeck coefficients
of BaUO; and BaMoO; are negative in the whole temperature range, showing that the majority
of charge carriers are electrons. The absolute value of the Seebeck coefficient of BaUO;

_increases with increasing temperature, while that of BaMoO; keeps constant. The absolute value
of the Seebeck coefficient of BaUO, reache‘s a maximum value of about 170 !JLVK~1 at 900 K,
which is relatively high value comparable to the currently used thermoelectric materials. |

It is well known that the total thermal conductivity Mo Of solids can be written as
follows: :

Meotal = Mgt + Aoy oee 17)
where Ay, is the lattice contribution and A, is the electronic contribution. The electronic part of
the thermal conductivity A, is calculated from the Wiedemann Franz Lorenz relation:

Ay =LoT, (18)
where L is the Lorenz number, o is the electrical conductivity, and T is the absolute temperature.
The A of BaUO3 and BaMoO; evaluated from the measured electrical resistivities are shown in
Figs. 19 and 20, together with the measured total thermal conductivity A For(BaUO3, the Ay
is not significant compared to the measured total thermal conductivity throughout all
temperature range. For BaMoO;, however, the A, is about 40 % of the Ay, at room temperature
and jt decreases gradually with increasing temperature. The high thermal conductivity of A

BaMoO; is due to the large electronic component of the thermal conductivity.

2.2.1.4. Conclusion

The thermal and mechanical properties of BaUQ;, BaZrO,;, BaCeOs;, and BaMoOj;
have been measured and the relationships between the properties have been studied. The
thermal expansions of BaUO; and BaCeO; ﬁearly equal that of UO,, while BaZrO; and

BaMoO; show slightly lower thermal expansion. In the relationship between oy and Ty, the

74



product of oy and Ty, for BaUO; shows slightly higher value (= 0.027). than those for BaZrO,
and BaCeO;, while that for BaMoO; shows slightly lower value (= 0.017). In the relationship
between E aiid q(RT/ Vi), BaZrOs, BaCeO;, and BaMoO; show similar characteristics and the
proportionality is almost identical. Although BaUO; has the same crystal structure as BaZrO,
and BaMoO;, the proportionality between E and q(RT.,/Vy,) is almost identical with that of SiO,
glass. The heat capacities of BaUO,, BaZrOs, BaCeO;, and BaMoO; have been measured by the
DSC. It is confirmed that the measured Cp of BaZrOs is nearly consistent with the (C, +Cy). On
the other hand, the measured Cp vof BaUOQ; is higher than the (G, +Cy), indicating the existence
of other contributions. The thermal conductivities of BaUO;, BaZrO;, and BaCeO; are lower
than that of UO, in the whole temperature range, especially that for BaUO; shows the extremely
low values. The ihermal conductivity at room temperature of BaUO; is around 1 Wm 'K/,
which is about 10 times lower than that of UO,. On the other hand, BaMoO3 shows the
extremely liigh values, in which the thermal conductivity at room temperature of BaMoO; is
around 30 Wm'K.
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‘Table 1

- Thermophysical properties of the perovskite type oxides

BaCeO3

BaUO3 BaZrO; BaM003
Tolerance factor t 0.935 1.011 0.943 1.047
Crystal system Cubic Cubic Orthorhombic  Cubic
‘ a__ 0.4404 0.4192 0.8786 0.4040
Lattice parameters (nm) b - - 0.6251 -
, c - - 0.6220 - -
O/M ratio : 2.96+0.02 3.01+0.01 = 3.06x0.07 2.97+0.07
Linear thermal ey 110x105 7.13%10°  1.12x10° 9.46 X 10
expansion coefficient
Melting temperature (K) T, 2450 2978 [23] 2016 1791
Shear modulus (GPa) G 458 103 58.7 94.3
Young's modulus E- 113 243 154 235
Compressibility (GPa’) g ' 0.0138 0.00786 0.00723 0.00648
Debye temperature  (K) 6p 302 544 394 512
Vickers hardness (GPa) 4.95 2.34 3.23

Hy 546
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Figure 1; X-ray diffraction patterns of BaUOs, BaZrO,, BaCeO,, and BaMoO; at room

temperature.
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‘Figure 2. X-ray diffraction patterns (a) and Raman spectra (b) of BaZrO; and BaCeO; at room

temperature.
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Figure 3. Crystal structures of (a) BaZrO; and (b) BaCeOs: The black, dark gray, and light gray

spheres show zirconium or cerium atoms, barium atoms, and oxygen atoms, respectively.
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Figure 4. Relationship between molar volume and ionic radius of M* for BaMOs type
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2.2.2. Thermal Conductivities of Metallic Inclusions
2.2.2.1. Introduction _
In an irradiated oxide nuclear fuel, a number of fission product (FP) elements are
produced and they affect the fuel performance. Especially the FP elements precipitated in the
fuel matrix, such as oxide and metallic inclusions, have a great influence on the thermal and
mechanical properties of the fuel. Therefore,' it is very important to understand the
thermophysical properties of the oxide and metallic inclusions. For the oxide inclusions, gray
oxide phases with a perovskite type structure of (Ba,Sr)(U,Pu,Zr,RE,Mo)O3 have been observed
in the irradlated fuel [1-4]. In our previous studies, the thermal and mechanical properties of the
perovskite type oxides have been systematically studied [5-10]. On the other hand, for the
metallic inclusions, white metallic precipitates composed of Mo-Tc-Ru-Rh-Pd alloys have been
observed in irradiated fuels [1-3,11,12]. Although the thermodynamic and -chemical propefties
of the alloys halze been studied until now [13-18], information on the thermophysical properties
is scarcely repdrted. In the present study, therefore, the thermal and mechanical properties of

‘Mo-Ru-Rh-Pd alloys, specifically the thermal conductivity, were examinéd.

2.2.2.2. Experimental

The samples of Mo-Ru-Rh-Pd alloys were prepared by high vacuum induction melting
followed by annealing at 1073 K for 10 h in vacuum below 107 Pa.‘ The puritiés of the starting
materials are above 99.9 %. The crystal structure of the samples was analyzed by a powder
X-ray diffraction method at room temperature using Cu-Ka radiation. SEM-EDX analysis was
performed by using a HITACHI S-2600H SEM instrument equipped with an energy-dispersive
HORIBA EX-200" system. For measurements of the thermophysical properties, appropriate
shapes of the samples were cut from the annealed 1ngots The density of the samples was
calculated from the measured weight and dimensions.

The longitudinal and shear sound velocities were measured by an ultrasonic -
‘pulse-echo method at room temperature to evaluate the elastic moduli and Debye temperature.
" The hardness was measured at room temperature using a micro-Vickers hardness tester. The
thermal diffusivity was measured by a laser flash method (ULVAC TC-7000) in the temperature
range from 300 K to 1300 K in vacuum. The thermal conduclivify was evaluated from the heat
capacity, density,. and thermal diffusivity. The heat capacity was evaluated from the
Neumann-Kopp law using literature data [19,20] of Mo, Ru, Rh, and Pd. In the temperature
range from room temperature to about 1000 K, the electrical resistivity and Seebeck coefficient
of the samples were measured simultaneously by using ULVAC ZEM-1 in He atmosphere. The

Seebeck coefficient was measured in a temperature gradient of about 10 K.
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4.3.3. Results and Discussion

The‘powder X-ray diffraction patterns at room temperature of the Mo-Ru-Rh-Pd
alloys show that a hexagonal s-phase is obtained in the present study. The lattice parameters
evaluated from the X-ray diffraction patterns and the chemical compositions evaluated by the
EDX analysis are summarized in Table 1\. The bulk densities of the samples are 95-98 % of the
theoretical density. The chemical compositions of the alloys prepared in the present ‘st‘udy are
MossRuz RhoPdys, MoyRussRhysPdy, MosgRu;Rhy 4 Pdss, and MogsRus,Rhi,Pd;;. The chemical
compositions are plotted on the Mo-Pd-(Rug;Rhy3) isothermal section as shown in Fig. 1,
together with literature data [15]. Form this figure, it seems that the compositions of all the
alloys approximately exist in the s-phase region. . 7

The longitudinal and shear sound velocities of the alloys were measured at room
temperature, and the elastic moduli and Debye temperatures were evaluated [5,21,22]. The
details of the method to evaluate the elastic moduli from the sound velocity are shown in the
previous section. The elastic moduli and Debye temperatures of the alloys are summarized in
Table 2.

' The micro-Vickers hardness measurements were repeated ten times for a given sample,
and the applied load and loading time were chosen to be 4.75 N and 30 s. The values of the
hardness obtained for the alloys are given in Table 1.

For some ceramics and glasses, the Vickers hardness Hy has been found to be -

proportional to the Young's modulus E with the values of [23]:

Hy

z " 0.05 (for ceramics), 0]
—%V- =0.08 (for glasses). @

We have evaluated the Hy/E for pure metals and obtained the values of 0.006, 0.003 and 0.004
for bee, fee and hep metals, respectively [24]. The values of Hy for the Mo-Ru-Rh-Pd alloys are
plotted in Fig. 2 as a function of the Young's modulus E, together with the data of UO, and
(Uo.gceo_z)oz [25]. The relationship between Hy and E for MossRuz RhoPdys, MosgRugsRhy 4Py,
" and MoyRussRhy,Pd;; show the metallic characteristics, while that for Mo,oRus,RhysPd;; show
the intermediate characteristics between metals and ceramics. In either case, it is found that the
mechanical properties of the Mo-Ru-Rh-Pd alloys differ from those of UO, and (UpsCey2)0s.
The temperature dependence of the thermal conductivities A of the alloys is shown in
Fig. 3, together with the data of UO; [26]. The thermal conductivities of all the alloys almost
linearly increase with increasing temperature, showing metallic behavior. The thermal
conductivity of MoyRusRh;sPdyy ‘is slightly larger than those of MoassRusRhoPd,s,
MosoRugRhyPdys, and MogRuaRhy,Pdy;. The thermal conductivities of all fhealloys are
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tenfold or above larger than that of UO, above about 1000 K. ‘

The temperature dependencies of the electrical resistivities p and Seebeck coefficients
S of the alloys are shown in Figs. 4 and 5, respectively. The electrical resistivities of all the
alloys increase with increasing temperature, showing metallic behavior. The values of the
electrical resistivities are of an order of magnitude of about 10°° (Qm). The Seebeck coefficients
of the alloys are positive in the wholeAtemperatureA range, showing that the majority of charge
carriers are holes. ‘

It 1s well known that the total thermal conductivity Mot Of s0lids can be written as
follows:

Arotat = Mas + Aepoee ‘ , 3)
where Ay, is the lattice contribution and A, is the electronic contribution. A, can be calculated
from the Wiedemann-Franz-Lorenz relation: -

Ay =LoT, : - “)
where L is the Lorenz number, o is the electrical conductivity, and T is the absolute temperature.
At is obtained by subtracting A from Mg As an example, the temperature dependence of the
Motal, Mety and Ay Of M035Ru3'1Rh9Pd25 is shown in Fig. 6. Thc temperature dependence of Ay,
follows a 1/T law, indicating that the A, is composed of phouon contribution. It is found that the
electronic contribution is more predominant than the lattice contribution in the whole
‘temperature range. ‘

In the present study, it is confirmed that the characteristics of the mechanical and
thermal properties of the Mo-Ru-Rh-Pd alloys differ from that of UO,, which means that if the
Mo-Ru-Rh-Pd alloys were precipitated in the irradiated fuel, they probably affect the thermal
and mechanical properties of the fuel. In Chapter 3.4, we have performed the FEM (Finite
Element Method) analysis to quantitatively evaluate the effect of the precipitates to the thermal

and mechanical properties of the irradiated fuels.

4.3.4. Conclusion

The thermal, mechanical and electrical properties, viz., the thermal conductivity,
elastic modulus, microhardneSs, electrical resistively, and Seebeck coefficient, of the
Mo-Ru-Rh-Pd .alloys with the compositions of MossRu;RhgPdys, MoyRusRhysPdy,
MosoRugRhPd;s, and Mo,sRussRhy.Pdy; have been evaluated. The relationships between the
micro-Vickers hardness and the Young's modulus for the alloys show the metallic characteristics.
The thermal conductivities of all the alloys almost linearly increase with increasing temperature,
showing metallic behavior. Above about 1000 K, the thermal conductivities are tenfold or above
larger than that of UO,. The electronic contribution to the thermal conductivity was ‘ev'aluated

from the Wiedemann-Franz-Lorenz relation by using the electrical resistivity. The electronic
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contribution is more predominant than the lattice contribution in the whole temperature range. It
is confirmed that the characteristics of the thermal and mechanical properties of the
Mo-Ru-Rh-Pd alloys differ from that of UO,.
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Table1
Sample characteristics of Mo-Ru-Rh-Pd alloys -

Sample No. . Chemical composition (at.%) Hexagonal lattice parameters
' Mo ~ Ru  Rh Pd a (nm) ¢ (nm)

1 35 - 31 9 25 0.2738 0.4381
2 20 54 . 15 11 0.2731 0.4344
3 30 43 14 13 0.2749 - 0.4383.
4 43 34 12 11 0.2751 0.4408

Sample No. X-ray density Bulk density

' (gem™)  (gem®)  (%T.D.)

1 11.771 11.257 95.6
2 11.948 11.638  97.4
3 11.638 11.446 98.3
4 11.462 11.211 97.8
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Table 2

Mechanical properties of Mo-Ru-Rh-Pd alloys

: Longitudinal Shear sound  Shear Young's Bulk
Sample No. sound .
. velocity modulus modulus modulus
velocity
Vi (ms™) Vs(ms) G (GPa) E (GPa) K (GPa)
1 4723 2695 81.7 206 142
2 5153 3035 107 265 166
3 4823 2865 93.9 231 141
4 5158 - 2773 86.2 224 183
Poisson's Debye Micro
Sample No. ratio temperature  hardness
v 6p (K) Hy (GPa)
1 0.259 368 1.63
2 0.234 415 4.84
3 0.227 389 0.98
4 0.297 379 1.45
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Figﬁre 1. Chemical composiﬁons of Mo-Ru-Rh-Pd alloys,
(2): Determined by the EDX analysis, (b): Phase diagram of Mo-Ru-Pd system at 1973 K [15].
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2.3. Nanomechanical Properties of Oxide Nuclear Fuels

. 2.3.1. Introduction

. In traditional research area of nuclear fuels and materials, the advanced materials such
as high burnup fuels and claddings have been developed from the viewpoint of their bulk
properties. For example,' a lot of studies have been performed on the mechanical properties of
U0o; fuel pellets in order to evaluate the effects of the porosity [1-5], temperature dependence
[6,7], accumulation of solid fission product (FP) elements [2,4,8], etc. In order to advance these
studies, it is necessary to spread out the research area, and we propose the nanoscale properties
in addition to bulk properties as shown in Fig. 1. |

Now, there are several properties we can measure in the nanoscale, such as
nanomechanical properties, nanoscale thermal conductivity, nanoscale gas analysis,  and
nanoscale FT-IR. By using the nanoscale properties, we can develop the advanced nuclear
bmeteriels more effectively. The nanoscale properties can be measured using the scanning probe
microscope (SPM) with several equipments. These systems are called “multifunction SPM” and
are shown in Fig. 2. For example, we can perform the nanoindentation by using a diamond
-indenter instead of a cantilever of the AFM, and applying an ultra micro load to the surface of
the sample. Similarly, by using appropriate systems, we can obtain the current imaging and heat
flow imaging in nanoscale.

The nanoindentation technique [9-13] has been developed .in some decades, and the
mechanical properties within a sub-micron or nano scale are widely discussed. The techniques
are expected to be useful for measurement of the mechanical properties of thin films or local
structure of various materials. However, there are few attempts to apply the nanoindentation to
evaluate the mechanical properties of the nuclear fuels and materials.

In the present study, the nanomechanical properties of the oxide fuels have been
evaluated. The nanoindentation tests have been carried out for UO; single crystal, UO, single
crystal with (111) plane, polyerystalline UO; pellet, and polycrystalline (U,Ce)O, pellet, and the
relationship between nano- and bulk-mechanical properties has been studied. The
nanoindentation tests have elso been carried out for a simulated high burnup UO, based fuel
(SIMFUEL). The nanoindentation technique enables us to evaluate the mechanical properties of
the individual phases precipitated on the SIMFUEL surface. The objectives of the present study
are as follows:

(1) To evaluate the direction effect on the nanomechanical properties of UO, single crystal.

(2) To evaluate the difference between single crystal and polycrystalline pellet in the
nanomechanical properties of UO,. ‘

| (3) To evaluate the CeO, doping effect on the nanomechanical preperties of (U,Ce)Oz.

(4) To evaluate the mechanical properties of the matrix phase and oxide precipitate observed in
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the SIMFUEL surface.

