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MA (Minor Actinide)-containing MOX (Mixed OXide) fuel and nitride fuel are the 

candidates ofthe fuels loaded in the fast neutron system such as FBR (Fast Breeder Reactor) and 

ADS (Accelerator Driven System). However, there are few data of their thermophysical 

properties. Therefore, in the present study, their thermophysical properties were evaluated by 

the simulation method and experimental method. The present study consists of following 6 

subjects. 

Chapter 1: General introduction 

In this chapter, the importance of partitioning and transmutation (P and T) of MA is 

explained. The fuel form for P and T of MA is not determined yet. When we determine the 

fuel form, it is very important to evaluate the crystallographic, mechanical, thermal and 

electrical properties of MA-containing MOX and nitride fuels. 

Chapter 2: Experimental evaluation of thermophysical properties of UN, simulated ADS target 

fuels (UN+ TiN (U:Ti=4:6) and UO,4Zro.sN) and inert matrix material (TiN and ZrN) 

The thermophysical properties of ZrN and TiN expected as the inert matrix of the nitride 

fuels were evaluated. In addition, UO,4Zro.sN and UN+60mol%TiN as the simulated ADS target 

fuels were also evaluated to understand the interaction between actinide nitrides and inert 

matrix materials. 

In case of Uo.4Zro.sN, the mechanical properties were improved by the addition of ZrN. 

On the other hand, the electrical and thermal conductivities decreased due to the high 

sintering resistivity of ZrN. 

In case of UN+60mol%TiN, the mechanical, electrical and thermal properties were 

improved by the addition of TiN and were roughly predicted by the theoretical or empirical 

model. Therefore, it would be easy to predict the thermophysical properties of (Pu,MA)N+ TiN 

with various component. Judging from only these results, TiN is more effective than ZrN as 

the inert matrix. 

In the present study, the newest technique, which are SPS, EBSP and indentation test, 

and the new concept such as MSA were used in the field of the nuclear fuel engineering for the 

first time. The author succeeded to precisely evaluate the thermophysical properties of inert 

matrix materials (ZrN and TiN) and was able to suggest the new methods to evaluate the 

porosity dependences of the thermophysical properties, which are extremely effective for the 



research of MA-containing fuels. 

Chapter 3: Molecular dynamics (MD) studies of actinide nitrides. nitride ADS target fuels. actinide 

dioxides and MA-containing MOX fuels 

In this chapter. the thermophysical properties of MA-containing fuels were evaluated by 

MD (Molecular Dynamics) simulation because it is very difficult to experimentally measure the 

thermophysical properties of MA-containing fuels. 

By fitting the limited experimental data of the thermal expansion and bulk modulus. the 

potential parameters for the nitrides (ThN. UN. NpN. PuN. AmN and ZrN) and actinide dioxides 

(U02. Np02. Pu02 and Am02) were semi-empirically determined. Using these parameters. the 

author evaluated the thermal expansion. bulk modulus. specific heat capacity and thermal 

conductivity of not only An02. AnN and ZrN. but also MOX. MA-containing MOX. and nitride 

fuels with the inert matrix. 

It was found that the thermophysical properties of MA-containing MOX fuels are very 

close to those of MOX fuels. Therefore. it is thought that the fuel behavior of MA-containing 

MOX fuel in the reactor core could be predicted by the code. which had been used to predict 

the fuel behavior of MOX fuel. In the present study. it was confirmed that MD simulation is 

very useful when we evaluate the thermophysical properties of the fuels with the complex 

component such as MA-containing MOX fuels and nitride fuels with the inert matrix. 

Chapter 4: FPs (Pd. Mo and Nd) effects on thermophysical properties of simulated high-bumup 

nitride fuels 

The simulated high-bumup nitride fuel pellets (UN+Pd. (U.Nd)N. UN+Mo. (U.Nd)N+Mo) 

were prepared and their thermophysical properties were measured to evaluate the 

thermophysical properties of the high-bumup nitride fuels. 

From the result of Chapter 4. it was suggested that the mechanical and thermal 

properties of the nitride fuels are improved and descended by the addition of FPs. respectively. 

In addition. the thermophysical properties of the simulated high-bumup nitride fuels were 

vastly larger than those of the non-irradiated U02. 

Chapter 5: Thermodynamics modeling of U-N and Pu-N binary system 

U-N and Pu-N binary systems were assessed thermodynamically from the criticism of 

the available experimental data on both phase diagram and thermodynamics properties. 

A consistent set of Gibbs energy parameters for the various phases was obtained. The 



agreement between the experimental and calculated phase diagram of thermodynamic 

properties is quite satisfactory. 

Chapter 6: Conclusion 

In this chapter, the results of the chapter from 2 to 5 are summed up. 
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Chapter 1: General introduction 

The stable supply of the primary energy resource is very important in terms of economy 

and industry. However, there is a big problem about it in Japan because about 80 % of the 

primary energy resource i.s imported from the other countries and their countries are politically 

unstable. Therefore, it is very difficult to stably supply the primary energy resources such as the 

petroleum and natural gases. To dissolve this big problem, the nuclear power generation has 

been promoted in Japan from 1970's @. 
Recently the developing countries such as India and China have rapidly developed on 

economy and the economic development is causing the environmental disruption such as the 

global warming, air pollution and resource shortage such as the energy and feed. Such 

relationship between the economic developments, environmental disruption and resource shortage 

is called "Trilemma", which means three discrepancies. In particular, the global warming derived 

from the energy supply has rapidly become a main concern over the world. To resolve such 

problem, it is necessary to establish the sustainable energy supply. 

The power generation method to supply the sustainable and adequate energy is only the 

nuclear power generation because the nuclear power generation doesn't almost emit carbon 

dioxide (C02) and generates a lot of electric power. Therefore, the nuclear power generation is 

reconsidered as the excellent power generation method in East Asia, Europe and U.S.A.~. The 

following segment describes the recent streams of the nuclear power generation. 

A new nuclear power plant with large power (1600 MWe) has been constructed in Finland, 

where a new nuclear power plant had not been constructed for more 20 years due to the campaign 

of the abandon nuclear power generation. In whole of Europe, 11 of the new nuclear power plants 

are being constructed now. In U.S.A., the new plant was not constructed since the accident in 

TMI-2 and the spent fuel was directly disposed. However, U.S.A. is laying out the construction of 

12-15 ofthe new nuclear power plants until 2015. In addition, U. S. A. suggested Global Nuclear 

Energy Partnership (GNEP) project r4J at 2006 and showed the willingness for the fast breeder 

reactors (FBR) and indirect disposal. In the same way, China and Korea will construct 30 and 14 

of the new nuclear power plants until 2020 and 2014, respectively. In Japan, the rate of the 

nuclear power generation in the total energy is 31 % now. The government and FEPC (Federation 

of Electric Power Companies of Japan) promote the project that increases the rate of the nuclear 

power generation to 43 % until 2014. Such movements promoting the nuclear power generation 

are called the renaissance of the nuclear energy. 
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Chapter 1: General introduction 

In addition to the advantages on CO2 problems, there are a lot of other advantages in the 

nuclear energy. One of the advantages is on the economy because the generation cost of the 

nuclear energy is most cheap and the values is about 9 ¥/kWh E§l In addition, it is a large 

advantage that the nuclear energy resource can semi-permanently become available if the fast 

breeder reactor (FBR) f§l is put into practice and the fissile materials such as plutonium (Pu) is 

bred in FBR. Namely, in the countries not to have a lot of energy resource such as Japan and 

France, the domestic resource can be hold by FBR. 

Therefore, Japan is lying out the construction of the demonstration reactor of FBR until 

2025 and commercial reactor of FBR until 2050. China has the project to construct the 

prototype reactor of FBR until 2020. In France, the construction of the prototype reactor of 

Generation IV reactor until 2020 was determined in the law at 2006. Gen IV reactor indicates the 

GFR (Gas-cooled Fast Reactor), VHTR (Very High Temperature gas-cooled Reactor), SCWR 

(Super-Critical-Water cooled Reactor), SFR (Sodium-cooled Fast Reactor), LFR (Lead-cooled 

Fast Reactor) and MSR (Molten Salt Reactor). Like this way, the trend promoting the FBR and 

Gen IV reactor is intensifying over the world. Therefore, a closed nuclear fuel cycle using the FR 

must be established, in which new energy resource Pu is effectively utilized with acceptable 

impact on the environmental caused mainly by disposal of the high level radioactive waste (HLW). 