2.3.2. Experimental

Polycrystalline UO, pellet, UO, single crystal, UO, single crystal with (111) plane,
and polycrystalline (U,Ce)O, pellet were selected as the samples. The SIMFUEL with the
simulated burnup of 150 GWd/t was employed in the present study. The composition of the
SIMFUEL with simulated burnup of 150 GWd/t was determined from the burnup calculation
using ORIGEN-2 program as shown in Table 1. The preparation method and conditions of the
SIMFUEL is described in Chapter 2.1. The SIMFUEL was annealed at the oxygen potential of
-390 kJ/mol. The size of the samples is disc-shaped with a diameter of about 10 mm and a
thickness of about 1.0 mm. The surface of all the samples is polished with 0.3 um-diamond
powders to a mirror-like surface. '

The nanoindentation tests were performed at room temperature in air using the atomic
force microscope' (AFM) supplied by JEOL (JSPM-4200) with a nanoindenter named
TriboScope (Hysitron Inc.). The appearance of the SPM apparatus is shown in Fig. 3. Our SPM
has various observation modes: the contact mode AFM, AC mode AFM, and STM (scannzlvng

-tunnel microscope) are equipped as standard. Under various conditions, such as atmospheric
pressure (standard), in vacuum, gas flow, heating, and cooling, we can get the surface image of
the sample in an atomic and molecular level. The appearance of the nanoindentation system is
shown in Fig. 4. The nanoindenter is operated on the SPM head. A Berkovich type diamond
indenter was used in the present study. The SEM image and geometrical characteristics of the
indenter are shown in Fig. 5. /

~ Figure 6 shows the typical load-displacement curves for the standard sample (fused
SiO,) in the load range between 250 uN and 1500 uN. According to the method proposed by
Oliver and Pharr [9], the nanomechanical properties, viz. the reduced modulus and
nanohardness, can be evaluated from the load-displacement curve. The derivation of the reduced
modulus and nanohardness from the load-displacement curve is summarized in Fig. 7.

After an indentation, the load-displacement curve was obtained as shown in Fig. 7.
‘The nanohardness, H, is defined by dividing the maximum load, P,.,, by the projected

- contacted area, A, of the indenter at the load P,

P, ;
H, =T . : . @)
If the indenter has an ideal geometry, the projected contact area of the Berkovich pyramidal
indenter can be obtained from the actual contact depth, h,, at the maximum load as follows:
A =24.5h . R )

The actual contact depth, h, is different from the contact depth, hp.y, at the maximum load in
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the measured load-displacement curve, because the roundness is caused at the tip area of the

indenter. The actual contact depth is obtained from the following relationship:
_gomax . _ Q)

where ¢ is a geometrical constant associated with the shape of the indenter. For the Berkovich
pyramidal indenter, ¢ is equal 0.75. In this equation, S is the stiffness, which is equal to the
slope of the unloading curve (dP/dh), given by:

dP_ 2 ‘

P2 e m 4
dh Az " _ | “)
From the above consideration, we can get the following equation:
x (S 2 | |
A===—]|, : 5
e | ©

where E, is the reduced modulus. The reduced modulus is given by:

2 2
1-v," 1-v;
=4+ —

1
E, Eg E;

9 &

, | R (6)

where, E and-v are the bYo‘ung ’s modulus and Poisson’s ratio, and the subscripts s and i represent
a sample and an indenter. Assuming that the value of Ei= 1140 GPa and Vi= 0.07 for the
diamond tip, and v,= 0.3 for the sample, the calculated Young’s modulus of the sample, E; is
considered to be about 10 % higher than the reduced modulus.

In order to obtain the accurate relationship between the' indentation depth and
projected contact area, it is necessary to perform the tip shape calibration based on a method
suggested by Oliver and ‘Pharr [9]- In the present study, to determine the area function, a series
of the indentations at the various contact depths corresponding to the load of 2500 pN to 3500
uN were performed on the standard samplé (fused SiO,), and the projected contact area were
calculated. The calculated area as a function of contact depth.is plotied and a fitting procedure is

employed with a fifth order polynomial as follows: -
A=Coh2+Cih, +Cyh Vs +Cih Yo +C,n 16 +Csh N, )

where C; is the coefficients that are experimentally determined. Cy is 24.5 for the Berkovich
indg:nter. The fused SiO, with the elastic modulus of 72 GPa was used for calibration.

The loads in the range between 2500 uN and 3500 uN were applied for the
nanoindentation tests of UO; and (U,Ce)O,. In the case of the SIMFUEL, the load of 3000 uN -’

was applied.

2.3.3. Results and Discussion
2.3.3.1. Nanomechanical Properties of UO, and (U,Ce)O,
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Figure 8 shows the typical load-displacement curves for UO, single crystal, UO,
single crystal with (111) plane, and polycrystalline UO, pellet. The shapes of the curves are
almost identical, but that for the polycrystalline UO, pellet is slightly deviated from other two
curves to deeper direction. The indentation depth of these samples is about 110 to 120 nm, when
the max1mum load Py, is 3500 uN. The final depth due to the plast1c deformation is about 75 to
85 nm, when the load is 3500 uN.

The calculated reduced modulus and nanohardness of the samples are plotted as a
function of the contact depth as shown in Figs. 9 and 10, respectively. The indentation size
effects, in which lhe nanohardness decreases with increasing the indentation depth, have
reported by Oliver and Pharr for aluminum [9], Mante et al. for titanjum single crystal [14], and
Page et al. for silicon single crystal [15]. In the present study, the i‘ndentat‘ion size effect of the
nanohardness is also observed for both UO, single crystal and polycrystalline UO, pellet. The
mean values of the reduced modulus for UO, single crystal, UOZ single crystal with (111) plane,
and polycrystalline UO, pellet are 223.5+7 GPa, 220.3+7 GPa, and 223.1+7 GPa, respectively.
For the reduced modulus, there is no difference between the single crystal and pellet for UO,.

On the other hand, the dlfference between the single crystal and pellet of the
nanohardness is clearly observed. The mean value of the nanohardness for polycrystalline U02
pellet is 8.5£0.4 GPa, but those of UO, single crystal and UO; single crystal with (111) plane
are 9.4+0.2 GPa and 10.0+0.3 GPa, respectively. The nanohardness of polycrystalline UO, -
pellet is lower than that of UO, single crystal. |

The typical load—dlsplacement curves for polycrystallme UO; and (U,Ce)O, pellets are
shown in Fig. 11. The curves of (U,Ce)Og are deviated from that of UO, in deeper direction with
increasing CeO, content. The reduced modulus and nanohardness of polycrystalline (U,Ce)O,
pellet are plotted as a function of the contact depth as shown in Figs. 12 and 13, respectively.
Both the reduced modulus and nanohardness decrease with increasing CeO, content. Figures 14
and 15 show the bulk-elastic modulus and Vickers hardness of (U,Ce)O; pellet as a function of
CeO, content [8,16], evaluated by the author's group. The elastic modulus of the sample was
measured by an ultrasonic pulse echo method. It is observed that both the elastic modulus and
Vickers hardness of (U,Ce)0, decrease with inicreasing CeO, content. The effects of the CeO,
content on the reduced modulus and nanohardness of polycrystalline (U,Ce)O, pellet are shown
in Figs. 16 and 17, respectively. As shown in these figures, the reduced modulus and
nanohardness decrease with increasing CeO, content, in which the same tendency is observed in
the nanoscale mechanical properties as that in the bulk-mechanical properties.-

Figure 18 shows the relationship between the Nanohardness and Vickers hardness for
all the materials measured in the present study (solid circles), together with the reported bece

single crystals (open circles) measured by Ohmura et al. {17]. The nanohardness of all materials
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measured in the present study are about two times higher than the micro Vickers hardness.

These results correspond to the results for bee single crystals.

2.3.3.2. Nanomechanical Properties of SIMFUEL"

Figures 19 shows the SEM image of the SIMFUEL surface with simulated burnup of
150 GWd/t after polishing. It is observed that the oxide inclusion is precipitated on the
~ SIMFUEL surface; while the metallic inclusion is not observed. The composition of the oxide
inclusion is reported in Chapter 2.1. Of course, the metallic inclusion also exists in the
SIMFUEL, but unfortunately ‘it is removed in the polishing process before nanoindentations.
- Figure 20 shows the AFM image of the SIMFUEL surface. In the AFM image, it is observed
that the oxide inclusion exists beside the matrix phase. The traces of the indentation at the oxide
inclusion and matrix phase are shown in Figs, 20(a) and (b), respectively. The triangle traces
with the side length of about 500 nm and the depth of about 100 nm are observed.

The load-displacement curves obtained‘ frdm the nanoindentations performed on the
SIMFUEL surface are shown in Fig. 21. In these curves, there are two patterns, one is shown by
solid lines and the other is shown by dashed lines. The number of the solid curves is about 90 %
of all the curi.res. From the SEM/EDX analysis, about 90 % of the surface area of the SIMFUEL

- is the matrix phas'e, and about 10 % of that is the oxide inclusion. Therefore, it is'decided that v
- the solid curves represent the matrix phase, and the dashed curves represent the oxide inclusion.

The calculated reduced modulus and nanohardness of the matrix phase and oxide
inclusion of the SIMFUEL as a function of the contact depth are shown in Figs. 22 and 23,
respectively. Both the reduced modulus and nanohérdness of the matrix phase are higher than
those of the oxide inclusion. The mean values of the reduced modulus and nanohardness of the
matrix phase are 217.4+20 GPa and 10.86*1.5 GPa, respectively. The mean values of the
reduced modulus and nanohardness of the oxide inclusion are 196.5+17 GPa and 8.1620.5 GPa,
respectively. The values of the nanomechanical properties of the matrix phase and oxide

" inclusion of the SIMFUEL obtained in the present study are summarized in Table 2.

Figure 24 and 25 show the bar graphs of the reduced modulus and nanohardness of the
matrix phase and oxide inclusion, together with those of (Ug¢Cep;)O; and BaUO;. The
nanomechanical properties of BaUQO; have also been measured in the same condition descrii)ed
above. The values of the reduced modulus and nanohardness of the matrix phase and oxide
inclusion differ from those of (UgsCe )0, and BaU03. It is considered ihat this difference is
due to the chemical compositions. For example, a lot of dissolved FP elements such as La and
Nd exist in the matrix phasé of the SIMFUEL, and the chemical composition of the oxide
inclusion in the SIMFUEL is very complicate such as (Ba,Sr)(U,Zr,Mo)Og.

In the present study, we can directly measure the nanomechanical properties of the
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individual phases existed in the SIMFUEL surface. The nanoindentation method enables in situ
measurements of the nanomechanical properties of the matrix phase and oxide inclusion in the

SIMFUEL.

2.3.4. Conclusion v

In the present study, the nanomechanical properties, viz., the reduced modulus and
nanohardness of polycrystalline UO, pellet, UO, single crystal, UO, single crystal with (111)
plane, polycrystalline (U,Ce)O, pellet, and SIMFUEL have been evaluated by the
nanoindentation system. The SIMFUEL with the simulated burnup of 150 GWd/t has been
employed in the present study. The nanoindentation tesfs have been performed at room
temperature and in air using the AFM with the nanoindenter named TriboScope. For the reduced
modulus, there is no différgnce between the siﬁg]e crystal and pellet of UO,. The nanohardness
of polycrystalline UO, pellet is lower than that of UO; single crystal. Both the reduced modulus
and nanohardness of polycrystalline (U,Ce)O, pellet decrease with CeO, content. The same

tendency is observed in the nanoscale mechanical properties of (U,Ce)O, as that in the

bulk-mechanical properties. The nanoindentation method enables in situ measurements of the

nano-mechanical properties of the matrix phase and oxide inclusion in the SIMFUEL.
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Table 1 .
Composition of the SIMFUEL with simulated burnup of 150 GWd/t

Burnups :
6.2 wt.%-U235 50.0 GWd/t 100.0 GWd/t
' 5.24 at.% 10.46 at.%
Representative elements ~~ mol% wt. % mol% wt. %
U (+Pu) 19248 - 96.20 85.428  92.34
Ba (+Sr) 0.762 0.457 1.363 0.850
Zr (+Nb) 1.430 0.570 2.427 1.005
Mo (+Tc) 1.456 0.611 2.653 1.156
Ru 0.723 0.320 1.679 = 0.771
Rh 0.127  0.057 0.146 0.068
Pd 0.303 0.141 1.130 0.546
Y 0.208 0.081 0.319 0.129
La (+Am, Cm) : 0.325 0.197 0.726 0.458
Ce (+Np) ‘ 0.747 0.457 1.348 0.858 -
Nd (+other REs) 1.436 0.905 2.779 1.820
. TOTAL 100.00  100.00  100.00 - 100.00
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Table 2 .
Values of the nanomechanical properties of UOZ, (U,Ce)0,, and the SIMFUEL

Reduced Modulus Nanohardness

: E, (GPa) H, (GPa)
SIMFUEL with simulated Matrix phase 217.4+20 : 10.86+1.5-
burnup of 150 GWd/t - Oxide inclusion 196.5£17 8.15+0.5
UO, single crystal _ 223.5%7 9.43+0.2
UO; single crystal with (111) plane 220.3+7 10.0+0.3
Polycrystalline UO, pellet . 223,17 8.53x0.4
Polycrystalline (Up9Ce1)O; pellet 189.8+10 8.16*0.5
Polycrystalline (UpsCe2)O, pellet 175.6x9 7.95+0.3
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Traditional research area

Additional research area

System for measuring

SPM+ nanoscale properties

Figure 1. Background of the present study.
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Nanoindentation

| <————— Diamond indenter
: Small load

STM : Current imaging -

% <«— Probe <«——— Conductive cantilever
Tunnel current Small voltage
Micro gas analysis - Pt-Rh TC » Heat flow imaging

<—— Themnmal probe

Cas recove‘ry'
TTTe—— N
- Heating. Thermometer

GC/MS

~ Figure 2. Nanoscale properties measuring system (Multifunction SPM). )
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Specifications
#Resolution

AFM : Atomic resolution

STM: Atomic resolution
#X-Y scanning area

10 mm X 10 mm (Standard)

80 mm X 80 mm (Wide scanner)
#Sample size

10 mm X 10 mm X 3 mm (Standard)

Figure 3. Appearance and specifications of the scanning probe microscope (JSPM-4210 by
JEOL Co. Ltd.,).
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TriboScope
Sample holder

SPM head

Figure 4. Appearance of the nanoindentation system (TriboScope by Hysitron Inc.).
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Geometrical characteristics

Inclined face angle §
Apex angle Y
Projected area Aprojected

Ratio of side length to depth s/h
Projected edge length a

24.7°

77.1°
24.5h2
about 7.5
2h/tanb

Figure 5. SEM image and geometrical characteristics of the Berkovich indenter.
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Figure 6. Typical load-displacement curves for the standard sample (fused SiO,) in the load
range between 250 uN and 1500 uN. ‘
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"W.C. Oliver and G:M. Pharr, J. Mater. Res., 7 (1992)1564.
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Figure 7. Dérivation of the reduced modulus and nanohardness from the loadidispiacement

curve.
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Figure 8. Load-displacement curves for UO, single crystal, UO, singie crystal with (111) plane,
and polycrystalline UO, pellet. ‘
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Figure 9. Reduced modulus of UO, single crystal, UO, single crystal with (111) plane, and

polycrystalline UO, pellet as a function of contact depth.
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Figure 10. Nanohardness of UO, single crystal, UO, single crystal with (111) plane, and
polycrystalline UO, pellet as a function of contact depth.

3500
39°°‘: """""" Ce, ) ' ) ]
»2500-:
2ooo-f

1500

Load, P (uN)

1000

500

0 20 4 60 80 100 120
Displacement, h (nm)

Figure 11. Load-displacement curves of polycrystalline UO, and (U,Ce)O; pellets.
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Figure 12. Reduced modulus of polycrystalline (U,Ce)O, pellei as a function of contact depth.
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Figure 13. Nanohardness of polycrystalline (U,Ce)O; pellet as a function of contact depth.
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Figure 14. Bulk-elastic modulus of polycrystalline (U,Ce)Oé pellet as a function of CeO,

content.
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Figure 15. Vickers hardness of polycrystalline (U,Ce)O, pellet as a function of CeO, content.
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Figure 16. Effect of the CeO; content on the reduced modulus of polycrystalline (U,Ce)O, pellet,
together with the data of bulk-Young's modulus.
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together with the data of Vickers hardness.
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Figure 19. SEM image of the SIMFUEL surface with simulated burnup of 150 GWd/t after
polishing.
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Figure 20. AFM image of the SIMFUEL surface: (a) a trace of the indentation at the oxide

inclusion, (b) at the matrix phase.
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Figure 21. Load-displacement curves obtained from the nanoindentations performed on the

SIMFUEL surface.
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Figure 22. Reduced modulus of the SIMFUEL as a function of contact depth.
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Figure 24. Reduced modulus and nanohardness of the matrix phase of the SIMFUEL and ’
polycrystalline (UpsCeo.)O> pellet.
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Chapter 3

Characterization of Oxide Nuclear Fuels by Computer Simulations

132



3.1. Thermodynamic Equilibrium Calculations of Oxide Nuclear Fuels.
3.1.1. Phase Equilibria of High Burnup Oxidé‘Fuvels
3.1.1.1. Introduction

Itis hecessary to understand the behavior of fission product (FP) elements during the
irradiation because they should strongly affect the physical and chemical properties of the fuel.
The irradiated nuclear fuel forms a multi-component and -phase system containing more than 40
kinds of FP elements, and the chemical states of the FP elements are sensitively changed with
the various conditions such as temperature, pressure, and oxygen potential in the fuel. The FP
elements do not take a single chemical state but may be distributed into several phases, and each
phase is usually composed of a number of elements. Therefore, it is very important | to
understand the phase equilibria of high burnup oxide fuels. |

The purpose of the present study is to understand the chemical states of the FP
elements in the high burnup oxide fuels. A thermodynamic equilibrium calculation for the
~ multi-component and -phase system has been performed using ChemSage prograni [1]. The
ChemSage program has been utilized to evaluate the equilibrivm state of the multi-component
system by finding the minimum of the total free energy of the system. The effect of the oxygen
potential to the chemical states of the FP elements has been evaluated.

In this chapter, in order to evaluate the FP elements behairior in the irradiated fuel, the
- amount of the selective FP elements under the given burnup conditions has been calculated by
using ORIGEN-2 code. The chemical states of the FP elements under the various oxygen

potentials have been evaluated by the thermodynamics equilibrium calculation.

3.1.1.2. Calculation

The amount of the FP elements in the irradiated UO, fuel was determined by its
starting enrichment and irradiation history. The ORIGEN-2 code [2] was used to calculate the
FP inventories. In the present study, three kinds of the composition were considered; simulated
burnups of 50, 100, and 150 GWd/t. A 6.2 wt.% of enrichment of UO, fuel, a constant power of
38.301 MW, and ér; neutron flux of 3.82x10™ N/cm*sec were selected under a BWR
circumstance for the irradiation conditions. The operating cycle was determined to 653 days
operating and 60 days checking (x6 cycles). The burnups of 50, 100, and 150 GWd/t were
corresponded to 2, 4 and 6 cycle, respectively. ‘ ‘

In the present study, ten FP elements listed in Table 1 were selected for the
representative elements of“ all major FP elements, excef)t for the volatile elements. This
classification was referred to the previous study reported by Lucuta et al. [3]. In this case, the FP
elements with similar chemical behavior were represented by a single element. For example, Ba

represents Ba and Sr. For TRU elements, La represents itself and minor actinide (M A) elements;
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Am and Cm. Np is represented by Ce. Nd represents all the rare earth elements except'for La
and Ce. Note that the amounts of the representative elements are summation of that of each FP
element of the group. ' ‘

The thermodynamic equilibrium calculation means to calculate what phases are stable
and how many stable phases exist in the material under certain temperature and pressure. In the
present study, the solution phases existed in the high burnup oxide fuels are treated as an ideal
liquid model. The calculation was done based on a prfnciple that a total free energy of the

system show as the following equation indicates the lowest value:
G@)=Sn G +RTna;,, )

where n; is the mole number of species i, G is the standard free energy of the species i, R is the
gas constant, T is the absolute temperature, and a; is the activity of species i.

In the present study, ChemSage Ver. 4.0 (for MS-DOS) [1] was used for the
thermodynamic equilibriurh calculation. The ChemSage consists of the software and
thermodynamic database. |

"The gas phase, matrix phase, oxide precipitate, metallic precipitate, and other solid
phase were selected in the present calculation. The gas phase consists of single elements and
oxides as an ideal gas (total 48 types). The matrix phase (MO,) consists of UO;, ZrO,, Y,0,,
La,0s, CeO,, and Nd,Os as an ideal solution. Assuming that the oxide precipitate exists as two
kinds of chemical form, the first one is BaMO3; (M: U, Zr, Mo) type and the other is BaMO, (M:
U, Mo) type. The metallic precipitate is also assumed to exist as two kinds of chemical form,
Mo-Me (Me: Ru, Rh, Pd) alloy and UMe; (Me: Ru, Rh, Pd) type intermetallic compound. Other
~ solid phases (25 types) are assumed to exist as single élements, oxides, aﬁd intermetallic
compounds. The selected species and phases in the present calculation are summarized as Table
2. SGTE pure database [4] and MALT2 [5] were used as the thermodynamic databases. In order
to evaluate the effect of the oxygen potential on the phase equilibria of the high burnup oxide
fuels, the oxygen potential is varied from -500 kJ/mol to -200 kJ/mol at 1273 K for the
simulated burnup of 100 GWd/t.’ The total gaseous pressure in the system was fixed at one

atmosphere. The details for the calculation conditions are summarized in Table 3.

3.1.1.3. Results and Discussion

- Table 4 shows the results of the burnup calculations by usmg ORIGEN 2 code. The
amounts of the FP elements show proporuonal relatlonshlp with burnup increasing. The burnups
of 50, 100, and 150 GWd/t corresponded to 5.24, 10.46, and 15.47 at.%, respectively

The equilibrium phases obtained from the present calculation are shown in Table 5. It

is found that the MO; phase that corresponds to the fuel matrix phase and Mo-Me alloy are
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.always stable under the whole conditions. The BaMO; phase, which corresponds to the gray
oxide phase, does not exist as a stable phase under the high oxygen potentials, because MoO,
and BaMO, phase are more stable chemical species in these conditions. At low oxygen
potentials, the UMe; type intermetallic compbund is stable in addition to the Mo-Me alloy as the
metallic precipitate. ’

Table 6 shows the compositions of the matrix phase, MO, (M: U, Zr, Y, La, Ce, Nd),
under the various oxygen potentials calculated in the present étudy. Figure 1 shows the chemical
states of U and the compositions of the MO, phase at the oxygen potentials of -500 and -200
kJ/mol. About 94 % of the MO, phase is UO, and remain of 6 % of that is ZrO,, Y,0s, La,0s,
CeO,, and Nd,O; under the all oxygen potentials. Slight differences in the compositions of the
MO, phase at different oxyg’e’n potentials are due to the amount of ZrO,. Figurc 2 shows the
* chemical states of Zr. The stable chemical forms of Zr are mainly MO, phase and BaMO, (M: U,
Zr, Mo) phase. Although the MO, phase exists under any oxygen potentials, the BaMO; phase . -
exists only under the oxygen potentials of -500 and -400 kJ/mol, as shown in Table 7, which is
cauéed by the decrease of ZrQ, in the MO, phase under the low oxygen potentials.

Tables 7 and 8 show the compositions of the BaMO; (M: U, Zr, Mo) phase and
BaMO, (M: U, Mo) phase under the various oxygen potentials. The compositions of those are
also shown in Figs. 3 and 4, together with the chemical states of Ba. These figures indicate that
the BaMOj3 phase is stable under the low oxygen potentials (-500 and -400 kJ/mol), and the
BaMO, phase is stable under the high oxygen potentials (-300 and -200 kJ/mol). About 60 % of
‘the BaMO; phase is BaUO3, and about 40 % of that is BaZrO,. Certain quantity of BaMoO;
(about 2.5 %) exists under the oxygen potentiél of -400 kJ/mol. About 95 % of the BaMO,
phase is BaMo0O,, and about 5 % of that is BaUO,. 7 ‘

As described before, the metallic precipitate in the irradiated oxide fuels consists of
Mo, Tc, and the platinum family metals (Ru, Rh, Pd). Figure 5 shows the chemical states of Mo ‘
under the various oxygen potentials. This figure indicates that the Mo-Me (Me: Ru, Rh, Pd)
‘alloy is stable under the low oxygen potentials, and MoO, or BaMoO, becomes stable with
increasing the oxygeh potential. Figure 6 shows the chemical states of Me such as Ru, Rh, and
Pd. It is confirmed that Ru, Rh, and Pd exist in the UMe; type intermetallic compound or
Mo-Me alloy at the oxygen potentials of -400 and -500 kJ/mol, and in the Mo-Me alloy at the
oxygen potentials of -300 and 200 kJ/mol. The compositions of the Mo-Me alloy under the -
various oxygen potentials afe shown in Table 9 and Fig. 7. Mo is scarcely contained in the
Mo-Me alloy under the high oxygen potentials. It is considered that Mo is stable as MoO; or
BaMoO, under the high oxygen potentials. The complicated behavior of Mo is reconfirmed in
the present calculation.

Summary of the preéent calculation is shown in Table 10. Although the free energy of
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each solution phase was treated by the ideal solution model, the present calculation results are
validity compared with the post irradiation examination (PIE) results for the irradiated FBR,
LWR, and HTR fuels [6-11]. |

3.1.1.4. Conclusion ,

In order to understand the chemical states of the FP elements in the irradiated high
burnup oxide fuels, the phase equilibrium calculation has been performed using ChemSage
program. The composition of the irradiated fuel with the burnups of 50, 100, and 150 GWd/t has |
been calculated by using ORIGEN-2 code. Although the free energy of each solution phase is
treated as the ideal sblution model, the calculated results almost agree with the PIE results. For
example, Mo exits as Mo-Me (Me: Ru, Rh, Pd) alloy or BaM‘O3 (M: U, Zr, Mo) under the low
oxygen potentials and as BaMO, (M: U, Mo) under the high oxygen potentials. It is found that
the multi-component and l-phase thermodynamic equilibrium calculation between the fuel and -

the FP elements syétem is an effective tool for understanding the phase equilibria of the high

burnup oxide fuels.
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Table 1

Representative elements and their groups

Groups Representative elements
U+Pu U
Ba+Sr " Ba
Zr+Nb Zr
Mo+Tc Mo
Ru- Ru
Rh Rh
Pd Pd
Y , Y
La+Am+Cm - La
Ce+Np Ce
Nd-+other REs. Nd
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- Table 2

Chemical species treated in the present equilibrium calculation

Gas phase Ideal gas composed of total 48 kinds of gaseous species
. ‘ Ideal solid solution of UO,, Zr0O,, Y,0;, La,0;, CeO,,
Matrix phase MO, and Nd,0, | |
Oxide precipitates BaMO;, Ideal solid solution of BaUO,, BaZrO,, and BaMoO,
BaMO, Ideal solid solution of BaUO4 andBaMoO,
Metallic precipitates Mo-Me alloy  Ideal solid solution of Mo and Me (Ru, Rh, Pd)
UMe, Ideal solid solution of URus, URhs,and UPd,

Other solid species

Other oxides and intermetallic compounds
(total 25 kinds of species)
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Table 3

Calculation conditions

Burnup conditions (GWd/t) = 100

Oxygen potential (kJ/mol) =200, -300, -400, -500

- Temperature (K) 1273 '
Gas phase Ideal gas
Matrix phase MO, type oxide
. L. BaMO; type oxide
Chemical forms Oxide precipitates BaMO, type oxide

Mo-Me type alloy

Metallic precipitates ; ;
precip UMe; type intermetallic compounds

Other solids . Other solids
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Table 4

Results of burnup calculations using ORIGEN-2 code

Burnups

6.2 wt.%-U235 50.0 GWd/t 100.0 GWd/t 150.0 GWd/t -
5.24 at.% 10.46 at. % - 15.47 at.%

Representative elements mol% wt. % mol% wt. % mol% wt. %
U (+Pu) 92.48 96.20 85.428 92.34 78.90 - 88.48
Ba (+S1) 0.762 0.457 1.363 0.850 1.944 1.257

" Zr (+Nb) 1.430 0.570 2.427 1.005 3.227 1.387
Mo (+Tc) 1.456 0.611 2.653 1.156 3.655 1.652
Ru 0.723 0.320 1.679 0.771 2.688 1.280
Rh 0.127 0.057 0.146 . 0.068 0.140 0.068
Pd 0.303 0.141  1.130 0.546 2.108 1.057
Y , 0.208 0.081 0.319 0.129 0.392 0.164
La (+Am, Cm) 0.325 0.197 0.726 0.458 1.147 0.751
Ce (+Np) 0.747 0.457 1.348 0.858 1.797 1.186
Nd (+other REs) 1.436 0.905 2.779 1.820 3.998 2.716
TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
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Table 5 .
Calculated results at 1273 K

Burnup Oxygen potential Equilibrium phases
(GWa) (kJ/mol) _ MO, BaMO; BaMO, MoO, I;;Il(())-yMe UMe;
-200 O o) o o
w00 % O O O O ,
-500 O O S S
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Table 6
Compositions of MO, phase (M: U, Zr, Y, La, Ce, Nd) calculated in the present study

Oxygen potentials (kJ/mol)

(mol%) 2200 7300 2400 2500
U0, 935 93.8 942 942
710, 2.70 2.67 2.12 2.11
Y,0, 0.18 0.18 0.18 0.18
La,0; . 0.40 0.40 0.41 - 0.40
CeO, 1.46 1.48 1.50 1.51
Nd,0, 1.53 | 1.53 1.55 1.55
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Table 7
Compositions of BaMO; phase (M: U, Zr, Mo) calculated in the present study

Oxygen potentials (kJ/mol)

(mol%) -200 2300 ~400 -500
BaUO, : ; 589 60.5
BaZrOs: : - - , 38.6 39.5
BaMoO; - - 2.46 0
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Table 8
Compositions of BaMO, phase (M: U, Mo) calculated in the present study

Oxygen potentials (kJ/mol)

(mol%) 2200 -300 400 -500°
BaUO, 5.10 5.10 - ' -
BaMoO, 94.9 94.9 ; ;
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Table 9 _
Compositions of Mo-Me (Me: Ru, Rh, Pd) alloy calculated in the present study

Oxygen potentials (kJ/mol)

(rhol%)

- =200 -300 -400 -500
Mo : 0 0 51.9 58.9
Ru 56.8 56.6 ‘ 33.3 37.3
Rh 4.94 : 4.93 1 2.89 3.24
Pd 38.2 38.1 11.9 0.51

146



Tabie 10

Chemical states of FP elements calculated in the present study

Calculated results

1273 K Oxygen potentials (kJ/mol) PIE results *
-200 300 ~400 7500
Vo = e UMy | MO BaMO,
o I : MO,, BaMO; | MO,, BaMO; | MO,, BaMO; _
Y i MO, [ MO, | 5
..Lﬁ_-_--.-j I E M02 E MC)2 E MO2
Ce 5 ! 5 =
N A S S
Ba ;. BaMO, i BaMO,  : BaMO; : BaMO; ! - BaMO;
Mo i BaMO,, MoO, | BaMO,, M0O, | Mo-Mealloy : Mo-Mealloy | Mo-Mealloy
Ru . v , ! !
1;3 _______ i Mo-Me alloy Mo-Mg alloy Mo Il}dhieejloy, Mo g}ﬁ;ﬂoy’ i Mo-Me alloy

1
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3.1.2. Phase Equilibria of BaUO3-BaZrOs;-BaMoO; System
3.1.2.1. Introduction

It is necessary to understand the behavior of fission product (FP) elements for
- evaluation of the reliability and safety of the irradiated oxide fuels. In particular, the FP
elements precipitated in the fuel matrix such as oxide and metallic inchjsions appear to affect
the thermal and mechanical properties of the fuel. The gray oxide phase with a perovskite type
structure, (Ba,Sr)(U,Pu,Zr,RE,M0)O;, has been observed in the irradiated mixed oxide (MOX)
fuel [1,2]; and their thermochemical }Sroperties are very important to evaluate the thermal and
mechanical propérties of the fuel. ‘

The thermophysical properties have been examined for the related perovskite type
oxides such as BaUQ;, BaZrO;, and Ba(U,Zr)O; [3-6]. In order to evaluate the properties of ihe
. oxide inclusion more exactly, it is necessary to understand the chemical states of the phase,
which is affected by various factors in the reactor such as the temperature and oxygen potential.

In the present study, therefore, the chemical states of the oxide inclusion, in short,
phase equilibria in the BaUO;-BaZrO;-BaMoO; system, were studied under the various
conditions by using a thermodynamic equilibrium calculation. The calculated results were

compared with the previous reported post irradiation examination (PIE) results [7,8].

3.1.2.2. Calculation

The ChemSage prograin [9] .was utilized to obtain the phase equilibria in the
BaUO;-BaZrO3-BaMoOs system, by finding the minimum state of the total free energy of the
system. ‘The initial concentration of barium, uranium, zirconium, and mdlybdenum was
calculated by ORIGEN-2 code for the burnup of 50-250 GWAd/t, in which the stoichiometric
uranium-plutonium mixed oxide (Uq sPuo)O; was taken as a loading fuel.

The chemical species treated in the present study are summarized in Table 1. The
thermodynamic data were referred from the SGTE database attached to the ChemSage program -
and other references [5,10-12]. The gas phase, (U,Zr,M0)O, phase, Ba(U,Zr,Mo)O3 phase, and
- Ba(U,M0)O, phase were adopted for the solution phases. The thermodynamic data of each
solution phase were treated by an ideal solution model. In the present study, to evaluate the
effect of the oxygen potential on the phase equilibria in the BaUOs-BaZrO;-BaMoO; system,
the calculations were performed under the various conditions, in the temperatures at 1273 K and
1973 K and the oxygen potentials from -200 to -500 kJ/mol. The details for the calcuiaﬁon

conditions are also given in Table 1.

3.1.2.3. Results and Discussion

The equilibrium phases obtained from the present calculation are shown in Table 2. It
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is found that (U,Zr.Mo)O, phase, which corresponds to the fuel matrix phase, is always stable
under the whole conditions. At 1273 K, Ba(U,Zr.Mo)O; phase, which corresponds to the oxide
inclusion, does not exist as a stable phase under high oxygen potentials, because U;Oy and
Ba(U.Mo0)O, are more stable chemical species in these conditions. At 1973 K, however,
Ba(U,Zr.M0)0; phase is more stable than Ba(U,Zr.M0)O, phase and U,Oy in the whole oxygen
potential range. At both 1273 K and 1973 K, molybdenum metal is stable under low oxygen
potentials.

The chemlcal composition of Ba(U,Zr.Mo)O, phase was also evaluated under the
various conditions. The calculated results are plotted on the pseudo-ternary phase diagrams of
BaUO3-BaZr03—BaMOO3 system as shown in Fig. 1 (for 1273 K) and Fig. 2 (for 1973 K). It is
found that the concentration of BaZrO; increases with increasing burnup at both 1273 K and
1973 K. The calculated results at 1973 K show slightly higher BaUO; concentration than those
at 1273 K. The oxygen potential affects the behavior of molybdenum significantly. Under low
oxygen potentials, BaMo0O; is scarcely included in Ba(U,Zr.Mo0)O; phase, and the concentration
- of BaMoO; increases with the rise of oxygen potential. v

The chemical composition of (U,Zr.M0)O, phase (corresponding to the fuel matrix
phase) was also evaluated. The calculated results are shown in Fig. 3 (for 1273 K) and Fig. 4
(for 1973 K). At I;oth temperatures, it is confirmed that the fuel matrix phase is mainly
composed of UO,. The concentration of ZrO, increases with increasing burnup, and that of
MoO, is affected by the oxygen potential. At 1973 K, MoO, is scarcely included in the fuel
matrix phase under the oxygen potentials of -400 kJ/mol and below.