At the same time, it is very important to reduce the environmental burden of HLW. 

As shown in ljLE!~tA~W referred from the period to immunize the HLW in case of the 

direct disposal is several hundreds of thousand years, and that in case of P and T (Partitioning and 

Transmutation) of U and Pu is several thousands years. It is difficult for human to manage the 

HLW for such long period. In fact, the construction of the final disposal site in Yucca Mountain 

has been proceeding with difficulty for twenty years. On the other hand, the period in case of T 

and P of U, Pu and MAs (Minor Actinides: Np, Am, Cm) is about three hundreds years because Pu 

and MAs have high and lasting radiotoxicity, which cause the lasting environmental burden at the 

final disposal. It is not difficult to manage the HLW for three hundreds years. In addition, the 

decay heat is vastly decreased by T and P of Pu and MAs. It is the advantage for the setting 

area of the high level waste and material deterioration. Therefore, in a closed fuel cycle, 

management of MAs is a key technology. 

The FBR E6] and ADS (Accelerator-Driven System) [ar§} are considered as the method 
~oJft~j ~0dr~A 

of transmutation of MAs and Pu. To increase the efficiency of transmutation of MAs and Pu, 

inert matrix fuels not including U are considered as the good candidates of FR fuels. Various 
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Chapter 1: General introduction 

kinds of fuels for the fast neutron system core such FBR and ADS have been proposed and 

studied in SUPERFACT (1995) FUTURIX-FTA (2005) and so on. 

lists a part of the candidates of the inert matrix, which dilute MAs and Pu contents instead of U. 

shows the fuel form fabricated in SUPERFACT (1995) ECRIX (1999) 

CAMIX-COCHIX (2003) and FUTURIX-FTA (2005) However, the fuel form used in 

FBR and ADS is not clearly determined over the world. In Japan, the oxide and metal fuels are 

determined as the main and sub concept fuels loaded in FBR In the oxide fuels, 

MA-containing MOX fuel is the most promising candidate 

In addition, it has been thought that the nitride fuels are better than the oxide 

fuels for FBR due to the superior properties such as high melting temperature, high thermal 

conductivity, high chemical compatibility with SUS 316L and liquid Na, and so on ~~~:Y1';li~. 

summarizes the advantages and disadvantages of nitride fuels. Recently, it was found that Np, 

Am and Cm form mononitride with NaCI type structure, and that their lattice parameters are close 

to those of UN and PuN From these researches, it is thought that actinide nitrides could 

easily make the solid solutions. Therefore, in case of the nitride fuel, we can flexibly change the 

composition of the fuel on the design of the reactor core. So, the nitride fuels with the inert 

matrix are considered as good candidates of the ADS target in Japan and Europe ti1!iJfjill1~~. 

It is very important to evaluate the thermophysical properties such as mechanical and 

thermal properties, when we evaluate the fuel behavior and design the fuel assembly. However, in 

case of the MA-containing MOX fuels and nitride fuels with the inert matrix, the thermophysical 

properties are not adequately studied. 

In the present study, the author mainly researched the crystallographic, mechanical, 

thermal, electric, and thermodynamic properties of MA-containing MOX ((U,Pu, Am, Np)02), nitride 

fuels with inert matrix, and simulated high burnup nitride fuels. 
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Chapter 1: General introduction 

Chemical form of 
Form Matrix 

Pu and MAs 

________________ ~~~~ Jyy_~I~~~i~_~_~~~~~~t ________________ 
Solid solution _ _ _ _ _ _ __ _ _ _ _ _ _ __ <?~g_d~?~~~~~~I_~_(~~~_~~] _________________ 

YSZ [Boucharat (2001), Croimarie (2003)] 

MgO 
[Donnet (2005), Garnier (1999), Croimarie (2003)] 

------------------------------------------------------------
___________________ ~~~~J_~~~~_(~~~_~~] ____________________ 

Oxide _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~~~1_2~ ~ _ ~':_~~.'!i!l_~~~_ ~?_~~ DJ _______________ 
Composite 

_______________ ?~~i5?(~~~~_~i_~~~I~ __ (?_~~_1)I _______________ 

------------- ___ ~~~I~~!~_~~~-~~-(~~~-~~]-------------- ____ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~!~~j_ ~X~~.? _(~~~_~~] ____________________ 

W [Wallenius (2003)] 
-----------------------------------.------------------------

Cr [Wallenius (2003)] 
------------------------------------------------------------

Mo [Donnet (2004), Haas (2006)] 

ZrN [Wallenius (2003), Minato (2003), 

Nitride 
Solid solution Streit (2003), Wheeler (2007)] 

-----------------------------------.------------------------
HfN [Wallenius (2003)] 

Composite TiN [Minato (2003), Arai (2001)] 

Metal Composite Zr [Donnet (2005)] 

m~rI&~ MAs-containing fuels fabricated in MAs transmutation projects r;'f'nW1'r1~l'1f~l1I!'i 

Type Composition Program name 

(U.Pu.Am)02 

Oxide 
(U,PU,Np)02 SUPERFACT 
(U.Am,Np)02 [Walker (1995)] 

(U,Np)02 

Metal U-Pu-Am-Np-Zr FUTURIX-FT A 
--------------------- -----------------------Metal without U Pu-Am-Zr [Donnet (2004)] 

Nitride (U,Np,Pu.Am)N FUTURIX-FTA 
--------------------- -----------------------Nitride without U (Pu.Am,Zr)N [Donnet (2004)] 

CERMET without U (Pu.Am)02+Mo FUTURIX-FT A 
(CERamic & METal) (Pu,Am,Zr)02+Mo [Donnet (2004)] 

__________ ~~~~::_~~s> ___________ ECRIX [Garnier (1999)] 
------------------------------------

CERCER without U (Am,Zr,Y)O+MgO 
CAMIX-COCHIX 

[Croimarie (2003)] 
(CERamic & CERamic) ---------------------------------- ------------------------------------

(Pu.Am)02+MgO [Donnet] 
FUTURIX-FTA 
[Donnet (2005)] 
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Chapter 1: General introduction 

:.~.:~::::~::::>lYd; . .:/i Advantages and disadvantages of nitride fuel 

Advantages Brief meanings 

High thermal conductivity High economical efficiency and safety 

High melting point High safety 

High metallic density High neutron efficiency 

Formation of solid solution of actinide nitrides High flexibility of fuel components 
--------------------------------------------------------- ----------------------------------------------------

Low fission gas release High safety 

High mechanical property High economical efficiency and safety 

High electrical conductivity Easiness for electrolysis dry reprocessing 
--------------------------------------------------------- ----------------------------------------------------

Etc. 

Disadvantage 

N-14 changes C-14 by the nuclear reaction. 