' The calculated results for the chemical composition of Ba(U,Zr.M0)O; phase were
compared with the previous reported PIE results [1,7,13,14]. Sato et al. have studied the
chemical composition of the oxide inclusion in the irradiated high burnupr oxide fuel as shown
in Fig. 5. It is found that the present calculated results well agree with the reported PIE results,

in which BaMoO; is scarcely included in the oxide inclusion.

3.1.2.4. Conclusion

In order to understand the chemical states of the perovsklte type gray oxide phase as
the oxide inclusion in the high burnup ox1de fuel, the phase equilibrium calculation between the
selected FP elements and the fuel has been performed. To evaluate the chemical composition of
the oxide inclusion, the thermodynamic data of the solid solution have been treated by the ideal
solution model. The' concentration of BaZrOj; in the pseudo-ternary BaUO;-BaZrO;-BaMoO;
system increases with increasing burnup at both 1273 K and 1973 K. The concentration of
BaUO; in the system at 1973 K is higher than that at 1273 K. BaMoOs; is scarcely included in

the system and the concentration increases slightly with increasing the oxygen potential. These
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calculated results well agrée with the previous reported PIE results.
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Table 1

Calculation conditions

Ba (+Sr)
Mo
Elements Zr (+Nb)
U (+Pu)
Burnup conditions (GWd/t) 50, 150, 250 Fuel: (UpsPuy,)O; in a fast reactor
Oxygen potential (kJ/mol)  -200, -300, -400, -500
Temperature (K) 1273, 1973
Gas phase Ideal gas consisted of 25 kinds of gases
(U,Zr,M0)O; phase Ideal solution of UO,, ZrO,, and MoO,
Chemical forms Ba(U,Zr,M0)O; phase  Ideal solution of BaUO,;, BaZrO,, and
: BaMoO;
Ba(U,Zr)O, phase Ideal solution of BaM0O, and BaUO,

Other solids
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Table 2 -
Calculated results at 1273 K (a) and 1973 K (b)

(a)1273K

Burnup  Oxygen potential  Equilibrium phases

(GWd)  (kJ/mol) U0, Ba(UMo)O, (U,Zr,Mo)O, Ba(U,Zr,Mo)O; Mo

50 -200 O O
300 O

-400
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-Figure 1. Phase equilibria in the BaUO;-BaZrO;-BaMoO; system at 1273 K. .
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Figure 2. Phase equilibria in the BaUO3-BaZrO§,-BaM003 system at 1973 K.
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Figure 3. Phase equilibria in the UO,-ZrO,-MoO; system at 1273 K.
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~Figure 4. Phase equilibria in the UO,-ZrO,-Mo0O, system at 1973 K.
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Figure 5. Compositions of the perovskite type oxides precipitated in the irradiated oxide fuels
projected onto the BaUO;-BaZrOs-BaMoO; isothermal section at 1973 K [1,7,13,14].
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3.2. Moleeular Dynamics (MD) Studies of Oxide Nuclear Fuels
3.2.1. MD Studies of UO,, Pu0O,, and (U, Pu)Oz
“3. 2 1.1. Introduction

Thermal and mechamcal properties of nuclear fuels are very important to evaluate
pellet-cladding interactions (PCI). However, there is limited information on these properties for
uranium-plutonium mixed oxide (MOX) fuel, due to the difficulties associated with the high
radiation fields. Because the recycled fuel will be widely used in fast breeder reactors and/or
transmutation reactors in the future, it is ﬁecessary to develop a new technique to evaluate the
thermal and mechanical properties of the MOX fuel. Molecular dynamics (MD) calculations can
be one useful technique, and provide information to understand the thermophysical properties of
the fuel. ,

In recent years with the advance of computer simulation techniques, extensive MD
studies [1,2,3] have been performed on UO; to understand its thermal properties. There are only
a few studies of the MD simulation for PuO, and (U,Pu)O; solid solutions. However, these
studies were limited to a few properties, or a small temperature range. in the present Study, the
MD calculations for UQ,, PuO,, and (U,Pu)Oz solid solution were performed to evaluate the

thermal and mechanical properties of the MOX fuel.

3.2.1.2. Molecular Dynamics Calculation

The MD calculations for UO,, PuO,, and (U,Pu)O, were performed for a system of
324 ions (108 cations énd 216 anions) initially arranged in a CaF, type crystal structure. The
MD cell for UO, is shown in Fig. 1. In the present study, the calculations were performed by a
molecular dynamics program = based on MXDRTO [4]. The standard ~ constant
pressure-temperature (NPT) and constant volume-temperature (NVT) MD calculations at the
thermodynamic equilibrium were performed. A quantum effect [5] was taken into account in the
present calculation. In the (U,Pu)O, system, the desired number of plutonjum ions was
substituted randomly onto the uranium ion sites. The lattice, containing a fixed number of atoms,
was assumed to repeat periodically throughout the material, and there was no edge or surface
effect. The' long-range coulomb interaction was treated with Ewald's summation [6]. The
equations of motion were integrated using Verlet's algorithm [7] with on integration time step of
2.0x10™ s. At the start of the calculation, the initial velocity of each atom was assumed to take
random velocities, which was about 0.01- Afs™.

The calculations were made in the temperature range from 300 K to 2500 K, and in
the pressure range from 0.1 MPa to 1.5 GPa. The temperature and pressure of the system were
controlled independently through a simple velocity scaling method. However, in calculatmg the

thermal conductivities, a combination of the methods introduced by Andersen [8] and Nose [9]
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were used to control the pressure and temperature, respectively. A 10000-step equilibrium run
~ was made at the desired temperature and pressure. Although the number of steps was small,
equilibrium was achieved as judged from the changes in the temperature (*3 %), pressure
(*9 %), density (+0.02 %), and internal energy (+0.04 %). At 300 K, the mean square
displacement of oxygen ions in the MD cell was within 0.02 A% which is close to the magnitude
of thermal vibrations at that temperature. ,

We employed the semi-empirical 2-body potential function propbsed by Ida [10] for
cation-anion interactions. In this potential, the f-electrons and relativistic effects are accounted
for implicitly, but the 3-body effect is not accounted for. It would be desirable to use the 3-body
(or beyond) potential. For the present study, however, the 2-body potential is sufficient though,
because the system (fluorite structure) is relatively simple. The potential is a partially ionic
model including a covalent contribution: |

-,

e’ a,+a;~-r; cc; _ |
j. + folb + bj)eW(T") - t Dij {XP[_Zﬁij (rij =Ty - 2exp[_:3ij (rij =T *)}’
@

+b,
where f, equals 4.186, Z; and Z; are the effective partial electronic charges on the ith and jth ions,

zze
‘Uij(rij)= r

i i § T

1 is the atom distance, 1;;* is the bond length of the cation-anion pair in vacuum, and a, b, and ¢
are the characteristic parameters depending on the ion species. In this potential function, D;; and
Bi; describe the depth and shape of this potential, respectively. The first term is the coulomb
interaction, the second term denotes the core repulsion, and the third term, which is called
Morse-type [11] potential, corresponds to the covalent contribution.

‘The parameters (a, b, and c) for oxygen ions given by Kawamura [12] were used in the
present study. These parameters have been used in the studies of other oxides such as SiO,,
MgSiO,, Al,O;, and NaAlSiO, [12]. The other parameters were determined by trial and error
using the experimental values of the changes in the lattice parameters with temperature and
pressure for UO,, PuO,, and (UosPug2)O,. This semi-empirical_ approach to determine the
potentiai parameters has given effective and realistic results for crystalline solids [4], and the
MD studies using the same method are published [13-15]. Using the parameters so obtained, the
linear thermal expansion coefficient (o), compressibility (), heat capacity (Cl;), and thermal
conductivity (A) of UO,, PuO,, and (U, sPu2)O, were evaluated. ‘

The thermal conductivity of the system was calculated by the Green-Kubo relations.
Because the Green-Kubo theory is a statistical method, the NPT calculation was performed
using the methods introduced by Andersen [8] and Nose [9]. Details of the Green-Kubo
_ relations have been described in several other papers [16], so only the main points will be
briefly described here.

The form ‘of the thermal conductivity of the system is based on the integrated heat flux

164



[S(t)] autocorrelation function:

o0

f(s (1)-S(0))dt, | | ()

3kpT? 4

A=

where A is the thermal conductivity, V is the volume of the system, T is the absolute temperature,
and kg is the Boltzmann constant. The heat flux S is described as: ‘
1 1 :
S=V[Eejvj —Ezz.rij(fij-vji, ?)
) J =t
and the instantaneous excess energy of atom j, ¢;, is described as:
1 2 1 ’ .
¢j ={5m,~vj +52“(’if%-eaw 4)
i=j

where m; and v; are the mass and velocity of atom j, and ry, f;;, and u are the interatomic distance,
force, and potential between atom i and j. The autocorrelation function was calculated for 5x10°
steps with time origins taken at every 10 steps. _

The MD calculation conditions for UO,, PuO,, and (U,Pu)O; performed in the present

study are summarized in Table 1.

3.2.1.3. Results and Discussion ‘

The values of the parameters used in the interatorhic potential in the present study are
summarized in Table 2. The change in the lattice parameters of UO,, PuO,, and (U, sPug,)0>
with temperature obtained by the MD calculations under the pressure of 0.1 MPa are shown in
Fig. 2, together with the experimental data [i7,18]. The changes in the lattice parameter of UO,
with pressure in the range from 0.1 MPa to 1.5 GPa at the témperatures of 300 K and 100 K are
shown in Fig. 3. The‘ variations with temperaturé and pressure in the calculated lattice parameter
agree well with the reported experimental values. The change in the lattice parameter of
(U,Pu)O, with Pu content is shown in Fig. 4. It is confirmed that the calculated lattice
parameters of (U,Pu)O, solid solutions follow Vegard's law. These results indicate that the
potential function used in the present calculations describes well the changes in the lattice
parameter with both temperature and pressure. '

Linear thermal expansion coefficients (d) of UO,, PuO,, and (UpsPup,)O; can be
obtained from the change in the lattice parameters with temperature. Although the calculated
values of a are slightly lower (about 5 %) than the experimental data [17,18], the tendency of
the temperature dependence is consistent with the experimental data. |

The compressibility () at the pressures from 0.1 MPa to 1.5 GPa was evaluated up to
about 2500 K from the change in lattice parameter with pressure. The temperature depéndence ‘
of the calculated B for UO,, PuO,, and (UpsPup,)O; are shown in Fig. S, together with the

‘ experimental data [19,20]. For UO,, the calculated f is in‘good agryeement with the experimental
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data, increasing with increasing temperature in a similar manner to the experimental data. This
means that the MD cell of UO; becomes mechanically soft with increasing temperature. At high
temperatures, the calculated § increases markedly. It is known that UO, becomes soft and the
creep rate of UO; increases at high temperatures. This phenomenon is well reproduced by the
present MD simulation. The 8 of stoichiometric PuO, has not been reported until now. It
increases with increasing témpérature. The marked increase of the calculated § at high
temperaturés is not observed for PuO,. For (U sPup,)O,, the calculated f3 (5.5x10'3 GPa) is
slightly lower than literature data [20] (6.3)(10'3 GPa) at room temperature, which is caused by
the difference in the structures between the MD cell (a perféct single crystal) and the
~ experimental spécimen (polycrystalline). The calculated § of (UpsPuo,)O; increases markedly at
high temperatures as did in UO,.

Jackson [21] has showed that cation migration is assisted by anion diffuse transition
(Bfedig transition). The Bredig transition may occur at high temperétures in the MD cells of
UO; and (UgsPug2)O,, and this would generate the marked increases of the calculated f3.

By using the same parameters for the interatomic potential that have been determined
from the latticerpararyneter variations, the heat capacities of UOZ, PuO,, and (UpsPug2)O, were
evaluated. The heat capacity at constant pressure Cp can be evaluated approximately from the
following relationship: ,

Cp=Cy+C +C+C +Cy +uuny - 5)
where Cy is the heat capacity at constant volume, C, is the lattice dilation term, C, is the
conductioh electronic term, C,y, is the Schottky term, and C,; is the contribution from the
formation of the small polarons. We have evaluated Cp for the 3 materials as follows:
CpU0,;) =Cy(MD)+C;(MD)+C,, (UO,) + Cy, (UO,), ©)
Cp(Pu0O,) = Cy, (MD)+C ;(MD) ;I-CSC,, (Pu0,) +Cy, (UO,), ‘ )
Cp(UosPup2)0,) =Cy (MD) +C 4 (MD) +0.8(C ., UO;) + C o, (UO,)) +0.2C oy, (PuO,) . (8)
Only Cy and C,4 cah be evaluated from the results obtained by the MD calculations. C,y,
(Schottky term) and C;, (small polarons term) are taken from the data in literatures [22,23]. The
conduction electron contribution is ignored, since UO,, PuO,, and (Uo,gPuo,z)Og are considered
to behave like insulators. - '
| In the present study, Cy was evaluated from the variation of the‘internal energy of the

system with temperature calculated by the NVT MD simulations. Cq was evaluated from the
following relationship: | ‘

_Ga)™Vr , | | . o

B - ' ' .

where V is the molar volume, o is the linear thermal expansion coefficient, p is the

Cy
compressibility, and T is the absolute temperature. C; was evaluated by using the calculated
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values of a, V, and p obtained from the NPT MD simulations. Since the contributions of the
conduction electrons, the Schottky defects, and the formation of the small polarons were not
simulated in the present calculation, literature data [22] were used. For UO,, the Schottky
contribution to the internal energy (U) is given by: "

U, =146-1> (kJ/mol), ’ (10)
where t=10"T (K), and the contribution from the formation of the small polarons ‘
(2U* - U™ +U>") to the internal energy (U) is given by: .

-10.79
11

U, - 256-exp( ) (kI/mol). | ﬁ | (11

In the present study, each contribution to the heat capacity was obtained from a differentiation
of the internal energy by temperature. '

The change in the calculated Cp with temperature for UO, is shown in Fig. 6, together
with literature data [24-26]. In the temperature range from 300 K to 2500 K, the calculated Cp
agrees well with both MALT-2 [25] and SGTE [26] data, which indicates that the potential
function used in the present study describes well the change in the internal energy of UO, with
temperature. ' v

‘For Pu0,, Cp was calculated by adding Cy, Ci, and C,, (for UOy) to Cy. Gy was
calculated from the variation of the internal energy of the system with temperature by the NVT
simulations, similar to the case of UO,. The Schottky contribution to the heat capacity for PuO,
has been reported by Manes [23]. It is known that Cp for Pqu-is higher than that for UO,. The
main reason is that the Schottky contribution of PuO; to the heat capacity is larger than that for
UO,. Figure 7 shows the variation in the calcﬁlated Cp for PuO, with temperature, together with
literature data [24-26]. This figure shows too poor agreement between the calculated Cp and that
measured by Ralph [24]. The reason for the poor agreement is not understood yet. However, the
calculated result is considered to be reasonable, because the agreement with other data (SGTE
and MALT-2) can be observed in the figure. ’

For (UpsPu2)0,, Cp was obtained by adding Cy, Cicp, ‘and Cyp to Cyv. 80 % of the ,
values of C,, and Cg, for UO, and 20 % of the values of Cy, for PuO, were used. Figure 8
shows the results, together with literature data [24-26]. It is observed that the results agree with
the Néumann—Kopp law. At about 2350 K, the calculated Cp shows a peak as already seen for
UO,, which indicates the occurrence of the Bredig transition in the simulated MD cells.

It has been réported [27] that a diffuse transition (Bredig transition) occurs at about 0.8
of the melting temperatures in many fluorite structure compdunds (S1Cl,, PbF,, ThO,, UO,).
The Bredig transition is characterized by a smooth peak in the heat capacity [28]; a dramaticvriseb
in the electrical conductivity [29], and a rapid increase in disorder of the anion sublattice [30].

In the present study, the Bredig transition can be observed in the calculated Gy for UO, and
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20 %-MOX but not for PuO,. For example, the calculated Cy for UO; is shown in Fig. 9 as a
function of temperature. The Bredig transition is observed in Cy, independently of the Schottky
and other effects, which means that the Bredig transition can be reproduced by the potential
effects. » ‘ ‘

. The motion tracks Qf the ions for UO; unit cell at various temperatures are shown in
Fig. 10. The large motion of oxygen ions is observed in the figure at 2500 K, and it is suggested
that the MD cell of UO, becomes an oxygen superionic conductor at the temperature as
_ confirmed by the neutron scattering expériments [31]. Ralph [24] has reported that the Bredig
transition of UO, occurs at 2610 K (0.84 of the melting temperature), which is almost in
agreement with the present calculation. This result provides further confirmation that our model
can give a reasonable description of the atomic motion in UO, at high temperatures.

Clear existence of the Bredig transition in PuO, has not been reported. Ralph [24]
concluded that it might occur in PuO,, although his enthalpy daia analysis did not detect a heat
capacity peak for PuO,. He pointed out that insufficient data in the vicinity of 0.8 of the
absolute melting temperature may have been the reason. The motion track of the ions for PuO,
unit cell at 2500 K is shown in Fig. 11, together with that of UO,. In the present calculation, the
Bredig transition does not occur in the simulated PuO, MD cell even at 2500 K (0.94 of the
melting temperature). Therefore, it is concluded that ihe transition temperature might be very
near to the melting temperature for PuO.. ‘

The thermal conductivity of UO,, PuO,, and (UgsPug2)O; were evaluated by the MD
calculation. Only the lattice contributions to the thermal conductivity, A could be included in
~ the MD calculations. The Ay was ‘obta\ined as the plateau value of the time integral of the
) auto-correlation function (ACF) of the energy current, < S(1)-S(0)>. The ACF approaches zero
and its time integral reaches a plateau value. Integrating ACF with respect to time gives the
thermal conductivity. Details of these calculations afe given in my previous reported papers
" [32-35]. | |

For UQ,, the variation in the calculated thermal conductivity with terhperature is
shown in Fig. 12, together with literature data [36]. The high temperature electronic contribution
to thermal conductivity, predicted by Harding [37], was added to the caicu]ated value at 2000 K
and 2500 K. The calculated values are in good agreement with the experimental values in the
temperature range from 650 K to 2500 K, even though the simulated system is a p‘erfect crystal.
This indicates that our model can describe the phonon contribution to the thermal conductivify.

~ The calculated thermal conductivity of PuO, is shown in Fig. 13 as a function of
temperature, together with the experimental data reported by Gibby [38]. The calculated values
are in good agreement with the experimental data in the temperature range from 360 K to 2000

K, showing that the simulated system of PuO, models the phonon vibration well. This provides
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further confirmation that the potential model of PuO, in the present study is reasonable for
computing the thermal conductivity.

' The calculated thermal conductivity of (UpsPuo2)O; is shown in Fig. 14 as a function
of temperature, together with literature data [38-44]. 80% of the electronic contribution in U0,
predicted by Harding [37] was added to the calculated values at 2000 K and 2500 K. The
calculated values are in good agreement with the experimental values up to 2500 K, and are
lower than those of both UO, and PuO..

Figure 15 shows the normalized thermal conductivity (}»Mox/kuoi) at 360 K as a
function of Pu content together with literature data [38]. The thermal conductivity of (U,Pu)O,
decreases with increasing Pu content, and goes‘through a minimum value at about 30-40% Pu.
This result indicates that the Pu ions mutually act as the phondn scattering centers in the MD

cell, similar to the real materials.

3.2.1.4. Conclusion , (

The MD calculations have been performed for -tiie oxide nuclear fuels, UO,, PuOyz, and
(U,Pu)O,. The thermal and mechanical properties, viz. the linear thermal expansion coefficient,
compressibility, heat capacity, and thermal conductivity have been evaluated by the MD
calculations. The calculated results have been compared with the experimental data. The
Morse-type potential function added to the Busing-Ida type pbtential proposed by Ida has been
. employed for the ionic interactions. The potential parameters have been determined by trial and
error using the experimental values of ihe variations in the lattice parameters with temperature
and pressure. ‘ '

 The simulated UO, system shows both the existence of the Brédig transition-and a
peak in the heat capacity at high temperatures, and provides thermal conductivities in the
" temperature range from 360 K to 2500 K. The variation in the calculated heat capacity of PuO,
with temperature agrees well with the experimental data. The change in the calculated thermal
conductivitiy of PuO, with temperature is also in good agreement with the experimental data.
This indicates that the simulation model of PuO, gives a reasonable description of the phonon
. contribution to the thermal conductivity. The Bredig transition does not occur in the simiilated
| PuO; system. , '

The thermal and mechanical propérties of (U,Pu)O, have been evaluated from some
basic properties of UO; and PuO, by using the MD techniques. The calculated lattice parameter
of (UpsPug2)O, closely follows Vegaird's law. The calculated heat capacity and thermal
condiictivity of (UpsPug2)O; are in good agreement with the experimental data. The simulated
(Uo.sPug.2)O; cell also shows both ihe existence of the Bredig transition and a peak in the heat

capacity at around 2350 K.

169 -



These results show the usefulness of the MD techniques for evaluation of the thermal
and mechanical properties of the oxide nuclear fuel. The MD simulations will become a

- powerful method to evaluate the properties of the oxide fuels.
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Table 1

Calculation conditions of MD simulations for cubic fluorite type oxides, MO,

a B Cv A

System Particles 324 particles (0*: 216, M**: 108%)

Structure Cubic fluorite

Boundary 3 dimensional periodic boundary condition
Control Temperature Scaling Scaling Scaling * Nose

Pressure Scaling Scaling Scaling Andersen
Step time ‘ 2f sec 2f sec 2f sec . 2fsec
Number of steps 10,000 10,000 10,000 1,000,000

* The desired number of plutonium ions is substituted randomly onto the uranium ion sites.
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Table 2

Values of the interatomic potential function parameters for UO,, PuO,, and (U,Pu)0,

Ions VA a b - C Dij Bii Ijj

0] -1.2 1.926 0.160 20 /
(for U-O pairs)

U 2.4 1.659 0.160 0 18.0 1.25 2.369
(for Pu-O pairs)

Pu 2.4 1.229 0.080 0 13.0 1.56 . 2.339
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Oxygen ion

Figure 1. MD cell for UO,.

175



0.57

—— T T T T T T
MD results
= (UO) ]
o (U _Pu O 1
08 02/ 72 ]
3 0'56__ & Fuo, | ]
£ §
©
s
® 0.55- —
E ]
Snin o4 B ‘-',_
3 | e
o 1 RSl « s
£ 054 o Experimental results _
3 ] — (UO,) 1
‘(UO.BPUO.2)O2 :
e Puo, - ]
0.53 -
o 500 1000 1500 2000 2500 3000

Temperature, K (K)

Figure 2. Calculated lattice parameters for UO,, PuO,, and (Uo.sPuo2)0; as a function of

_temperature.
0.552 7 T
0.550 - .
o 1 ] |
£ ] o
® -0.548 .
s ] ]
[0
£ N
= ]
& 0.546 ™ -
o K F
9 1 n
Q : E
% 1 ]
—1 0544 ‘ -
1 m 300 K (MD results) ]
O 1000 K (MD results)
0.542 e —————————
0.0 0.5 1.0 1.5

Pressure, P (GPa)

Figuré 3. Calculated lattice parameters for UO, as a function of pressure.

\

176



E 0.548
=
©
> 0.546
2 B
] ]
£ ]
& 0.544
o ]
a ]
® ]
L 0542
s 1] = 300K (MD results)
0.540 - g 1000 K (MD results)
] Vegard's law lines
0.538 . . . . : . ; .
0.0 0.2 0.4 0.6 0.8 1.0
xof (U _Puw)O,

Figure 4. Calculated lattice parameters for (U,Pu)O; as a function of Pu content.

177



25 LI L ] T 11T I L 25 Trit7T I 1T ' LR 25 LS S S | l T T T 1 l LI B I |
] ™ MDresuts | 1 ® MDresuts ] ] O MDresults
] Ex. results | o o
N R (Extrapolated) - . . .
20 - ~ 20 — 204 .
— ] n ] 1
s .
o 1 1 o
[v] - - - - - p
7 15 : . 15 ] - 15 _
A = O
Q. ] : 4
8 104 104 4 101 =g -
177 . E i [m]
3 ] oo © i
S - ] °® ]
£ . i ° 500 U
3 5= 4 54 ® 4 54 ™ -
1 Y ] 1R ] 1 Py o, ]
0 +—rr—rrr—rrr1r—rr 04 ——r 04—
0 1000 2000 3000 O 1000 2000 3000 O 1000 2000 3000
Temperature, T (K) Temperature, T (K) Temperature, T (K)

Figure 5. Calculated compressibility (8) for UO,, PuO,, and (UngUo_z)Oz as a function of
o temperature.

178



~ Specific heat capacity, C, (JK'mol™)

Specific heat capacity, C, (JK'mol")

225 T

{1 = Present study
200 SGTE ]
1 MALT-2 t ]
175 4 o J. Halph [:b ]
i ) ’ o d:l’I:D
d . : 0
150 -
1 -~ T
] Ll ]
125 AN
] el ]
100 - ot J
B ootg o ]
75 _‘ ............... _:
50 ] LN L AL R P AL L AL L R L AL ARRAL A LA LA B T
500 1000 1500 2000 2500 3000

Temperature, T (K}

Figure 6. Température dependence of Cp for UO,.

225_"|'"'I""l""l""l""
1 ~®™ Present study

200 -] SGTE B

.............. MALT-2 [m}
175 -] o J. Ralph

: O

150—: o
125 -
100
754
50 Lo ————

500 1000 1500 2000 2500

Temperature, T (K)

Figure 7. Temperature dependence of Cp for PuO,.

179

3000



Specific heat capacity, C,, (JK'mol”)

Calculated C,, (JK'mol")

225

O B S S S S Lt St s SR M R B S B e Ea

- T -
1w Present study
200 SGTE 3
1753 O J.Ralph "
o/
150 1.
o7 ]
125 - =g .
100 .
I “i = ]
75 v .
50 Fr—r—— LA L PO PR R B L B R L T )
500 1000 1500 2000 2500 3000 -

Temperature, T (K)

Figure 8. Temperature dependence of Cp for (UosPug2)O,.

150

P T T T T T T
] ® C,(MDresults)
125 _
| ]
100 [ ) _
_ o®
® ° ® o
1 )
754 ® B
i @
1@
50 --——m——F—"T—+—"FT—"+—"—r— 1T "7 ,
500 1000 1500 2000 2500 3000
Temperature, T (K)

Figure 9. Calculated Cy for UO; as a function of temperature.

180 -



300 K

Oxygen ion

i"j-' &

Uranium ion

Figure 10. Motion tracks of ions for UO, at various temperatures. -

181



- 4—— Plutonium ion

Oxygen ion

Figure 11. Motion tracks of jons for UO, and PuO; unit cells at 2500 K.

182



20 e

®. Present study
MATPRO-11

-
(5]
|

1

Thermal conductivity, A (Wm'K")
o =
P L

500 1000 1500 2000 2500 3000
Temperature, T (K)

Figure 12. Temperature dependence of thermal conductivity for UO,.

- LA S S S e B B A R RS S e e S
. B Present study
1 O R.L. Gibby
X 154 .
g 4
= ]
=
S 199 _
cg 4
£ o,
O
T 54 % -
£ o
g IC%.
= - O m OO@ -
0 T L B L T L

500 1000 1500 2000 2500 3000
Temperature, T (K}

Figure 13. Temperature dependence of thermal conductivity for PuO,.

183



20— T T L I A AL B L L BRI
] ®  Present study
E O . R.L. Gibby
'Q 1 O Y. Philipponneau
e 157 A S Fukushima ]
2 v J.C. Van Crayonist
< ¢ H.E. Schmidt
> . < J.C. Weilbacher
2 10 > C.S. Olsen 7
s
2 ]
Q o
o J
¥ 5 dqé% 8
£ Foy
[ 3 V % J
S ST YL
0 ™7 T — T T — T
500 1000 1500 2000 2500 3000

Temperature, T (K)

Figure 14. Temperature dependence of thermal conductivity for (UosPuo2)0;.

2

é 1.2 ] T T T N 1

g ] '
< J
v 1.1+
8 -
0 ] - = .
T 104 - 5
8 1 4 o [ ] n - ]
E= ] L] u ]
£ os oo .
: 1. E
T

c

o] J
S o8- -
g ]
® ®  MD results
£ 074/ 0 R.L Gibby 7
O
(3]
N ]
5 ]
£ 0.6 T T T g T d
5 0.0 0.2 0.4 0.6 0.8 1.0
4

xof (U _Pu)O,

Figure 15. Normalized thermal cbnductivity (Mvox/Muoz) ‘at 360 K of (U,Pu)0,.

184



3.2.2. MD Studies of Perovskite Type Oxides
3.2.2.1. Introduction

In irradiated nuclear fuel, the fission product (FP) elements affect the thermal and
mechanical properties of the fuel. In particular, the FP elements precipitated in the fuel matrix,
such as oxide and metallic inclusions, appear to have an influence on the thermal and
mechanical properties of the fuel. The gray oxide phase with the perovskite type structure of
(Ba,Sr)(U,Pu,Zr,RE,M0)0; has been observed in the irradiated oxide fuel as the oxide inclusion
[1,2]. In our previous studies, several properties of the Ba and Sr series perovskite type oxides,
_specifically the melting point, thermal expansion coefficient, elastic moduli, Debye temperature,
heat capacity,' and thermal conductivity, have been studied [3-7].

On the other hand, recent advances in computer power and simulation techniques have
allowed us to simulate the materials behavior on the atomic scale. For nuclear fuels, several
molecular dynamicé (MD) studies [8-15] of MOX and mixed nitride fuels have been performed
by the authors to evaluate the various thermophysical properties. For other nuclear materials,
such as precipitated FP compounds, however, there is no MD study. 4

In the present study, the MD calculations for Ba and Sr series perovskite type oxides,
viz., BaUO;, BaZrO;, BaCeOs;, BaMoOs, SrZrO;, and SrCeOs, are performed to evaluate the
thermal and mechanical properties in the temperaturev range froni 300 K to 2000 K. The
anomalous properties, for example, the extremely low thermal conductivity of BaUO; are
discussed by using the MD calculations. Tﬁe calculated results are compared with the
experimental data measured in the previous chapter of this thesis. The applicability of the MD
method to evaluate the thermal and mechanical properties of the perovskite type oxides is

discussed.

3.2.2.2. Molecular Dynamics Calculation

The caléulation method and procedure are same as mentioned in previous section. For '
cubic perovskites, BaUO,, BaZrO;, and BaMoOj;, the MD calculation was perférmed for a
system of 320 ions (O°: 192, U*, Zr*, or Mo*: 64, Ba™": 64).. For orthorhombic perovskites,
BaCeOs;, SrZrOg, and SrCeO,, the MD calculation was performed for a system of 160 ions (02":
96, Zr* or Ce*: 32, Ba™: 32). For example,{th’e MD cell for BaUO; is shown in Fig. 1. The
calculation conditions for the cubic and orthorhombic perovskites are summarized in Tables 1
and 2, respectively. The calculation was performed by the MD program based on MXDRTO
[1.6], and the quantum effect [17] was taken into account in the present calculation. The
calculation was made in the temperature range from 300 K to 2000 K, and in the pressure range
from 0.1 MPa to 1.5 GPa. |

The paftial jonic two body potential model reported in the pievious papers [8-15] was
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employed for the interatomic potential function. This potential function is proposed by Ida (18],
zz;e a; +
Uij(rij)= . +f0(bi+bj)exp(' b

i i""bj

a}.—

Ty €€ f )
=54+ (=26, -1, )1~ 2exp1-B, 0y =7,
| ®»
The detail of the potential function is shown in the previous section.

The parameters (a, b, and c) fo oxygen ions given by Kawamura [19] were used in the
present study. These parameters have been used in the studies of other oxides such as SiO,,
MgSiO,, Al;Os, and NaAlSiO,4 [19]. The other parameters were determined by trial and error
using the experimental values of the changes in the lattice parameteré with temperature and
pressure for the perovskite type oxides measured by the present author. This sémi—empirical
approach to determine the potential parameters has given effective and realistic results for
crystalline solids [16], and MD studies using the same method are reported [20-22]. Using the
parameters So obtained, the linear thermal expansion coefficient (o), compressibility (), and
heat capacity (Cp) were evaluated. The thermal conductivity (A) of the system was calculated by
the Green-Kubo relation in the temperature range from 300 K to 2000 K at a pressure of 0.1

MPa.

3.2.2.3. Results and Discussion ’
 The values of the interatomic potential parameters used ‘in the present study are
summarized in Tables 3, 4, and 5. The variation in the lattice parameters of the cubic and
orthorhombic perovskites with temperature evaluated by the MD calculations under the pressure
of 0.1 MPa are shown in Figs. 2 and 3, respectively, together with the experimental data. The
calculations were performed in the temperature range between 300 K and 2000 K. For the
orthorhombic perovskites, the lattice parameter shown in Fig. 3 is the average value of the
lattice parameters, a, b, and c. The calculated lattice parameteré well agree with the
experimental values. The variations in the lattice parameters of the cubic and orthorhombic
perovskites with pressure evaluated by the MD calculations under the temperature of 300 K are
shown in Figs. 4 and 5, respectively, together with the experiﬂmental data. The calculations were
performed in thé pressure range between 0.1 MPa and 1.5 GPa. The calculated lattice
parameters well agree with the experimental data, as well as the case of the temperature
dependence. These results indicate that the potential functions used in the present calculation

describe well the changes in the lattice parameters with both temperature and pressure.
The linear thermal expansion coefficient (ou,) and compressibility () of the
perovskite type oxides can be evaluated from the variations of the lattice parameters with
temperature and pressure. These results are shown ianables 6 and 7, respeétively, togethér with

the experimental data. The linear thermal expansion coefficient and compressibility are the
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values under the preSsure of 0.1 MPa and at room temperature, respectively. It is confirmed that
the calculated results are almost identical with the experimental data. '

In the temperature range from 300 K to 2000 K, the heat capacity at constant pressure
(Cp) was evaluated as sum of the heat capacity at constant volume (Cy) and lattice dilation team
(Cy). The Cy was evaluated from the variation of the internal energy of the system with

temperature calculated by the NVT MD simulations. The C; was evaluated from the following

fe]ationship:
Gay,) VT | |
Cq =R, ®

where V is the molar volume, oy, is the linear thermal expansion coefficient, p is the
compressibility, and T is the absolute temperature. The C4 was evaluated by using the calculated
values of oy, V, and B obtained from thé NPT MD simulations.

The temperature dependence of the calculated Cy and Cy+Cy4 of the perovskite type
oxides is shown in Figs. 6 to 11, together with the experimental and literature data [23,24]. In
these figures, the dotted line indicates 15R from the Dulong-Petit law, in which R is the gas
constant. In all figures, the calculated Cy agree well with 15R, which indicates that the potential
function used in the present study describes well the change in the internal energy with
temperature. The calculated results of Cy+Cy are almost identical with the experimental Cp
values, except for BaUO;. The calculaied Cy+C4 of BaUOj; is slightly lower than the
experimental data, which is because that the calculated results do not contain other contributions
such as the anharmonic contribution.