Solvent method 

Development of technique to enrich 

N-15 with low cost 

Shortage of the following data Fundamental research of 

CD Physical properties of high-burnup nitride fuel thermodynamics and 

(2) Physical properties of minor actinide nitrides thermophysical properties of 

@ Physical properties of nitride inert matrix fuels nitride fuels by experiment and 

@ FC! phenomena (Melting fuel and cladding interaction) simulation 
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P and T of 
U, Pu, and MAs 

Radiotoxicity of natural U 
10-' -J-,~.,-,--.--.-_C"T"'_~_~ __ =""---~""~..--r~ 

10" 10' 104 106 10' 
Time, t (year) 

F-ig. 1. Time dependence of radiotoxicity of HLW referred from Ref. 71 

(P and T: Partitioning and Transmutation) 
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Chapter 2: Thermophysical properties of UN, ZrN, TiN, UO.4Zr O.6N and UN+60mol%TiN 

The nitride fuel is a good candidate of the fuel used in the fast neutron system. In 

particular, the nitride fuel has the high potential as the ADS (Accelerator Driven System) target 

fuels In case of the ADS target fuel, the inert matrix is needed instead of uranium to 

prevent the breeding of MAs and Pu from 238-U by the nuclear reaction. As the inert matrix of 

the nitride fuels, it is thought that zirconium nitride (ZrN) and titanium nitride (TiN) are 

the best candidates of the homogeneous mode and heterogeneous, mode respectively. It is 

because ZrN and TiN have the superior properties such as high chemical stability, high thermal 

conductivity and so on. However, the thermophysical properties of ZrN and TiN have been 

scarcely evaluated because it is very difficult to prepare the high-density bulk samples of ZrN and 

TiN due to their high sintering resistivity. Therefore, most of the researches on the physical 

properties of ZrN and TiN have been performed on thin films Thus, before we discuss the 

thermophysical properties of ADS target fuels «Pu,Np,Am,Zr)N and (Pu,Np,Am)N+TiN), it is 

necessary to evaluate the thermophysical properties of ZrN and TiN. In addition, it is also 

necessary to know the porosity dependences of the thermophysical properties because the 

density of the fuel pellets decreases with increasing the bumup. 

In this chapter, the author evaluates the thermophysical properties of ZrN and TiN at 

first. In case of the properties such as the thermal conductivity and Young's modulus, which are 

influenced by the porosity, the data of the porosity-free materials were estimated from the 

porosity dependences. Next, the author evaluates the effect of the inert matrix (= ZrN and TiN) 

on the thermophysical properties of simulated ADS target fuels. In addition, the thermophysical 

properties of UN are also evaluated for comparison. ADS target fuels are practically consisted of 

the solid solution or composite of PuN, NpN, AmN and CmN, and the inert matrix. However, it 

takes a lot of cost and time to use Pu and MAs. Instead of the actual ADS target fuel 

[(Pu,Np,Am,Zr)N and (Pu,Np,Am)N+ TiN], UOAZrO.6N and UN+60mol%TiN are used as the simulated 

ADS target fuels in the present study to evaluate the interaction between actinide nitrides and 

inert matrix (ZrN and TiN). 
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Chapter 2: Thermophysical properties of UN. ZrN. TiN. Uo.4Zro.6N and UN+60mol%TiN 

There are two methods in preparation methods of UN powder. One is nitriding of 

uranium hydride (UH3) at high temperature and nitrogen atmosphere after hydriding of metal U. 

Another is the carbothermic reduction of U02. In the former method. the process becomes to be 

complex because it is not easy to prepare the metal uranium and it is difficult to handle the powder 

sample of metal uranium and uranium hydride due to their low oxidation resistivity. In case of the 

latter method. we can easily prepare a lot of UN powder. but must address that the sample 

prepared by the carbothermic reduction sometimes includes the high impurity oxygen content and 

carbon content. In the present study. UN pellet was prepared by the carbothermic reduction and 

atmospheric pressure sintering because their preparation methods are industrially advantageous. 

U02 powder was obtained from the reduction and roasting of ADU (Ammonium 

DiUranate: (NH4)2U207) to adjust the specific surface area and ratio of O/M. 

summarizes the specific surface area and O/M ratio of U02 powder before the carbothermic 

reduction. U02 powder and activated carbon powder with the specific surface area of about 800 

m2 I g were mixed at a molar ratio of C/U=2.4. Not to remain the oxide phase in the product. the 

excess activated carbon powder was added to U02 powder. The green pellet (T12 mm xq> 12 mm) 

for the conversion was obtained by the press at 294 MPa at room temperature and 2.5% polyvinyl 

alcohol (PVA) was used as the binder. 

The green pellet of U02 and activated carbon were heated at 1773 K under N2 

atmosphere with a flow rate of 10 I/min for 8 hours to convert from U02 to UN by the following 

chemical reaction; 

1 
U02 +2C+-N2 ~UN+2CO t. 

2 

Successively. the green pellet was heated at 1773 K under N2+5% H2 atmosphere with a flow rate 

of 10 I/min for 8 hours to remove the residual carbon as CH4. After the carbothermic reduction. 

UN powder was crushed by wet type ball milling used hexane for 40 hours. In the ball milling. the 

ball and pod made of tungsten carbide (WC) were used. 

The green pellet (T10 mm xq> 10 mm) of UN for the sintering was obtained by the press 

under 196 MPa. As the binder. the author used the solution of polyethyleneglycol 6000 and 

trichloroethylene. Polyethyleneglycol 6000 was added to UN powder with 0.25 wt.%. The green 
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pellet was sintered at 2073 K under Ar atmosphere with a flow rate of 3 I/min for 4 hours and UN 

pellet was obtained. These sample preparation and measurements of oxygen, nitrogen and 

carbon contents were performed in the high-purity glove box, where O2 and H20 contents were 

below 10 and 40 wt.ppm, respectively. 

U0.4ZrO.6N pellet was fundamentally made by the same method of UN pellet. There are 

some different points between the preparation of UN and UO.4Zro.6N. The largest different point is 

the direct conversion from the mixed powder of U02 and Zr02 to the solid solution (U0.4Zro.6N) by 

the carbothermic reduction. The other different points are summarized in 1i'~~;{{;;!W. 

trrt[tffoffi~liiiiN 

In case of UN+60mol%TiN pellet, UN powder was prepared by the carbothermic reduction 

in the same way of the preparation of UN and UO.4Zro.6N powder. On the other hand, TiN powder 

was prepared by heating of TiH2 powder at 1673 K under N2 atmosphere with a flow rate of 3 I/min 

for 3 hours. TiH2 powder was prepared by heating of metal Ti at 713 K in Ar+8%H2 atmosphere 

with a flow rate of 3 I/min for 30 min. UN and TiN powder was crushed and blended by the ball 

milling for 40 hr. In this time, the molar ratio of TiN/(UN+ TiN) decided to be 0.6. The other 

different points are summarized in l~2I,~~~c!l. 

The high density samples of TiN and ZrN could not be obtained by the atmospheric 

pressure sintering used in the sintering of UN, U0.4Zro.6N and UN+60%TiN. Therefore, in the 

present study, the spark plasma sintering (SPS) was used to prepare the high density samples of 

ZrN and TiN. In the SPS, the large pulse current is given to the green pellet. In the grain 

boundary, the spark plasma, which temperature reaches at 10000 K in a instant, generates from 

the spark discharge phenomenon. By utilizing the energy of the spark plasma to the thermal and 

electric field diffusion, the sintering temperature in the SPS process is lower than that in the 

pressureless sintering process. The schematic of the SPS is shown in ~4~~~~~;r~4. 

ZrN (99.9%) powder was supplied from Soekawa Chemical Co. Ltd. The powder was 

placed into a 20 mm diameter graphite die and given a spark plasma sintering (SUMITOMO COAL 

MINING, Dr Sinter SPS-1020) at 1773, 1873 and 2073 K for 5 min under nitrogen atmosphere. 

TiN (99.5%) powder was supplied from Furuuchi Chemical Co. Ltd. In the same way of 

ZrN, TiN powder was sintered by the SPS at 1648, 1873, 1973, and 2073 K for 5 min under nitrogen 

atmosphere. 
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Chapter 2: Thermophysical properties of UN, ZrN, TiN, UO.4Zr O.6N and UN+60mol%TiN 

For all samples of UN, UO.4ZrO.6N, UN+60%TiN, ZrN, and TiN, the mechanical polishing was 

performed using SiC polishing papers with 120, 240, 400 , 800 and 1200 grids and AI20 3 powders. 

The grain sizes of AI20 3 powder were 1.0, 0.3 and 0.051-.1 m. Finally, the mechano-chemical 

polishing was performed using AI20 3 powder with the grain size of 0.051-.1 m in alkaline solution 

(pH=9.0) to remove the surface altered layer such as oxidized surface layer and strain-hardening 

layer generated from the mechanical polishing. 