We have succeeded in reproducing a phase transition behavior in the MD simulation
for SrZrO;. In Fig. 10, a large peak is observed in both experimental Cp and calculated Cy
curves at around 1000 K, which is caused by the phase transition from the orthorhombic
structure to tetragonal structure of SrZrO; [25-27]. The temperature dependence of the linear
thermal expansion coefficient (ou;,) of SrZrOj; calculated by the MD method is shown in Fig. 12.
It is also observed a peak in the calculated oq;,; curve at around 1000 K, as observed in the
experimental data. | A

The thermal conductivities of the perovskite typé oxides were evaluated by the MD
calculations in the temperature range between 300 K and 2000 K. Only the lattice contributions
to the thermal conduCtivity, )‘1?‘ can be evaluated in the present case. The A, was obtained as the
plateau value of the time integral of the auto-correlation function (ACF) of the energy current, <
S(t)-S(0)>. The ACF 'approaches zero and its time integral reaches a plateau value. Integrating
~ ACF with respect to time gives the thermal conductivity. Details of these calculations are given
in the previous section. k

The temperature dependence of the calculated thermal conductivities of the perovskite
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fype oxides is shown in Figs. 13 to 18, together with the experimental data. The calculated
thermal conductivities decrease with incréasing temp”erature, which indicates that the lattice
thermal conductivity (Ax) can be evaluated by the MD calculation. The calculated thermal
conductivities of BaZrO,, SrZrOs, and SrCeOs; well agree with the experimental data, while
those of BaU03 and BaCeO; 'afe higher than the experimental data and that of BaMoO; is lower
~ than the experimental data. For BaMoO,, the electronic cbntribution to the thermal conductivity
is larger than thos_e of other perovskite type oxides, because of the larger electrical conductivity.
It is considered- that the difference between the calculated and experimental thermal
conductivity of BaMoO; corresponds to the electronic contribution.

In chapter 2.2, the thermal and mechanical properties of the perovskite type oxides
have been evaluated, and a unique property for BaUO; have been discovered. The relationships
b‘étween several properties, such as the Young's modulus, Debye temperature, and melting
temperature, of BaUO5 show glass like characteristics, regardless of the simple crystal structure.
The thermal conductivity of BaUO; is extremely lower than those of other perovskites, and also
SiO, glass. The temperature dependence of the calculated thermal conductivities of BaUO; and
BaZrO; is shown in Fig. 19. The calculated thermal conductivity of BaUO; is smaller than that
of BaZrOs, as with the case of experimental déta. ‘

The glass like characteristics, including the extremely low thermal conductivity, of
BaUQ; is explained by using MD simulations. The two body interatomic potentials for Ba and
Sr series perovskite type oxides are shown in Figs. 20 and 21, respectively. In Fig. 20, it can be
' seen that the position and bottom form of the potential curve of U-O interaction are shallower
and smoother than those of other interactions, which corresponds to that the bonding energy of
U-O bond is smaller thc;in those of other bonds. The motion tracks of some ions for BaUO; and
BaZrO; unit cells at 300 K and 1000 K obtained from the MD calculations are shown in Figs.
22 and 23. It is observed that the motion of U ions in BaUO; is larger than that of Zr ions in
BaZrO,, which is based on the smaller bond strength of U-O interaction. From the MD
simulations, it is found that BaUO; has larger phohon scattering probability than BaZrO;, and
this may be the reason of the glass like characteristics and extremely low thermal conductivity
of BaUO;. '

" 3.2.2.4. Conclusion
The MD calculations have been performed for the perovskite type oxides, BaUOs,,
BaZrO,, BaCeO,, BaMoQ3, S1Zr0O;, and SrCeOs;. The thermal and mechanical properties, viz.

»

the linear thermal expansion coefficient, compressibility, heat capacity, and thermal conductivity
have been evaluated by the MD calculations, and the results have been compared with the

experimental data. The Morse-type potential function added to the Busing-Ida type potential has
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been employed for the ionic interactions. The potential parameters have been determined by
trial and error using the experimental values of the variations in the lattice parameters with
temperature and pressure.

The calculated linear thermal expansion coefficient (o) and compressibility () are
almost identical with the experimental data. The calculated results of Cy+C, are almost identical
with the experimental Cp values, except for BaUO;. The calculated Cy+C, of BaUO; is slightly
lower than the experimental data, which is because that the calculated results do not contain
other contributions such as the anharmonic contribution. The calculated thermal coﬁductivities
of BaZrO;, SrZrOs, and SrCeO; well agree with the experiméntal data, while those of BaUQs,,
BaCeO;, and BaMoQO; are larger than the experimental data. The difference between the
calculated and experimental thermal conductivity of BaMoO; corresponds to the electronic
contribution. It is found from the MD simulations that the glass like characteristics and
extremely low thermal conductivity of BaUOs are caused by the lower bond strength of U-O

interaction than those of other bonds.
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Tablel

Calculation conditions of MD simulations for cubic perovskites, ABO;

a B Cv A

System Particles 320 particles (07: 192, B*: 64, A™: 64)

Structure = - Cubic perovskite

Boundary 3 dimensional periodic boundary condition
Control Temperature Nose Nose Nose Nose

Pressure Andersen Andersen No control Andersen
Step time 2f sec 2fsec . 2fsec 2f sec
Number of steps 10,000 10,000 10,000 1,000,000
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‘Table 2

Calculation conditions of MD simulations for orthorhombic perovskites, ABO;

: a , B - Cy A

System Particles - 160 particles (O”: 96, B*: 32, A™: 32)

Structure Orthorhombic perovskite

Boundary 3 dimensional periodic boundary condition
Control Temperature Nose Nose Nose Nose

Pressure Andersen Andersen No control Andersen
Step time 2f sec 2f sec 2f sec 2f sec
Number of steps 10,000 10,000 10,000 1,000,000
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Table 3
Values of the interatomic potential function parameters for BaUQs;, BaZrO,;, BaCeO;, and
BaMOO:;

Ions z a b c : Dj; Bii Iij
O -1.2 1926 - 0.160 20
(for Ba-O pairs) ‘
Ba 1.2 1.771 0.195 0 4.08 112 3.106
o , (for U-O pairs) '
U 2.4 1.659 0160 O 8.91 1.21 2.190
b : : (for Zr-O pairs)
Zr - 2.4 1.274 0.180 15 4.73 4.32 2.193
' - (for Ce-O pairs)
Ce 2.4 1.333. 0.096 0 0.01 0.01 2.197
IR ' (for Mo-O pairs)
Mo 2.4 _1.682 0.120 15. 0.24 0.06 2.193
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Table 4

Values of the interatomic potential function parameters for SrZrO;

Tons z a b c D;; Bii Ijj
o -1.2 1.926 0.160 20
(for Sr-O pairs)
Sr 12 1.198 0.160 10 3.22 1.78 3.043
(for Zr-O pairs)
2.193

Zr 24 1.146 0.180 15 4.23 3.82
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Table 5

Values of the interatomic potential function parameters for SrCé03

Tons z a b c D;; Bii r;
o 1.2 1.926 0.160 20
(for Sr-O pairs)
Sr 12 1.638 0.120 10 10.1 1.78 . 3.043
‘ (for Ce-O pairs)
Ce 2.4 1.296 0.096 0 0.01 0.01 2.199
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Table 6
Calculated linear thermal expansion coefficient oy, under attnospherjc pressure of the

perovskite type oxides

Linear thermal expansion coefficient oy, (K)

Compounds Calculated value Experimental value Temperature range
BaUO, 1.07x10° 1.10x10° ~ 300 K-700 K
BaZrO, 6.12x10° - _ 7.15x10° © 300 K-700 K
BaCeO, ~ 1.10x10” 1.06x107 300 K-600 K
1.16x10° 1.12x10° 600 K-1000 K
BaMoO, 8.26x10° © 9.46x10° 300 K-700 K
SrZrOs 8.83x10° 9.96x10° | 600 K-1000 K
SrCeO, 9.77x10° 1.11x10° 600 K-1000 K
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Table 7

Calculated compressibility 8 at room temperature of the perovskite type oxides

_ Compressibility § (GPa™)

Compounds Calculated value Experimental value Pressure range
BaUO, 1.16x10° 1.38x10” |

BaZrO, 4.37x10° - 7.86x10°

BaCeO, 1.01x10 7.23x10 )
BaMoO; 5.24x10° 6.48x107° 0.1 MPa-1.5GPa
SrZrO, 4.35%x107 2.96x107

SrCeO, 1.24x107? 1.56x10
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Figure 22. Motion tracks of some ions for BaUQ; unit cells at 300 K and 1000 K.

210



D.60
055

g 950
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3.3. Phase Relation Assessment for O-Pu-U System
3.3.1. Introduction , ’

Plutonium is one of the actinides formed by a neutron capture in **U during an
irradiation of UO, in nuclear power plants. Recent technologies in present commercial PUREX
installations have made it possible to recover the plﬁtonium efficiently from the spent nuclear
fuel, and disposition of the recovered plutonium is acknowledged as one of the most urgent
- issues at the world level for proliferation resistance [1].

Possible plutonium deposition scheme includes utilisation of plutomum in the nuclear
reactors Burning fissile actinides, such as plutonium, in the nuclear reactors requires inactive
materials acting as diluents in the fuel pins to soften the high fission density and high fuel
temperatures. Various 6xides, carbides, and nitrides have been studied as a candidate to form
either a homogeneous solid solution or a heterogenéous two-phase microstructuré with the fuel
[1-5]. |
/ Among these schemes, utilisation of plutonium as mixed oxide fuel (MOX:

PuO,+UQ,) seems most promising and practical sincé the technology for the commercial
utilization of the UO, fuel has already been established. In addition, the very completed revie\y'
on the thermophysical properties of the MOX fuel by Carbajo et al. [6] shows that various
researchers have carried out intensive studies on the MOX fuel.

Phase relation assessment for O-Pu-U system is of interest to the present study. In
order to-evaluate the thermodynamic properties of the oxide fuels, it is very important to
understand the phase relation of the O-Pu-U system. Thermodynamic modelling was utilised for
the assessment of the system based on the CALculation of PHAse Diagram (CALPHAb)
techhique '[7], which enables us to predict not only the phase behaviour but also the
thermodynamic propefties in highly complex multi-component systems based on the Gibbs
energy of the components. This technique has been successfully applied for such sysiems as
O-Pu-Zr [8] and O-U-Zr [9].

In the present study, the thermodynamic modelling was carried out for the O-Pu-U

system based on the data for O-Pu [8], O-U [9] and Pu-U [10] binary systems. In the first part of
the present study, the non-ideal stoichiometric PuO,-UO, pseudo binary system was assessed
based on the phase diagram and heat capacity data. In the second part, the deviation from the
ideal model in the non-stoichiometric fluorite structure phase was discussed with respect to the
oxygen potential data. A possible ternary phase diagrams for the 0-Pu-U system were also

calculated.

3.3.2. Calculation
3.3.2.1. Thermodynamic Modelling
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Thermodynamic modelling was performed using the program named POLY-3 included
in Thermo-Calc [11]. The quantity stored in the data for the calculation is Gibbs energy of

formation for phases, G-H%R

(J/mol), referred to a given reference state. In general, it is
expressed as: ' |
G-H*R = g4 bT +cTT +dT? +eT> + ;T +... o)
,where a, b, ¢, d, ¢, and { are constants, T represents temperature in Kelvin, and SER indicates
"stable element réference” and is defined by the use of Hag 5%, and Sy for the stable state of
the phase at 298.15 K and 1 bar. In the present calculations, Eq. 1 was directly applied to the
pure substances and stoichiometric compounds. | ‘

The Gibbs energy of a solid solution phase applied in the present study consists of
such terms as reference (G, ideal (G*) and excess (G™) Gibbs energies as follows:

G=G" +G* +G*= )
,where G™' is the contribution of pure components of the phase to the Gibbs energy, G is the
ideal mixing contribution known as ideal entropy of mixing, and G™ is the contribution due to
non-ideal interactions between the corhponents known as excess Gibbs energy of mixing.

These contributions, G™, G", and G™ to the Gibbs energy. were expressed with the
general multi-sublattiée model proposed by Sundman et al. {12] in the present study. This model
takes account the preferential occupation of the atoms in the lattice that occurs when atoms are
éufficiently different in size, electronegativity, or charge. As shown in Fig. 1, in a simplercase' of
a fluorite structure (FCC_C1) phase with a formula (A, B);(C),, the reference (G™), ideal (G,

and excess (G™) Gibbs energies are expressed as Eqgs. 3, 4, and 5, respectively.
‘ Y ‘ q P Yy

G = Y ay?cGlac + '8y cG®ac 3)
T \ :
G4 =‘RT{Vl (ylA Iny'sa+y's In y's ,} : @.
\ v ‘
G® = ylAyIB y2c {LOA,B:C +D4,B:c (ylA - y113 i I*aBc (YlA - le ,+ } )

,where y; represents the site fraction of component "i" on sublattice "s", Goij is the Gibbs energy
of the pure "ij" phase in question, and N* is the total number of the site on the sublattice "s". L;
are constants known as interaction parameters described by using Redlich-Kister type
polynomial [13].

The Redlich-Kister polynomial is usually used to describe the excess Gibbs energy of
metallic liquid solutions. However, when one of the elements is not metallic, such as oxides, én
associated model [14] and an ionic liquid model [15] can both be used to describe the
thermodynamic properties of the liquid phase. The associated model defines as ideal reference
one random mixture of atoms and associated species (A, B, AB;, ...). The ionic liquid model
defines two sublattices (' e ..;)p(B'b, s VO AB;, ...)q in which one is ocCupied by

‘cations. and the other is occupied by anions, and also there are vacancies with a negative charge
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Q and neutral species. P and Q are the numbers of sites on the cation and anion sublattice,
respectively. P and Q are calculated from the electrical neutrality. The ionic liquid model was

used to describe the liquid phase in the present study.

3.3.2.2. Phases and Thermodynamic Data Used in the Present Study

The phases appear in the O-Pu-U system are a-Pu, B-Pu, y-Pu, 8-Pu, 8"-Pu, ¢-Pu (y-U),
o-U, B-U, T, n, Pu,0;, PuOys,, a-PuOy g, PuOs, (UO2x), UsOy, UsOs, UO;, Liquid, and Gas.
The sublattice models of the phasés used for the calculation are summarized in Table 1.

The tthermodynamic modelling of the O-Pu-U system requires thermodynamic data of
its three binary systems, O'-‘Pu, O-U, and Pu-U. The thermodynamic data for O-U [9] and Pu-U
[10] systems are available in literature. A set of data for O-Pu system was evaluated in the
present study. In the data for these binary systems, the Gibbs energy data for the pure substance
are originated from the SGTE (Scientific Group Thermodata Europe) database [16]. The data
for some of the oxides are also taken from the SGTE database [17]. The interaction parameters
for the liquid phases in the O-U and Pu-U systems from the litcrature were for the associated
model and the general multi-sublattice model, respectively. The parameters for the liquid phase

in O-U system were reassessed using a least-square method to give the same Gibbs energy
| curves for the ionic liquid model. That in Pu-U system was directly applicable to the ionic liquid
model.

The use of the data from different binary systems causes the introduction of additional
Gibbs energy parameters. In the present calculation, seven additional interaction parameters
were 10 be introduced: L(Pu*, U*)p(0?)q, L(U*)(0%, Pu;05)q and L(U*)p(VAZ, Pu,0s)q for
the liquid phase, and L(Pu, U);(O),, L(Pu, VA),(0),, L(l_’u‘, U)1(VA), and L(Pu, VA),(VA), for

the fluorite structure (FCC_C1) phase.

3.3.3. Results and Discussion . .
3.3.3.1. O-Pu, O-U, and Pu-U Binary Systems

- The calculated binary phase diagrams of O-Pu, O-U, and Pu-U systems are shown in
Figs. 2, 3, and 4, iogether with generally recommended phase diagrams. The calculated and
recommended phase diagrams show a véry good agreement. Figures 5, 6, and 7 compare the
calculated oxygen pqtentials in UOth and PuO,.x phases with experimental data reported in
literatures [9,18-21], respectively. The calculated oxygen‘potentials indicate a good agreement
with the experimental ones. Therefore, it is considered tl;at the assessed thermodynamic
parameters are reasonable to simulate the general feature of the O-Pu, O-U, and Pu-U binary
systems, with respect to the phase diagrams and oxygen potentials of the UO,.x and PﬁOZ.x

phases.
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3.3.3.2. Pu0O,-UO, Pseudo-Binary System

PuO; and UO, are totally misciblve in the all composition range, because both PuO,
and UO; form only a cubic (fluorite) structure phase up to their melting temperature and the
ionic radii of Pu*" and U*" in the fluorite structure are very similar (Pu*: 0.096 nm, U*: 0.100
nm [22]). Therefore, only a fluorite structure phase and a liquid phase appear in the
stoichiometric PuO,-UO, pseudo-binary system.

The ideality of the PuO,-UO, system is unclear. Beauvy has studied PuO,-UO, solid ‘
solution and shown a possibility of its deviation from the‘ideality '[23]. This experimental study
focuses on the solid solution in the low PuO, composition range (up to 20 mol% of Pu0,) and
includes the heat capacity data up to 873 K. On the other hand, Carbajo et al. has mentioned in
their very completed review on the thermophysical properties of the MOX fuel that the solid
solution in the PuO,-UO, system are almost ideal [6]. They have also recommended
determination of the heat capacity of the PuQ,-UO, solid solution from the composition
following the Neumann-Kopp rule. |

Figure 8 compares the calculated heat capacity of PuO,, UO,, and (Pu0,25U0,75)02,
together with the experimental data after Gibby et al. [24]. The calculation was demonstrated
treating the PuO; and UO, form an ideal'solid solution. The calculated and experimental values
show a very good agreement. The deviation in the high temperature region attributes to the limit
of the data (up to about 2700 K) for the thermodynamic data of solid PuO,.