The crystal structures of all samples were analyzed by a powder and bulk XRD (X-Ray 

Diffraction) measurements (Rigaku Co. Ltd., RINT2000) using Cu-K a radiation at room 

temperature. The powder samples before the sintering were mixed with the epoxy resin and 

mounted on a folder for the XRD measurement in order to keep from oxidation. The bulk samples 

after sintering were mounted on a folder for the XRD measurement. The lattice parameters were 

calculated from the obtained XRD patterns using Nelson-Reiley method ~. 

The surface observations were performed for the mechano-chemical polished samples 

by the optical microscope (OLYMPUS, BMX51 M), SEM (Scanning Electron Microscope) (HITACHI. 

S-2600H), FE-SEM (Field Emission Scanning Electron Microscope) (JEOL, JSM6500F) SLM 

(confocal Scanning Laser Microscope) (OLYMPUS, OLS31 00). The surface roughness was 

evaluated by an AFM (Atomic Force Microscope) (JEOL, JSPM-421 0). By the EBSP (Electron 

Backscattering Diffraction Pattern) (JEOL, 0IM400), the Kikuchi pattern as shown in is 

observed at each point in the bulk samples. The crystal direction of each point was revealed 

from the Kikuchi pattern, and the crystallographic properties such as the grain size and 

misorientation angle were evaluated. The quantity and distribution of each element (U, Zr, Ti) 

were evaluated by the EDX (Energy Dispersive X-ray fluorescence spectrometer) (HORIBA, 

EMAX-7000). The oxygen, nitrogen and carbon contents of the bulk sample were measured by a 

differential thermal conductivity method (LECO, TC-436 (02 and N2) and LECO IR-412 (C)). 

For the Young's modulus, thermal conductivity, electrical conductivity and so on, 

various equations to evaluate the porosity (p) influence had been suggested. 
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4
ZrO.6N and UN+60mol%TiN 

represent a part of such equations; 

Ap = Ao8xp(-I3P). 

LI -A 1-P 
"P - 0 1+I3P' 

Ap =Ao(1-P)~. 

In these equations, Ap and Ao are the values of the Young's modulus, thermal conductivity with 

the porosity of P and 0, respectively. 13 is a constant and the correction factor, which 

depends on the crystal structure, sintering method and so on. 

shows the porosity dependence of Young's modulus of fused silica referred from ~%5~lC~jC:; 

In this figure, the differences of the plot colors represent the differences of the 

preparation method. From this figure, it is understood that the 13 is changed by the preparation 

method, and that it is very important to evaluate the 13. However, we can't evaluate the 13 

from the results of only one sample because the porosity represents only the quantity of the pores. 

Therefore, it is effective to consider the porosity parameters, which is independent of the porosity. 

suggested that the 13 could be determined from the MSA (Minimum Solid Area) 

as shown in !ii~~;. 

In the present study, the author took notice to the MSA. The reason is described in the 

following segment. 

The 13 is determined by various porosity parameters. As the porosity parameters, the 

following properties are considered. 

1. Pore size and pore shape 

2. Coordination number of pore 

3. Distinction of open porosity or closed porosity 

4. Distinction of intergranular pore or intragranular pore 

5. Pore distribution 

6. MSA 

To evaluate the porosity dependences, we must choose the porosity parameter. However, 3rd, 4th 

and 5th candidates strongly depend on the porosity. The details are described in "Porosity of 

ceramics So, MSA or the shape and size of pore could be the second parameters. It is 

very complex to determine the shape and size of pore. As shown in ~if/:Jit:<S!;;:;~ referred from :l~;:SM:i.>1d::' 

the shape and size of pore change by the cross section even if the stacking of the grain is very 
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simple. Therefore. it is very practical and useful to use MSA when we evaluate the porosity 

dependences ofthe thermophysical properties. In particular. when the various grains stack in the 

samples. MSA equals to the average area function of the grain. It is difficult to evaluate the MSA 

by the SEM and optical microscope because their images don't include the information about the 

height. Therefore. c~~f~l'(fCf:r" only suggested the theory of the MSA and didn't implement 

its theory. In the present study. the MSA could be evaluated by the SLM observation. which 

includes the information of the height. and the author related the 13 to MSA for the first time. 

Ultrasonic pulse-echo measurements were performed for the polished-bulk samples 

using the echometer (NIHON MA TECH. Echometer 1062) to evaluate the longitudinal and shear 

sound velocities (VL and Vs ). The schematic of this apparatus is shown in . The sound 

velocity of the sample was evaluated from the sample length and separation time between 

ultrasonic echoes obtained from the Echometer. The glue joint between transducer and sample 

was Sonicoat-SHN13. Using the longitudinal and shear sound velocity. we can evaluate the 

Poisson's ratio (v). Young's modulus (E). Shear modulus (G). bulk modulus (B) and Debye 

temperature (BD ) by 

1 V. 2 _ 2\1. 2 
v =_. L S 

2 \1. 2 _\1. 2 • 
L S 

E = G[2(1 + v)] . 

B = E/[3(1- 2v)]. 

where p. h. ks . V m and N represent the sample density. Planck constant. Boltzmann 

constant. molar volume and atomic number in the unit cell. 

Vickers hardness was evaluated byVickers hardness test (MATSUZAWA SEIKI, MHT-1). 

Vickers hardness was measured by forcing a Vickers type diamond indenter into the surface of the 
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specimen and observation of the impression. In the present study. load and unload time were 15 

seconds and the load was 9.8 N. Measurements were repeated 16 times. and the average values 

were obtained from the data excluding the maxima and minima. This measurement method is 

The Vickers hardness is obtained by the following equation; 

F 
Hy = 1.854-

2 
• 

d 

where F and d are the load and length of the diagonal line of the Vickers impression. The 

impression image by Vickers hardness test is shown in *\tR!=!~_~!' together with the impression of the 

indentation test. 

In case of ceramics. fracture toughness is generally evaluated from an indentation 

fracture (IF) method using the length of the microcrack generated from the vertex of the Vickers 

impression because the sample size is very small in IF method and the method is nearly the 

nondestructive test. However. the fracture toughness of UN had not been evaluated because 

the microcrack is scarcely generated in Vickers impression and the length is very short in case of 

UN when the load is lower than 9.8 mN. In the present study. the author could observe the 

microcrack in UN sample using the high-resolution SLM. The fracture toughness was calculated 

using Evans & Charles equation ~lL1B or Niihara equation ~~~~~~il~~::!" 

E 05 C . 
( )

0.4 ()01 
5 

K,c = 0.057 Hy Hya· a (c > 2.5a). 

where E. H y. a and C are Young's modulus. Vickers hardness. half of the diagonal length of 

Vickers impression. and length of the microcrack. As the value of E, the Young's modulus 

evaluated from the ultrasonic pulse echo method was used. 

An indentation test suggested by ~!':~~~!!~~~"~~~J,l!~::!to measure the load-displacement 

curve has been recently developed to evaluate the hardness and Young's modulus. The 

displacement of the indenter is continuously monitored and a load-displacement history of the 

indentation is recorded. From the load-displacement curve, we can measure the nanoscale 

and/ or sub-microscale mechanical properties. Therefore. the indentation test allows us to 

evaluate the mechanical properties at the local point and individual phase in a microstructure. 

In order to evaluate the potential of the nitride fuel. a lot of researches have performed 
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to evaluate the macroscale properties of polycrystalline uranium nitride (UN). However, the inert 

matrix such as TiN and fission products (FP) such as platinum family elements make the 

microstructure of the nitride fuel to be complex ~1~~~~1 Thus, it is difficult to estimate the 

mechanical properties of the high-burnup fuels and inert matrix fuels from the results of the 

macroscale measurement such as the ultrasonic pulse echo method, Vickers hardness test and so 

on. Therefore, the author thought that it is very important to evaluate not only macroscale 

properties, but also the sub-microscale properties. In addition, the values of elastic moduli and 

Vickers hardness obtained from the ultrasonic pulse-echo measurement and Vickers hardness 

test depend on the porosity and grain size. So we cannot compare the results obtained from the 

samples with the different porosity and grain size. On the other hand, the results of the 

indentation test don't almost depend on the porosity, since the indentation size is sub-micro 

scale and vastly lower than the grain size as shown in In the present study, the 

indentation tests were performed to evaluate the porosity-free mechanical properties at the 

sub-microscale of UN, ZrN, TiN, UO.4Zro.6N and UN+60mol%TiN. In case of UN+60mol%TiN, the 

author evaluated the mechanical properties of each phase (UN and TiN phases) by the indentation 

test. 