" Figure 9 compares the phase diagram calculated in the present work with that
recommended in literature [6] for the Pu029U02 system in the low Pqu composition range. The
calculation was demonstrated treating the PuO, and UO, form ideal solid and liquid solutions.v
The calculated and recommended phase diagrams show a very good agreement even in the low
PuO, composition range, in which a possibility of deviation from the ideality was pointed out
[23]. Therefore, it is concluded that the deviation from the ideality in the PuO,-UO, system is
negligibly small. It is reasonable to treat the phases in this pseudo binary system as ideal
solutions: L(Pu*, U")p(0?)q= 0 and L(Pu, U),(0),= 0.

3.3.3.3. O-Pu-U Ternary System
For ‘further assessment of the fluorite structure phase, especially for the
non-stoichiometric region, thermodynamic modelling of O-Pu-U ternary system was
demonstrated using the data of 1ts three binary systems, O-Pu, O-U, and Pu-U. Because of the
lack of the thermodynamic information, the additional interaction p’arametérs'for the liquid
| phase, L(U*)p(0%, Pu,05)q and L(U*)p(VA, Pu,0;)q were tentatively assessed as 0 (ideal :

solution). Therefore, the interaction parameters assessed in this section are: L(Pu, VA),(O),,
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L(Pu, U)y(VA),, and L(Pu, VA)(VA), for the fluorite structure (FCC_C1) phase.
The modelling was demonstrated firstly assuming all the additional interaction

parameters for the fluorite structure phase as 0 (the ideal mixture of the data for the O-Pu, O-U,
and Pu-U), and the oxygen potentials both in hyper- and hypo-stoichiometric region were
calculated to compare with the experimental data available in literatures [18,25-30]. Figure 10
compares the calculated oxygen potential in the fluorite structure phase in the
hyper-stoichiometric region ‘with the experimental data. At any temperatures, the values
calculated using the data of thé ideal mixture of O-Pu, O-U, and Pu-U binary systems are larger
than those experimentally obtained [30]. It suggests that the.data for O-Pu, O-U, and Pu-U
binary systems cannot be mixed ideally to model the fluorite structuré phase. Thereforé, it is

* necessary to introduce the additional interaction parameters. Figure 10 also indicates the oxygen
potential calculated using the assessed parameters, and the assessed data shows a very good
agreement with the experimental ones. '

Figure 11 also compares the oxygen potential in the fluorite structure phase but in the
hypo-stoichiometric region. Similarly in the hyper-stoichiometric region, the values obtained
using the data of the ideal mixture of O-Pu, O-U, and Pu-U binary syétems differ from those
experimentally obtained [18,28] in any of the compositions and temperatures. On the other hand,
the values obtained using the assessed data shows a very good agreement with the experimental
ones. The assessed interaction parameters are ipdicated in Table 2, tdgether with the other data
for the fluorite structure phase utilised in the present modelling.

The ternary phase diagram for the O-Pu-U system is available in literature, as shown
in Fig. 12, for the limited composition and temperature region [31]. Imf)ortant features of this
diagram regarding the fluorite structure phase, which is the special concern of the present study,
are (i) FCC MO..x phése in U rich region becomes wider as temperature rises and (ii) FCC MO,
+ BCC MO, region becomes much smaller as temperature rises. Using the assessed interaction
parameters, ternary phase diagrams for the O-Pu-U system were calculated. Figure 13 indicates
the calculated results for both 773 K and 1273K. The tie lines in the zoomed diagréms (b) and
(d), are excluded to make it easier see the phase regions. It should be noted that the FCC_C1
phase in U rich reglon and FCC_C1 + PuO,4; (BCC MO,x) regions become wider and smaller,

- respectively, as temperature rises similarly to Fig. 12. We can conclude that the calculated
| diagrams, therefore the assessed data, reproduce the general feature of the ternary phase
diagram well for 773 K and 1273K. It is noticeable that the fluorite structure (FCC Cl) phase
tends to expand towards hyper- and hypo-stoichiometric direction in the U and Pu rich regions,

respectively, as temperature rises.

3.3.4. Conclusion
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The tthermodynamic modelling has been carried out for the O-Pu-U system and the
deviation from the ideal model in the fluorite structure phase was assessed based on the data for
O-Pu, O-U, and Pu-U binary systems. For the O-Pu, O-U, and Pu-U binary systems, the
assessed thermodynamic parameters are reasonable to simulate the general feature of the O-Puy,
0O-U, and Pu-U binary systems, with respect to the phase diagrams and oxygen potentials of the
UO,.x and PuO,x phases. For the stoichiometric PuO,-UO, pseudo binary system, the
calculation for the heat capacity and phase diagram treating the PuO, and UO, form an ideal
solid solution proﬁdes very good agreement with the experimental data available in literatures.
Therefore, the deviation from the ideal model in the PuO,-UO, system should be negligibly
small and that it is reasonable to treat the phases in this pseudo binary system as ideal solutions.

" For the non-stoichiometric fluorite structure phase, the thermodynamic modelling has
been demonstrated firstly assuming all the additional interaction parameters for the fluorite
structure phase are 0 (the ideal mixture of the dafa for the O-Pu, O-U, and Pu-U). The results
suggest that the data for O-Pu, O-U, and Pu-U binary systems cannot be mixed ideally to model
the fluorite structure phase. The interaction parameters have been assessed, and the oxygen '
potential calculated using the assessed parameters shows very good agreement with the
experimental ones both -in hyper- and hypo-stoichiometric regions. Using the assessed
interaction parameters, the ternary phase diagrams for the O-Pu-U ‘system have been also
calculated. The calculated phase diagrams reproduce the general feature of the ternary phase

diagram well for 773 K and 1273 K.
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Table 1

Phases in O-Pu-U system used in the present modelling

Phase

Sublattice model

o-Pu (Pu),
B-Pu (Pu, Uy,
‘Y-Pu (PU, U)1
6-Pu (Pu, U)1(VA)1
0’-Pu (Pu, U),
ePu. U B UNNVAY
o-U (PU,VU)I
B e W O,
€ (Pu, Uy,
e B U .
Pu203 (PU)2(0)3
PuO, 5, (Pu)100(0);52
-PuO, ¢ (Pu)100(O)161
PuOpx, UOpex i PW U VAYO, VA,
U.0s WOy
U;04 (U):(0)s
U0s e OO
Liquid (Pu®, U™)p(07, VAY, Pu,0,, O)q
P=2y02-+QYVA
_____________________________________________________________ Q=4ypotd¥ues
.Gas (02)1
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Table 2

. Gibbs energy parameters for the fluorite structure phase used in the present modelling

Gibbs energy Parameters (J/mol) Temperature (K)
Gpuoz = -1087288.7 +505.66828T -83.319199TInT 298<T<4000
o -5.8418x10°°T?
_.__-__.______-_____---.:_2__2_9_.2_‘!1.6.7221Qff.T.s_fr.9..1.3_§.Q§I.1 _______________________________________________________
Gruvaz = Y42603.691 +80.301382T -18.1258TinT -0.02241T° 298<T<400
= +33394.038 +236.786603T -42.4187TInT - 400<T<944
-0.00134493T* ,
= 42.63443x107T° +579325T" 944<T<4000
........................ +35537.844 +232.961553T -42.248TnT .
Guoz = -1112055.29 +433.851907T -74.6514TInT 289<T<1500
-0.00610305T> .
= +1.7213x107T° +649010T"! 1500<T<2670
-1707426.87 +4369.94495T -604.679TInT ‘
= +0.205276T> 2670<T<4000
-1.58314833x10°T> +126580500T!
______________________ 1130325556 +1218.63701T 167.038TInT
Guvaz = +41592.266 +130.955151T -26.9182TInT 298<T<955
+0.00125156T>
= -4.426050x10°T> +38568T"" 955<T<4000
... ¥27478.2 +292.121093T-48.66TI0T
Gvaoz = +93038.3 -51.0061T -22.2720TInT —-0.0101978T* 208<T<1000
: +1.32369x10°°T* —76730.0T"* ,
= +86862.5 +25.3198T -33.6276TInT 0. 0011916T2 1000<T<3300
+1.35620x10°T° +525810T™" :
= +72026.5 +62.5193T -37.9072TInT —0.000850486T>  3300<T<4000
________________________ +2.14420x10°T° +8766400T"
Gvavaz . s 298<T<4000
L%.0va =  +90000+68T 298<T<4000
Llwova = -935000-196T 298<T<4000
Lo = AT8T200 298<T<4000 -
L’v.ova = +88353.17-32.37686T 298<T<4000
Lyow . = HA2858.36 298<T<4000
Lwaowa .= pa USROS 298<T<4000
Lruo o 298<T<4000 .
L%uva0 -205000 298<T<4000
L' va0 = 40 298<T<4000
Lo = 4600000 298<T<4000
L'sva0 = +184216.70+135.94271T 298<T<4000
L'uvao = -1422742.46 298<T<4000
Lo = 18255106 . 208<T<4000
L% va = -340000 298<T<4000
L'piuva = +1189000 298<T<4000
L PuUNA = -1500000 . 298<T<4000
Lrovava. = A0 298<T<4000 '
L'y vava = +0 298<T<4000
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‘Figure 1. Image of sublattice model for a fluorite structure phase with a formula (A, B)y(C),:
site 1 is occupied by atoms A or B; site 2 is occupicd by atom C. The Gibbs energy of this
solution phase is expressed based on the site fractions of A (y'4) and B (v's) and the Gibbs

energies of A;C, (GOAC) and B;C, (GOBC) using Egs. 2,3, 4, 5, and 6.
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3.4. Thermal and Mechanical Properties Modeling of High Burnup Oxide Fuels
3.4.1. Thermal Conductivity Modeling of High Burnup Oxide Fuels
3.4.1.1. Introduction o

| The thermal conductivity of zi nuclear fuel under irradiation is very important to
evaluate the safety of the fuel. In the high burnup oxide fuel, a number of fission product (FP)
elements are produced, which affect the thermal and mechanical properties of the fuel. In
paﬁicular, the FP elements precipitated in the fuel matrix such as the oxide and metallic
inclusions appear to have an influence on the thermal conductivity of the fuel [1-5]. ‘

The thermal conductivities of the oxide and metallic inclusions have been reported in
the previous chapters of this thesis. It was found that the thermal conductivity of BaUO;
(simulated material for the oxide inclusion) is about one-tenth that of UO, [6-8], while that of
Mo-Ru-Rh-Pd alloy (simulated material for the metallic inclusion) is about two to eight times
higher than that of UO, [9]. However, the quantitative evaluation about the effect of these
inclusions on the thermal conductivity of the irradiated fuel has been scarcely reported.

A finite clement method (FEM) is one of the powerful numerical techniques to
evaluate the physical properties of\ various materials. This method is superior to the older
analytical techniques, which are limited by the geometric constants and tractable mathematical
equations. With the finite elements, it is possible to include the micro-structural parameters that
are exiremely difficult or impossible t0 model analytically.

' In the presvent study the thermal conductivity of the high burnup oxide fuel containing
the oxide and metallic inclusions has been evaluated by the FEM analysis. The quantitative
discussion about the effect of the oxide and métallic inclusions on the thermal conductivity of

the fuel has also been performed.

3.4.1.2. Calculation , ‘

For the FEM calculé‘tion, as indicated in Fig. 1, a model with a cubic matrix with
spherical dispersed phases was proposed. The spheres were randomly dispersed without
touching each other and protruding from the cube. From this cubic model, a cross-section was
arbitrary selected aiid this two-dimensional (2D) plane was used as the object of the analysis.
The geometry on this objective plane was then expressed with tetragonal elements and utilized
for the FEM analysis using a commercially available FEM program, MARC/MENTAT II [10].
In the calculation, the upper and lower boundary of the objective plane were taken adiabatic, the
right boundary of the plane had a fixed temperature Ty, and the left one received a fixed quantity
of heat flux Q (0.5 Wm?). In this case, the thermal gradient is genérated in a horizontal
direction (x-direction), and an averaged temperature of the left boundary T,, which is slightly

higher than T;, can be obtained. The thermal conductivity of this 2D plane A, was calculated by
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using following relationship:

Qx
h i ®

where x is the distance between the left and right boundaries. By setting T, to an arbitrary
temperature, the thermal conductivity at any temperature can be evaluated. The y-direction
thermal conductivity A, was also calculated, and the average ofv Ay and A, was used as the result
‘obtained from the calculation.

As described in the former section, in the present study, the FEM prograin calculates a
two-dimensional (2D) thermal conductivity and its temperature profile. However, the actual heat
flux in the actual materials exists in a three-dimensional (3D) space, and the extra degree of
freedom in the heat flux causes the 3D thermal conductivity to be larger than the 2D one.
Therefore, it is necessary to convert the obtaining 2D thermal conductivity to the 3D one.

In the present study, the conversion was performed using the following equation
proposed by Bakker [11]:‘ E ‘
1= {1= Gy d)} Va = Oop I ) _ R 2
1=/ A}y V= (Map | A)

where Vy is the volume fraction of the dispersed phase, A,p and A ap represent 2D and 3D

thermal conductivity, and "r" is the constant affected by the shape of the dispersed phase.
‘Bakker have also obtained "r" with various dispersed phase shape and concentration [12]. Based
on the Bakker's study, we proposed the following equation for "r" in spherical dispersing case:

1
Mgl A,)+112° @)

r=1.02+
By using above two equations, the 2D thermal conductivity was converted to the 3D one.

In the present study, the effect of the oxide and metallic inclusions, existing in the high
burnup oxide fuel pellet, on the thermal conductivity of the pellet is evaluated. We employed
.(Uo_sPuO‘g)Oz [13] and (M94Ndoos)O2 (M: UgsPuoz) [14] for the fuel matrix materials, and
BaUO; [6] and Mo-Ru-Rh-Pd alloy [9] for the inclusions. The dispersed phase size were
determined from a post irradiation examination (PIE) result of 9.6 at.% burnup MOX fuel [4], in
which the inclusions with the diameter of about 25 pum were observed. The volume
concentration of the inclusions was calculated from the amount of the FP elements at the burnup
- of 10 at.%. In the present study, 2.5 vol.% of the spherical inclusions with the diameter of 25
um were dispersed in the fuel matrix cube with a size of 400x400x400 um. To evaluate the
- temperature dependence of the thermal conductivity, the FEM analysis were performed at 500,
1000, 1500, and 2000 K. The detail for the calculation conditions are summarized in Table 1,

and the 2D-plane used in the present study is shown in Fig. 2.
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3.4.1.3. Results and Discussion

~ The thermal conductivities [6,9,13,14] used in the input data for the present FEM
analysis are shown in Fig. 3. In the FEM ahalysis, (UosPuo»)0; and (MogaNdo0s)O2 (M:
UpsPuqz) correspond to the matrix phases, and BaUO; and Mo-Ru;Rh-Pd alloy correspond to
the disperséd inclusions. The thermal conductivities of (UpsPug2)O, and (Mo.0dNdoos)O2 (M:
Uy sPup,) were corrected to 95 % of the theoretical density by using Maxwell-Eucken and
Schulz's equations [15-17]. It is found from this figure that the thermal conductivity of
(UosPuo2)O, decreases about 30 % by dissolving 6 at.% neodymium.

The calculated results obtained from the FEM analysis are shown in Fig. 4. It can be
recognized that the calculated thermal conductivity of the system is slightly decreased by
dispersing BaUO; inclusions, while is slightly increased by dispersing Mo-Ru;Rh-Pd alloy
inclusions. The quantitative evaluation about the effect of the inclusions on the thermal -
conductivity of the system was also performed, and its result is shown in Fig. 5. The rates of the
variation caused by the inclusions are evaluated to be about 1-3 % decreésing in BaUO;
dispersing case and about 2-8 % increasing in Mo-Ru-Rh-Pd alloy dispersing case, respectively.
It is found that the effect of the precipitated FP elements is about one order lower than that of

the dissolved FP elements on the thermal conductivity of the high burnup oxide fuel.

3.4.1.4. Conclusion

In order to evaluate the effect of the precipitated FP elements on the thermal
conductivity of the ‘irradiated fuel, the thermal conductivity of the fuel cont;dining ihé oxide and
metallic inclusions has been evaluated by using the FEM analysis. (UgsPup2)O, and
(M0,94Nd0,06)02 (M: UpgPuoz) have been employed as the fuel matrix, ‘ and BaUQO; and
Mo-Ru-Rh-Pd alloy as the inclusions. 2.5 vol.% of the inclusions have been dispersed in the
matrix, which corresponds to about 10 at.% burnup. In BaUO; dispersing case, about 1-3 %
decreésing is observed in the thermal copductivity of the system, while in Mo-Ru-Rh-Pd alloy
dispersing case, about 2-8 % increasing is observed. It is found that the effect of the precipitated
FP elements is about one order lower than that of the dissolved FP elements on the thermal

conductivity of the high burnup oxide fuel.
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Table 1

Calculation conditions of the FEM analysis

. (Uo.sPuo.z)Oz
Matrix phases (MysiNdge)O; (M: (UpsPugz)Os)
. BaU03
Dispersed phases Mo-Ru-Rh-Pd alloy
3D cubic size (um) ‘ 400x400x400
Dispersed phase diameter (um) 25*
Dispersed phase volume fraction (vol. %) 2.5%*
Left boundary heat flux (Wm™) 0.5
Analysis temperature (K) 500, 1000, 1500, 2000 K

*: observed in irradiated fuel at 9.6 at.% burnup

**: corresponding to about 10 at.% burnup
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Figure 2. 2D plane used in the present study (2.5 vol.% of the inclusion).
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3.4.2. Young's Modulus Modeling of High Burnup Oxide Fuels
3.4.2.1. Introduction _

/As described in the previous chapters, the elastic modulus of the nuclear fuel is one of
the mosf important factors to utilize for extending burmip. Tﬁe lower elastic modulus of the
nuclear fuel is one of the major stumbling to maintain the structural integrity of the fuel. In
Order to utilize the nuclear fuel for extending burnup, it is necessary to understand the effective
elastic modulus in term of the effect of the fission product (FP) elements.