The indentation tests were performed at room temperature using an AFM (JEOL Co., 

JSPM-4210) with a T riboscope (Hysitron Inc.). shows the appearance of AFM apparatus 

and nanoindentation system. shows the SEM image and characteristics of the Berkovich 

type diamond indenter used in the present study. The load range and loading time were from 2.0 

to 1960 mN and 15 s. Fused silica with Young's modulus of 72 GPa was used to calibrate the 

indenter area function using the following equation suggested by ~]~~!m~imlm. 

A.: = 24.Shc 2 + L CA 2-i 

i=1 

where Ac ' he and C i are the contact area, contact depth and correction factor. C i reflects 

the misalignment of the indenter used in the present study from the ideal Berkovich indenter. 

According to Oliver and Pharr model the load-displacement data was analyzed to 

determine the reduced Young's modulus (Er ) and the indentation hardness (Hit) as followings. 

After an indentation test, the load-displacement curve is obtained as shown in ~j}~.~!:<:il;~~!~1~' The 

indentation hardness is defined by dividing the maximum load (F max) by the contact area (Ac) as 

the following equation; 
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H - Fmax 
it - A 

c 

The stiffness (S ) is equal to the slope of the unloading curve (dFldh ) given by; 

S=dF=~ErJA:. 
dh .ylT 

The reduced Young's modulus is described by the following equation; 

_1 =[1-Vs2)+[1-Vi2) 
Er Es Ei 

where E and v are the elastic modulus and Poisson's ratio, and subscripts 5 and i 

represent the sample and indenter. Ei and Vi are respectively 1140 GPa and 0.07, and Vs can 

be measured by the ultrasonic pulse-echo measurement because Vs is not almost affected by 

the porosity Using this equation and the results of ultrasonic pulse-echo measurement, the 

author evaluated Es. 

In case of ZrN and TiN, the bulk samples with various porosities are prepared, but the 

indentation tests were performed for the highest-density samples of ZrN and TiN because the 

indentation test is almost independent of the porosity. 

The electrical conductivity and thermoelectric power were measured by a direct current 

four probe method and stationary direct current method using ULVAC ZEM-1, respectively. The 

electrical conductivity and thermoelectric power were measured from 320 to 1000 K in He 

atmosphere. In these measurements, two thermocouples (A and B) are attached to the sample, 

and Ni electrodes with small heaters were mechanically attached to both sides of the sample. In 

the sample, the small heaters generate the sample temperature gradient (upper and down sides 

are with low and high temperature). The thermocouples measured not only the temperature of 

hotter and cooler sides of the sample but also the voltage between A and B. Electrical 

conductivity (0" ) and thermoelectric power (TP.) of the samples were measured by using the 

following equations; 

1 1 VRef S 

0" O"Ref VL' 
LtV 

TP.=---
Ts-TA 
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In . a Ref and VRef is the electrical conductivity and voltage of the reference resistor. and 

V is the voltage of the sample. s is the area of cross section of the sample and L is the 

distance between two electrodes. In Ll V is the voltage difference between the thermo 

couples A with the temperature TA and B with the temperature TB • 

The thermodilatometry measurement (BRUKER AXS. TD5020SA) was performed to 

measure the thermal expansion. and carried out in a high purity nitrogen atmosphere with a flow 

rate of 50 ml/min. The heating rate was 5 K/min. The column-shaped sapphire was used as the 

reference sample. 

The specific heat capacity was measured from 473 to 1273 K by a differential scanning 

calorimeter (ULVAC-RIKO Inc .• Triple-cell DSC). This apparatus developed by m;[m~Bm~f~ 

has a "triple-cell" system and adiabatic temperature control system. In this apparatus. 

three cells for sample. reference material and empty pan are used. The temperature differences 

between sample-empty and reference-empty are detected by thermocouples under the condition 

of constant heating rate. The specific heat capacity of the sample is determined by comparing 

each signal. 

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 three cell was heated at 5 K/min. 

The column-shaped sapphire was used as the reference sample. The specific heat capacity was 

calculated by a scanning method. The principle of the apparatus is briefly summarized in ~~~,b~~;:;;;' 

In the temperature range from room temperature to 1473 K. the thermal diffusivities of 

the samples were measured by the laser flash method using ULVAC TC-7000 in vacuum (10-4 Pa). 

The technique is based on transiently heating the surface of the sample with an energy pulse from 

a ruby laser. Subsequently. the temperature change on the opposite surface is monitored with an 

indium antimonide infrared detector. 

In the present study. the thermal diffusivity (D) was determined by a half-time method. 

In the half time method. D is calculated by.the following equation. 
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L2 
0=1.37-

2 
-

1T t~ 

where t ~ is the time to reach at the half of the maximum temperature near the surface of the 

sample, and L is the thickness of sample. 

The thermal conductivity (K ) was calculated by the following equation; 

where p is the density of sample, which was calculated from the geometrically method and 

thermal expansion data. 

From the carbothermic reduction and atmospheric pressure sintering, the high-density 

bulk samples of UN (92.2 %T.D.), U0.4ZrO.6N (86.8 %T.D.) and UN+60mol%TiN (92.8%T.D.) were 

obtained. Their oxygen, nitrogen and carbon contents are summarized in From 

it was found that the impurity oxygen and carbon contents of UO.4ZrO.6N is about four times of 

those of UN and UN+60mol%TiN because the conversion temperature, conversion time, crush time, 

sintering time of U0.4ZrO.6N were quite higher and longer than those of UN and UN+60mol%TiN (see 

l:~,~f~~dlJ due to the high sintering resistivity of ZrN. The high impurity oxygen content may 

influence the thermophysical properties of UO.4ZrO.6N and the influence is described at later. 

Jm~§ll[~f~ and so on evaluated the porosity dependences 

of various thermophysical properties of UN prepared by the atmospheric pressure sintering. If 

the sintering condition, crystal structure and so on are same, 13 in takes the similar 

values. Therefore, in the present study, it is assumed that 13 of UN suggested by 

"'~~~'0i7:::;;;r:l ~~y~~;;'~'lt~~~~~~{~J~;C:.;:! and so on is same to those of UO.4ZrO.6N and UN+60mol%TiN. On the 

other hand, there are no data of the porosity dependences of the thermophysical properties of the 

metal nitride such as TiN and ZrN prepared by the SPS. Therefore, some bulk samples of ZrN 

and TiN with various densities were prepared by the SPS to evaluate the porosity dependences of 

the thermophysical properties. The densities of the bulk samples of ZrN and TiN were (82.5, 91.1 

and 93.5%T.D.) and (71.6, 87.5, 89.8 and 94.0 %T.D.), respectively. Their sample characteristics 
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were summarized in and In the present study, theoretical densities were 

determined from the crystal structure and lattice parameters obtained from XRD analysis. 

There were no differences between powder XRD patterns and bulk XRD patterns for all 

samples. The bulk XRD patterns of UN, UOAZrO.6N, ZrN, UN+60mol%TiN and TiN are shown in 

together with the JCPDS (Joint Committee on Powder Diffraction Standards) data 

In these figures, the peaks of the oxide were not found and the XRD patterns of UN, ZrN 

and TiN agreed with the JCPDS data. From the XRD pattern of UOAZrO.6N, it was thought that UN 

and ZrN make a solid solution. On the other hand, the peaks of UN and TiN were observed in the 

XRD pattern of UN+60mol%TiN. 

From these XRD patterns, the lattice parameters were calculated. The lattice 

parameter of each sample is shown in and and the lattice parameters of ZrN and TiN 

were independent of the density of the samples. Zr or Ti content dependences of the lattice 

parameters of UN, UO.4ZrO.6N, ZrN, UN+60mol%TiN and TiN were shown in and From 

these figures, it was found that the lattice parameters of UN, ZrN and TiN are well consistent with 

the JCPDS data. It was confirmed that U0.4Zro.6N is the solid solution of UN and ZrN because the 

lattice parameter of Ut-xZrxN follows to Vegard's law. The lattice parameters of UN phase and 

TiN phase in UN+60mol%TiN pellet correspond to those of UN and TiN pellets, respectively. 

Judging from this result, UN didn't chemically react with TiN at all. 

In the SLM, SEM and EDX analysis, the segregations of particular elements and 

precipitation could not be observed in case of UN, UO.4ZrO.6N, ZrN and TiN. On the other hand, in 

case of UN+60mol%TiN, the segregation of U and Ti elements were clearly observed as shown in 

[!J~m~ and in which the dark and light zone in the SEM and SLM image were UN and TiN 

phase. The SLM, SEM and EDX analysis proved that UN and TiN don't make a solid solution. 

ml~mi~ and show the SLM image and MSA of ZrN with the density of 82.5%T.D. 

In the present study, the author considered that the zone lower than the average height above 200 

nm is the pore. In m~~~j%]lli2, the green zone is the pore and the black zone is MSA. The MSA 

of each sample was evaluated in the same way. shows the porosity dependences of 

MSA. For all samples, the values of MSA at P =0 equal to 1. As shown in this figure, the value 

of MSA was evaluated for the first time overthe world in the present study. In the data 

points of UN, UO.4ZrO.6N and UN+60mol%TiN could be fitted by the same equation. Therefore, the 
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porosity dependences of the thermophysical properties of U0.4ZrO.6N and UN+60mol%TiN would be 

same to those of UN suggested by and so on. On the 

other hand, the MSA of ZrN and TiN linearly decreased with increasing the porosity along to the 

different equation from UN, U0.4ZrO.6N and UN+60mol%TiN. These differences are derived from 

the sintering condition, mechanical properties, and chemical properties and so on. The porosity 

dependences of the MSA of UN, U0.4Zro.6N, UN+60mol%TiN, ZrN and TiN are represented by the 

following equations; 

UN, UO.4ZrO.6N, UN+60mol%TiN: A' = exp(-0.90P) 

ZrN: A' =exp(-1.50P) (0<P<0.2), 

TiN: A' = exp(-1.09P) (0< P <0.3), 

(O<P <0.2), 

where A' is the MSA and P is the porosity. In these equations, the constant (13) at the front 

of P is the coefficient of the porosity dependence of the MSA. In the present study, it is called 

13MSA • 13MsA of UN (=0.90) was smaller than those of ZrN (=1.50) and TiN (1.09). This 

phenomenon would be resulted from the differences between the sintering methods. The 

deformation of TiN grain by the SPS pressure would be smaller than that of ZrN because the 

mechanical properties and sintering resistivity of TiN are higher and lower than those of ZrN, 

respectively. This is the reason of the differences between 13MSA of ZrN and TiN. The author 

thinks that 13MSA strongly relate to the porosity dependences of the thermophysical properties 

such as elastic properties, electrical conductivity and thermal conductivity. The relationship is 

described later. 

From the AFM observation, the surface roughness was evaluated as shown in :~J~§~\l~4':li' 

The arithmetic average surface roughness of each sample is summarized in ~~;;;J~~±:i$~ 

Their values were lower than 3 nm and are adequately lower than the indentation depth (>50 nm). 

So, it is thought that the surface roughness doesn't influence the indentation tests. 

:cM§ii?~~,~;27~~ show the SEM image, IQ (Image Quality) map and CD (Crystal Direction) 

map of each sample. Their IQ and CD map were obtained from the EBSP measurements. In IQ 

map, the brightness of each grain is proportional to the lattice strain. At the grain boundary, the 

brightness is near the dark color because the lattice is strongly strained. In CD map, the color of 

each grain corresponds to the crystal orientation in the inverse pole figure shown at the right size 

of CD map. 
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At first. the author thought that the lattice in ZrN and TiN pellets would be orientated for 

a certain direction because their samples were sintered under 50 MPa in the SPS process. 

However, from the CD map, it was confirmed that all samples are isotropic. The area function of 

each grain was evaluated using the CD map. From the area function of each grain, the maximum, 

minimum and average grain sizes were calculated and summarized in and 

The descending order of the average grain sizes were TiN, UN, ZrN, UOAZrO.6N and 

UN+60mol%TiN. In case of UN+60mol%TiN, the diffusion of U, Ti and N would be prevented 

because UN didn't react with TiN. Therefore, the grain size of UN+60mol%TiN was smallest. In 

case of UOAZrO.6N, the grain growth would not finish because the sintering resistivity of ZrN is 

higher than UN and TiN. In fact, the density of UOAZrO.6N sample (86.8%T.D.) is lower than the 

other samples ()90%T.DJ On the other hand, the grain sizes of ZrN and TiN are larger than those 

of UOAZrO.6N and UN+60mol%TiN. We must use the powder with the small grain size when we want 

to prepare the high-density samples by the atmospheric pressure sintering. In case of the SPS, 

we can obtain the high-density samples even if we use the powder with the large grain. 

Therefore, the author used the powder sample of ZrN and TiN with the large grain (average grain 

size ~ 81-/ m (ZrN), 111-/ m (TiN)) as the starting material in the SPS process. As the results, the 

grain sizes of ZrN and TiN samples were larger than those of UO.4ZrO.6N and UN+60mol%TiN. In 

addition, it was confirmed that the grain growth was very small in the SPS process because the 

grain size of the powder sample before the SPS was very similar to those of each density sample. 

From the EBSP analysis, the misorientation angle, which is the differences of between 

orientation angles of the adjacent grains, was also evaluated. and show the 

number fraction of the misorientation angle of UN, UO.4ZrO.6N, UN+60mol%TiN and TiN. In 

and the dot lines represents the average value of the misorientation angle of each 

sample. The average misorientation angle of UN (=21.4 0) was similar to that of UO.4ZrO.6N (=24.3 0), 

and lower than those of ZrN (=38.6 0), UN+60mol%TiN (=30.6 0) and TiN (=33.2 0 ). The 

misorientation angle generally becomes to be low to minimize the surface energy in the sintering 

process. The misorientation angle of UN+60mol%TiN was larger than that of UN because the 

binding strength between UN grain and TiN grain is lower than that between UN grains. In case of 

TiN and ZrN, the green pellets are sintered before the diffusion of molecule reaches at thermal 

equilibrium in the SPS process. Therefore, the misorientation angle would become to be high. 

The influence that the differences in the grain sizes give on the thermophysical properties would 

be small at this grain size level (3-10 1-/ m) However, the differences in the misorientation 
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angles may influence on the thermophysical prosperities, in particular mechanical properties. 

The indention test is usually performed with the AFM observation. In this case, we 

can't strike the precipitation because the AFM image shows only the surface roughness of the 

sample and doesn't show the microstructure. In the present study, the indentation tests were 

performed with the optical microscope and AFM. By this in-situ method, the author succeeded 

to strike the precipitation such as TiN phase in UN+60mol%TiN shown in From the 

load-displacement curve obtained in the indentation tests, Young's modulus and indentation 

hardness were evaluated. shows the indentation depth dependences of Young's 

modulus. In this figure, Young's moduli of all samples are independent of the depth in the low 

depth region. On the other hand, Young's moduli rapidly decrease with increasing the depth in 

the high depth region. The reason would be that the elastic deformation zone shown in 

referred from reaches at the grain boundary in the high depth region, and that the 

expansion of the elastic deformation zone is interfered by the grain boundary. As the result, 

Young's modulus obtained from the indentation test becomes to be low. In the present study, 

the author considered the average of Young's modulus obtained in the low depth region as 

Young's modulus of porosity-free material. Young's modulus of UN obtained from the 

indentation tests was 276 + 25 GPa, and this value is well consistent with that of porosity-free UN 

estimated by (=259 GPa). From this result, it was confirmed that Young's 

modulus obtained by the indentation test shows the value of the porosity-free material. 