The effect of the solid state FP elements on the mechanical properties have been
studied in Chapter 2.1. From the results of the ultra sonic pulse echo measurement, it was found
that the elastic modulus, such as the Young's moduhis, of the high burnup oxide fuel decrease
with increasing the FP content (equivalent to the burnup). The degradation rates in the Young’s
modulus and shear modulus are about 6.5 % and 7 % with increasing burnup of 50 GWd/t.

In the present section, therefore, the Young's modulus of the high burnup oxide fuel
containing the oxide FP inclusions has been evaluated by the finite element method (FEM)
analysis. The quantitative discussion about the effect of the oxide inclusions on the Young’s

modulus of the fuel pellet has been also performed.

3.4.2.2. Calculétion

The fundamental procedure. of vthe FEM analysis is same as that described in the
previous section. The high burnup oxide fuel was modeled as a cubic matrix with spherical
dispersed inclusions corresponded to the oxide precipitates. The spheres were randomly‘
dispersed in the cubic matrix without touching each other and from the cube. From this cube, a
cross-section is arbitrary selected and thfs two-dimensional (2D) plane was used as the object of
the analysis. The volume fractions of the spheres were selected to be 5, 15, and 25 %. The 2D
planes used in the present study are shoWn in Fig. 1. The geometry of the elements is basically
square, but the elements around the spherical dispersed phase have various geometries.

A commercially available FEM program, MARC/MENTAT II [1] was used for the
FEM analysis. In this calculation, the Young’s modulus was analyzed using a plane-strain
approximation accomplished by the following boundary conditions. The nodes along the bottom
edge of the mesh afe fixed in the Y direction but allowed in the X direction. A load is then
applied to the top edge of the mesh in the Y direction with a very small strain.

In the FEM calculation, the Young’s modulus and Poisson’s ratio of the matrix phase
and the precipitated oxide inclusion are required. The Young’s modulus and Poisson’s ratio used
for the input data of this analysis are summarized in Table 1. As the results of the
nanoindentation described in Chapter 2.3, the Young’s modﬁli of (Up9Ce1)O, as the matrix

phase and BaUOQ; as the oxide inclusion were 205.1 GPa and 140.7 GPa, respectivély. For the
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Poisson’s ratio, the literature values of 0.3136 for (UsCeo1)O, [2] and 0.2390 for BaUO, [3]
- were used in this analysis. '
According to the continuum dynémics with three dimensions, for an elastic

deformation, the relationship between the stress and strain is expressed as:

£y =—r-v———F, : @
g, =t-vZe Zx o @)

g, =—L-y—2x__2| ; ’ . 3)

where ¢ is the strain, o is the stress, v is the Poisson’s ratio, and E is the Young’s modulus.

When the stress in the X direction is zero, then the above equations became:

£y ‘= _% (Jy +0, )’ ‘ . ' (4)
ey =-—= 0, -v.), | | o)
£, =% z ""VC"-y ) , (6)

In the present case, the plane stress must be discussed; therefore the stain in the Z direction is
considered to be small compared with those of in the X and Y directions. The Poisson’s ratio
and Young’s modulus can be expressed as:’

€

V= =, | )
£, +E,
E-= Q—f‘—y—v(1+v). ‘ ®
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The shear modulus, G is expressed as follows:

E

M o) | , . - 0

3.4.2.3. Results and Discussion

The calculated results obtained from the FEM analysis are shown in Fig. 2. In this
figufe, the effect of the oxide inclusions on the calculated elastic modulus and Poisson’s ratio
are shown in the relative values. In order to confirm the error of the calculated results associated
with the arrangement of the oxide inclusions, each calculation was duplicated performing
analysis in two different directions (x- ahd y- directions). As the result of these duplicated

calculations, the error associated with the arrangement of the oxide inclusions is not clearly
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confirmed up to 25 vol.%. The relative values of the calculated elastic modulus and Poisson’s
ratio are almost one, regardless of the volume fraction of the oxide inclusions. Therefore, it is
confirmed that the oxide inclusions have little influence on the mechanical propert\ies of the
high burnup oxide fuel up to the volume fraction of 25 %. ,
Figure 3 shows the Young’s modulus of the high burnup ‘simulated oxide fuel
(SIMFUEL) as a function of the burnup described in Chapter 2.1, together with the FEM result. .
In this case, the SIMFUEL with simulated burnup of 150 GWd/t corresponds to about 4 vol.%
"of the oxide inclusions in the FEM analysis. The reduction rates in the elastic moduli of the
SIMFUEL are aboui 6.5 % per 50 GWd/t burnup for the shear modulus and about 7 % per 50
GWd/t burnup for the Young’s modulus, respectively. From the FEM analysis, the effect of the
0xid¢ inclusions on the elastic moduli of the fuel is vanishingly small (within 1 % per 25 vol.%
of the oxide inclusions). It is found that the effect of the precipitated FP elements on the:

mechanical properties of the fuel is quite lower than that of the dissolved FP elements.

3424, Conclusion

In order to evaluate the effect of the précipitated FP clements on the mechanical
properties of the irradiated fuel, the Young's modulus of the fuel containing the oxide inclusions
has been evaluated by using the FEM analysis. (Uy9Ceo2)O, and BaUO; have been employed as
the fuel matrix and oxide inclusion, respectively. It is found that the effect of the oxide
inclusions on the Young's modulus of the irradiated fuel is vanishingly small (within 1 % per 25 '

vol.% of the oxide inclusions), and quite lower than that of the dissolved FP ¢lements.

246



References

[1] K. Oizumi, "How to use MARC/MENTAT", (in Japanese) SENAC, Vol. 31, No. 3 (1998)
39-43.

[2] K. Yamada, S. Yamanaka, T. Nakagawa, M. Uno, and M. Katsura, J. Nucl Mater., 247 (1997)
289.

[3] S. Yamanaka, K. Kurosaki, T. Mafsuda, and M. Uno, J. Nucl. Mater., 294 (2001) 99.

247



Table 1
Young's modulus and Poisson's ratio of (Uo.9Ce.1)O» and BaUQ; used in the FEM analysis

Young's modulus, E (GPa)’ Poisson's ratio, v
(UosCeo1)Os 205.1 0.3136 2]
BaUO, 140.7 . 0.2390[3]

# The Young's moduli are determined in Chapter 2.3.
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4. Summary

In the present study, the thermal and mechanical properties of the high burnup oxide
fuel have been studied by the experimental measurements of the simulated materials and
computer simulations. The effects of the solid state fission product (FP) elements on the
properties of the high burnup oxide fuels have been evaluated.

In Chapter 2, the simulated fuel materials have been prepared and their thermal and
mechanical properties have been measured

The simulated high burnup UO, based fuel (SIMFUEL) has been prepared and their
thermal and mechanical properties have been studied. The phase equilibria of the SIMFUEL
annealed at three kinds of oxygen potential have been studied by using the X-ray diffraction
analysis, SEM observation, EDX analysis, and oxygen chemical analysis. The lattice parameter
of the matrix phase linearly decreases from 0.5470 nm (corresponds to that of UO,) with
increasing both the burnup and annealing oxygen potential, which corresponds to literature data.
The O/U ratio of UO,,, annealed under the oxygen potentials of -390, -340 and -220 kJ/mol at
1400 K are 2.000, 2.002 and 2.030, respectively. The specific heat capacity of the SIMFUEL
increases proportionally with increasing the simulated burnup. The specific heat capacity of the
‘SIMFUEL slightly increases with increasing the oxygen content. The thermal conductivity of
the SIMFUEL decreases with increasing the simulated burnup. The reduction rate of the thermal
conductivity appears to be small with increasing the simulated burnup. The excess oxygen
decreases the thermal conductivity of the SIMFUEL. The elastic moduli and Vickers hardness
of the SIMFUEL decrease with increasing the simulated burnup. The effects of the annealing
oxygen potential on the mechanical properties of the SIMFUEL are not clearly confirmed. |

The thermal and mechanical properties of the oxide and metallic 1nclus10ns have been
studied. The thermophy51cal properties of BaUQO3, BaZrO;, BaCeOs, and BaMoO; have been
medsured and the relationships between the properties have been studied. The thermal
expansions of BaUO; and BaCeO; nearly equal that of UO,, while BaZrO, and BaMoO3 show
slightly lower thermal expansion. In the fe]ationship between oy and T,,, the product of oy and
T, for BaUO; shows slightly higher value (= 0.027) than those for BaZrO; and BaCeO;, while
that for BaMoO; shows slightly lower value (= 0.017). In the relationship between E and
qQRTw/ Vi), BaZrO,, BaCeOs, and BaMoOs show similar characteristics and the proportionality
is almost identical. Although BaUO; has the same crystal structure as BaZrO, and BaMoOQ, the
proportionality between E and q(RTy/Vy,) is almost identical with that of SiO, glass. It is ‘
confirmed that the measured Cp of BaZrOs; is nearly consistent with the (C,+Cy) evaluated from
the thermal expansion coefficient, compressibility, and Debye temperature. On the other hand,
the measured Cp of BaUQs is higher than the (Cy+Cy), indicating the existence of other

Contributiens. The thermal conductivities of BaUQs, BaZrOs, and BaCeOj; are lower than that of
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UO; in the whole temperature range, especially that of BaUO; shows the extremely low values.
The thermal conductivity at room temperature of BaUO; is around 1 Wm™ K™, which is about
10 times lower than that of UO,. On the other hand, BaMoO; shows the extremely high values,
in which the thermal conductivity at room temperature of BaMoO; is around 30 Wm™ K, which
is caused by the high electronic contribution to the thermal conductivity. The thermophysical
properties, especially the thermal conductivity, of the Mo-Ru-Rh-Pd alloys with the
compositions  of  MossRusRhsPdys, ~ MoyRussRhysPdy;,  MosRugRhyPdys,  and
Mo,3Ruz,Rhy,Pd,;; have been studied. The relationship between the micro-Vickers hardness and
the” Young's modulus for the alloys shows the metallic characteristics. The thermal
conductivities of all the alloys almost linearly increase with increasing temperature, showing the
metallic behavior. Above about 1000 K, the thermai conductivities are tenfold or above larger
than that of UO,. It is confirmed that the characteristics of the mechanical and thermal
properties of the Mo-Ru-Rh-Pd alloys differ from that of UO,.

In order td obtain the nanoscale mechanical properties such as the reduced modulus
and nanohardness of the oxide nuclear fuels, the nanoindentation tests have been performed. For
the reduced modulus, there is no difference between the single crystal and pellet for UO,. The
nanohardness of the pblycrystalline UO; pellet is lower than that 6f UO, single crystal. Both the
reduced modulus and nanohardnesé of the polycrystalline (U,Ce)O, pellet decrease with CeO,
content. The same tendency is observed in the nanoscale mechanical propertiés of (U,Ce)0; as
that in the bulk-mechanical properties obtained from the ultrasonic pulse echo measurement.
The nanoindentation tests have also been performed for the SIMFUEL to evaluaté the nanoscale
mechanical properties. The nanoindentation method enables in situ measurements of the
nanomechanical prdperties of the matrix phase and oxide inclusion observed in the high burnup
oxide fuel, / | | -

In Chapter 3, the characteristics of the oxide nuclear fuels have been evaluated by the
computer simulations. ‘

In order to understand the chemical states of the FP elements in the high burnup oxide
fuel, the phase equilibrium calculation has been performed using ChemSage program. Although
the free energy of each solution phase is tfeated as the ideal solution model, the calculated
results almost agree with the PIE results. In order to understand the chemical staies of the
perovskite type gray oxide phase in the high burnup oxide fuel, the phase equilibrium
calculation between the selected FP elements and fuel has also been performed. The
- concentration of BaZrO; in the pséudo—ternary BaUO;-BaZrO;-BaMoO; system increases with
increaéing burnup at both 1273 K and 1973 K. BaMoO; is scarcely ihcluded in the system and
the concentration increases slightly with increasing the oxygen potential. It is found that the

multi-component and multi-phase lhermodynamic\eqﬁilibrium calculation between the fuel and
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FP elements system is an effective tool for understanding the phase equilibria of the high burhtip
oxide fuel.

The molecular dynamics (MD) calculations have been performed to UO,, PuO,,
(U,Pu)O; solid solution, and the perovskite type oxides. The applicability of the MD method to
evaluation of the thermal and mechanical properties of the oxide nuclear fuels has been studied.
The thermophysical properties, viz. the linear thermal expansion coefficient, compressibility,
‘heat capacity, and thermal conductivity have been evaluated by the MD calculations, and the
results have been.compared with the experimental data obtained in the present study. The
Morse-type potential function added to the Busing-Ida type potential has been employed for the
~ jonic interactions. The potential parameters have been determined by trial and error using the
experimental values of the variations in the lattice parameters with temperature and pressure.
The simulated UO, sYstem shows both the existence of the Bredig transition and a peak in the
heat capacity at high temperatures, and provides the thermal conductivity in the temperature
range from 360 K to 2500 K. The variation in the calculated heat capacity of PuO, with
temperature agrees well with the experimental data. The change in the calculated thermal
conductivity of PuO, with témperature is also in good agreement with the experimental data.
~ This indicates that the simulation model of PuO, gives a reasonable deécription of the phonon
contribution to the thermal conductivity. The Bredig transition does not occur in the simulated
PuO; system. The thermal and mechanical properties of (U,Pu)Oé have been evaluated from
some basic properties of UO, and PuO, by using the MD techniques. The calculated lattice
parameter of (UpsPuo2)O, closely follows Vegard's law. The calculated heat capacity and
therma] conductivity of (UgsPuo2)O; are in good agreement with the experimental data. The‘
simulated.(UpsPuy,)O- cell also shows both the existence of the Bredig transition and a peak in
the heat capacity at about 2350 K. The MD calculations have also been performed for the
perovskite 'type oxides, BaUQ,, BaZrO,, BaCeO;, BaMo0O,, SrZrO,, and S_rCeO3. The
calculated linear thermal expansion coefficient and compressibility are almost identical with the
experimental data. The calculated results of Cy+Cy are almost identical with the experimental
Cp values, except for BaUO,. The calculated Cy+C4 of BaUO; is slightly lower than the
experimental Cp data, which is because that the calculated results do not contaih other

~ contributions such as the anharmonic contribution. The calculated thermal conductivities of

o BaZrO,, SrZrOs, and SrCeO; well agree with the experimental data, while those of BaUO; and

BaCeQO; are higher than the experimental data, and that of BaMoO; is lower than the
experimental data. The difference between the calculated and experimental thermal conductivity
of BaMoO; corresponds to the electronic contribution. These results show the usefulness of the
‘MD techniques for eva]uatibn of the thermal and mechanical properties of the oxide nucie’ar fuel.

The MD simulations will become a powerful method to evaluate the properties of the oxide
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fuel.

The thermodynamic modelling has been carried out for the O-Pu-U system. The
possible ternary phase diagrams for the O-Pu-U system have been calculated. For the O-Pu,
O-U, and Pu-U binary systems, the assessed thermodynamic' parameters are reasonable to
simulate the general feature of the O-Pu, O-U, and Pu-U binary systems, with reépect to the
phase diagrams and oxygen potentials of the UO,., and PuO,,, phases. For the stoichiometric
PuO,-UO, pseudo binary system in which PuO, and UO, are assumed to form an ideal solid
soluiion, the calculation for the heat capacity and phase diagram provides very good agreements
with the experimental data available in literatures. For the non-stoichiometric fluorite structure
phase, the thermodynamic modelling has been demonstrated firstly assuming that all tﬁe
additional interaction parameters for the fluorite structure phase are O (the ideal mixture of the
data for the O-Pu, O-U, and Pu-U binary systems). The results suggest that the data for O-Py,
0-U, and Pu-U binary systems cannot be mixed ideally to model the non-stoichiometric fluorite
structure phase. The interaction parameters have been assessed, and the oxygen potential of
(U,Pu)O,., calculated from the assessed parameters shows very good agreement with the
experimentai ones both in hyper- and hypo-stoichiometric regions. Using the assessed
interaction parameters, the ternary phase diagram for the O-Pu-U system has been calculated.
The calculated pliase diagram reproduces the general feature of the ternary phase diagram well
at’773 K and 1273 K. }

‘ The thermal and mechanical properties modeling of the high burnup oxide fuels with
the oxide and metallic inclusions have been performed by using the finite elements method
(FEM). The quantitative discussion about the effect of the oxide and metallic inclusions on the
thermal conductivity and Young's modulus of the fuel has been performed. For the thermal
conductivity modeling, (UosPuo2)O> and (Mg94Ndo.06)02 (M: UpsPug2) have been employed as
the fuel matrix, and BaUO; and Mo-Ru-Rh-Pd alloy as the inclusions. In BaUO; dispersing case,
about 1-3 % decreasing is observed in the thermal conductivity of the system, while in
Mo-Ru-Rh-Pd alloy dispersing case, about 2-8 % increasing is observed. It is found‘that the
effect of the precipitated FP elements is about one order lower than that of the dissolved FP
elements on the thermal conductivity of the fuel. For the Young's modulus modeling case,
(UpsCe2)O; and BaUO; have been emplvoyed as the fuel matrix and oxide inclusion,
respectively. It is found that the effect of the oxide inclusion on the Young's modulus of the high
burnup oxide fuel is vanishingly small (within 1 % per 25 vol.% of the oxide inclusions), and

quite lower than that of the dissolved FP elements.
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