The values of sound velocities and elastic moduli obtained from the ultrasonic pulse 

echo measurements are summarized in and shows the porosity 

dependences of the Young's modulus of UN, U0.4Zro.6N, ZrN, UN+60mol%TiN and TiN, together with 

the literature data of In these figures, Young's modulus obtained from the 

indentation test of each samples was plotted at P =0. The porosity dependence of the Young's 

modulus of UN was evaluated by as the following equation; 

Ep(GPa) = 259[(1- p)x 100]3.002 (0< P <0.30). 

Generally, the porosity dependence of Young's modulus is represented by Wachtman equation 

In the present study, the author re-evaluated the porosity dependence ofthe Young's 

modulus of UN based on the data of mx:~r~1ilmll~il i~[~r~tmi~[[~~l. m~~~~~§§2If~t[1. 
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YJ1~~][~~~ll~~~~[Oll and by the following equation; 

UN: Ep (GPa) = 262exp(- 3.43P) (O<P <0.30). 

If the values of ~MSA are same. it is assumed that the coefficient of the porosity dependence of 

Young's modulus (~E) are also same. In ~MSA of UN, UOAZrO.6N and UN+60mol%TiN 

showed the same value each other. From these results and Young's modulus obtained from the 

ultrasonic pulse echo method. the porosity dependences of UO.4ZrO.6N and UN+60mol%TiN would be 

estimated by the following equations; 

UOAZrO.6N: Ep(GPa) = 371exp(- 3.43P) (O<P <0.30). 

UN+60mol%TiN: Ep(GPa) = 362exp(- 3.43P) (0< P <0.30). 

In case of ZrN and TiN. the porosity dependences of the Young's modulus were 

evaluated using the results of the ultrasonic pulse echo method obtained from some samples with 

various porosities. because there are no data of the porosity dependences of the thermophysical 

properties of the metal nitride prepared by the SPS. 

ZrN: Ep(GPa) = 442exp(- 5.69P) (O<P <0.190). 

TiN: Ep (GPa) = 575exp(- 4.11P) (0< P <0.284). 

In the same way of UN, Young's modulus of UOAZrO.6N (=370 ± 27 GPa) and ZrN 

(=452 ± 38 GPa) obtained from the indentation tests were well consistent with Young's modulus of 

porosity-free U0.4ZrO.6N (=371 GPa) and ZrN (=442 GPa) estimated from and 

Young's moduli of ZrN 

consistent with the data of 1:l!r~' 

obtained in the present study are well 

These results are 

reasonable because ZrN pellets in and TiN pellets in were prepared by the 

hot-press and the porosity dependence of the SPS sample would be similar to that of the 

hot-pressed sample. shows the relationship between ~E and ~MSA' In this figure, 

the linear relationship between ~E and ~MSA could be observed. From this relationship 

we would easily estimate the Young's modulus of the porosity-free material from only one 

data. and predict Young's modulus of the sample with the various microstructures and porosities. 

~E = 2.78 X 10-2 +3.78~MSA 

There are some models to estimate the Young's modulus of the composite material 

such as UN+60mol%TiN pellet. However. the interaction between each phase is not taken 

account into their model. Therefore, we can't precisely estimate the thermophysical properties 

of the composite material. In the present study. the author succeeded to evaluate the Young's 
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modulus of each phase in UN+60mol%TiN pellet by the in-situ indentation test. The results 

should include the interaction between UN phase and TiN phase. Young's modulus of TiN phase 

in UN+60mol%TiN obtained from the indentation test was higher than that of TiN pellet. although 

that of UN phase in UN+60mol%TiN was same to that of UN pellet. The author estimated the 

Young's modulus of UN+60mol%TiN using the Young's modulus of each phases from Fan equation 

where Ec. Ea and E~ are the Young's modulus of the composite material. a phase and 13 

phase. and fae • f~e. Es and fs are defined as 

obtained from the indentation tests; 

f. - f~ f. 
~e - fR+f. ~. 

a ~ 

G Ga 
s=--~f.=--

1 + ~s 
1-f~srD 

7-5v 
r = 15(1-v:r 

in Ea and E~ were 

where ~. Gj • Vj and d j are the volume fraction. shear modulus. Poisson's ratio and grain size of 

each phase. In these equations. the grain size and Poisson's ratio were obtained from the EBSP 
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analysis and ultrasonic pulse echo method. respectively. The shear modulus was calculated using 

the Young's modulus obtained from the indentation tests and Poisson's ratio obtained from the 

ultrasonic pulse echo method. In the same way. the upper bound (Ec_u ) and lower bound (EC_L ) 

of the Young's modulus of UN+60mol%TiN were estimated from Hashin' s equation (~JI~~fiu 

EC_u = 2Gc_u {1 + vc ). 

EC_L = 2GC_L (1 + vc ). 

where GC_L ' Gc_u and Vc are defined by the following equations; 

BC_u = Ba + ____ '-=a_-::-::,---_ 
1 3fJ3 --,--- + ---'---

Ba -BJ3 3BJ3 +4GJ3 

~;:;,,~~ and show ZrN or TiN content dependences of Young's modulus. It was 

found that the Young's modulus of UxZt-xN linearly increase with increasing the ZrN content and 

Young's modulus of UN+60mol%TiN by the ultrasonic pulse echo method are well consistent with 

the data estimated from Young's moduli of UN phase and TiN phase in UN+60mol%TiN pellet by 

the indentation test using Fan's equation and Hashin' s equation. On the other hand, Young's 

modulus of UN+60mol%TiN by the ultrasonic pulse echo method didn't agree with those estimated 

from Young's moduli of UN pellet and TiN pellet obtained from indentation test or ultrasonic pulse 

echo method using Fan's equation. This is because Fan's equation and Hashin' s equation don't 

take account into the interaction between UN phase and TiN phase in UN+60mol%TiN. From 

these results, it was proved that the Young's modulus could be precisely evaluated by the 

indentation method in both case of the composite and solid solution material. The large samples 

are required in the general method to measure the Young's modulus such as the ultrasonic pulse 

echo method (>T5mmx <p 5mm) and the tensile test (>100mmx 1mmx 5mm). Therefore, it is 
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very difficult to evaluate Young's modulus of MA-containing fuels because the sample quantity of 

MA is strictly regulated. So, this method using the indentation test would be extremely when we 

evaluate Young's modulus of MA-containing fuels because the sample size is very small in case of 

the indentation test. 

1iJ~~~t~ and show the porosity dependences of the Vickers hardness at the load of 

9.8N of UN, U0.4ZrO.6N, ZrN, UN+60mol%TiN and TiN, together with the literature data 

The porosity dependence of UN were evaluated by 

~4Zilt;:z01~'k':ii§iy;;:~ as the following equations; 

Hy (GPa) = 9.334(1- 2.1P)exP(-1.882 x 10-3 T) 
(0< P <0.26, 298< T < 1673 K), 

HY{GPa} = 4.778(1-2.1P) (O<P <0.26). 

The Vickers hardness of UN obtained in the present study agreed with [g~§:g. In both case of 

lm~I~~m1~~ and mm!;;m~[21[~~, the coefficients of the porosity dependence of the 

Vickers hardness of UN were 2.1. Using this value, the author derived the porosity dependences 

of U0.4ZrO.6N and UN+60mol%TiN as the following equations; 

UO.4ZrO.6N: Hy (GPa) = 8.37(1- 2.1P) (0< P <0.26), 

UN+60mol%TiN: Hy (GPa) = 10.2(1- 2.1P) (0< P <0.26). 

In the present study, the author used the function with the same form in case of UN and evaluated 

the porosity dependences of the Vickers hardness of ZrN and TiN as the following equations; 

ZrN: Hy (GPa) = 11.4(1- 3.8P) (0< P <0.20) 

TiN: Hy{GPa)=12.0(1-2.7P) (O<P<O.17) 

Vickers hardness of ZrN pellets with various porosities at load of 4.9N was evaluated by ~n~~~~ 

Using this data, the author derived the following equation; 

ZrN: H y (GPa)=12.5(1-2.8P) (0<P<0.35) 

The Vickers hardness of porosity-free ZrN at 9.8 N estimated in ;;;P~."'0'¥;;;~ (=11.4 GPa) was slightly 

lower than that at 4.9 N estimated in ~~§]. The reason is the differences on the load. 

shows the load dependence of Vickers hardness of porosity-free ZrN. In this figure, the 

Vickers hardness at the load of 0.98, 2.94 and 9.8 N were obtained in the present study and the 

Vickers hardness linearly decreased with increasing the load. Therefore, the author considers 

that the Vickers hardness obtained in the present study is the reasonable data. 
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Using the Vickers hardness of the porosity-free material obtained in and 

ZrN or TiN content dependences of the Vickers hardness of UI_xZrxN and UN+60mol%TiN are 

shown in In addition. ZrN or TiN content dependences of the fracture toughness of 

UI_xZrxN and UN+60mol%TiN are shown in together with the literature data In 

ld'JJ1~2;k~~' the Vickers hardness of U0.4ZrO.6N and UN+Xmol%TiN simply increased with increasing the 

ZrN or TiN content. On the other hand. in case of the fracture toughness the certain 

trend could not be observed. The author attempted to resolve the crisscross between the 

Vickers hardness and fracture toughness by the EBSP analysis. show the SEM 

image, IQ map and CD map around the crack generating from the vertex of the Vickers impression 

of each sample. In case of UN, UO.4ZrO.6N and UN+60mol%, the intragranular crack progresses 

without stopping at the grain boundary. On the other hand, the intragranular crack of ZrN and 

TiN stopped at the grain boundary or converted to the intergranular crack. In case of ZrN, 

~lm!rm~~~fJ!~m reported that the intergranular crack concentrated at the grain boundary with 

the high misorientation angle. By the EBSP analysis, the misorientation angle of ZrN and TiN 

prepared by the SPS were higher than those of UN, U0.4ZrO.6N, UN+60mol%TiN prepared by the 

atmospheric pressure sintering. Therefore, the intragranular crack of TiN and ZrN would stop or 

convert to the intergranular crack at the grain boundary and this is the reason that ZrN or TiN 

content dependences of the fracture toughness didn't show the certain trend. The fracture 

toughness C)2MPamO.5) of UN, UO.4ZrO.6N, ZrN, UN+60mol%TiN and TiN were vastly larger than that 

of the porosity-free U02 ~~~~~l 

This result indicates that the resistivity of the nitride fuel for the pellet cracking by the thermal 

stress is higher than that of the oxide fuel. 

il~rm shows the load dependences of the indentation hardness and Vickers hardness 

of UN, together with the literature data of U02 The Vickers hardness of U02 was larger 

than that of UN in the region of P )4.9N. On the other hand, the indentation hardness of U02 

was smaller than that of UN in the region of P <1 OmN. This phenomenon would be resulted from 

the indentation size effect (ISE), which detail is described later. The Vickers hardness was larger 

than the indentation hardness. It is because the indentation hardness indicates the resistivity for 

only the plastic deformation and the Vickers hardness includes not only the resistivity for the 

plastic deformation, but also the recovery by the surface tension. 

The Vickers hardness and indentation hardness decrease with increasing the load. This 
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phenomenon is called the indentation size effect (ISE). As the sources of the ISE. the following 

effects are thought 

1. Pile-up or sink-in 

2. Surface altered layer such as the strongly strain-hardening surface layer and oxidized 

surface layer 

3. Non-self-similarity in the shape of indenter 

4. Strain hardening plasticity in the indentation process 

In this segment. each phenomenon is explained and their effects are discussed. Pile-up and 

sink-in indicate the deformation of the area not contacting with the indenter in the indentation 

process as shown in If the pile-up or sink-in happens. the hardness and Young's 

modulus obtained from the indentation test change because the contact area with the pile-up or 

sink-in is different from that without the pile-up or sink-in. In the present study. it was 

confirmed that the pile-up or sink-in don't happen in case of the metal nitride with NaCI structure 

by the AFM observation. The author could observe the clear Kikuchi patter such as in 

the EBSP analysis for all samples. If there are surface altered layer such as oxidized surface 

layer and strain-hardening layer with thickness of several dozen nm. we can't observe the Kikuchi 

pattern. From these results. it was found that there are almost not surface altered layer in all 

samples. The self-similarity in the shape of the indenter can be evaluated by the area function 

defined in In the present study. the area function was evaluated using the fused silica at 

various load and the area function was independent of the load and depth. From the results 

descried in this segment, it was confirmed that there were no influences of pile-up or sink-in, 

surface affected layer and non-self-similarity of the indenter shape. Therefore, it was thought 

that the ISE is resulted from the strain hardening plasticity in the indentation process. 

formulated the ISE by the strain gradient plasticity 'Ii~j based on the 
~PG*/»,." 

geometrically necessary dislocations (GNDs) The GNDs generate to homogenize the strain 

gradient concentrating at the plastic deformation zone. The strain gradient plasticity is the 

theory that the material is hardened by the GNDs when the plastic deformation generates in the 

material. The following sentences briefly explain Nix and Gao model. 

For simplicity, Nix and Gao assumed that the indentation was accommodated by circular 

loops of the GNDs with Burgers vector as shown in Fig. 2.45 referred from '5:';:\~~vi:!:O As the 

indenter is loaded into the surface of a single crystal, the GNDs are required to account for the 

permanent shape change at the surface. Of course the called statistically stored dislocations 
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(SSDs) which is the dislocation to exist before the indentation. could contribute to the 

hardness. Nix and Gao defined the angle between the indenter and the surface of the sample to 

be e. the contact radius to be a and the depth of indentation to be h. In this case, the 

following equation is derived. 

h b 
tanS =-=-

a s 

where s is the spacing between individual slip steps on the indentation surface. 

i
8 i8 dr i8 h lTha A. = dA. = 2lTr- = 2lT-dr =--
o 0 S 0 ba b 

where A. is the total length of the injected dislocation loops. From ~'z!~~~~~ and the volume of 

the plastic deformation zone (V), the density of the GNDs (PG) is represented by the following 

equation; 

A. 3h 3 2 
PG =-=--=--tan S. 

V 2ba2 2bh 

To estimate the deformation resistance, Taylor relation rr§ID: ~I]~~ was used to evaluate the 

shear strength (T ); 

r = aGb.[p-; = aGb~ PG + Ps ' 

where the Pr is the total dislocation density in the indentation, Ps is the density of SSDs, G 

is the shear modulus, a is a constant to be 0.3-0.6. Nix and Gao assumed that the Von Mises 

flow rule and that Tabor's factor of 3 im can be used to convert the equivalent flow stress 

(-; ) to hardness; 

From and the hardness existing the GNDs (H ) and not existing the GNDs (Ho ) are 

represented by the following equations; 

H = 3.J3-& = 3.J3aGb~ PG + Ps • 

Ho = 3.J31: = 3.J3aGb.[p; . 

Ho is equal to the hardness at the adequate large depth because the PG is vanishingly small 

when the depth is close to the infinite value. From tzI~=;~m and Nix and Gao model 

was derived. 
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Ho and ho are generally obtained by fitting of ~~~~~Q;;~~ for the experimental data. Thus. the ISE 

can't be explained from the load dependent of the hardness and can be explained from the 

relationship of 1/ hand H 2. Therefore. the relationships of 1/ hand H 2 of UN. UO.4ZrO.6N. 

ZrN. UN+60mol%TiN and TiN are shown in i~~:~~~;;;W. 

experimental data follows to Nix and Gao model in the region of h > 170 nm. but Nix and Gao model 

overestimates the hardness in the region of h <170 nm. In the same way. [~~[;~ 

and [~[m~1i~~J]§;jij evaluated the ISE on Ir and MgO. respectively. In case of Ir and MgO. Nix 

and Gao model also overestimated the hardness at low h. In Nix and Gao model. it was assumed 

that all the GNDs are contained within a hemisphere plastic zone. with a radius equal to the 

contact radius a. §!~mR~£~Ii~l suggested that this assumption may not be correct at 

low hand GNDs spreads out from the hemisphere plastic zone with a radius equal to the contact 

radius. The spread-out effect was experimentally confirmed by 

suggested the effective plastic zone with a radius of fa to account the spread-out effect. 

and improved Nix and Gao model as the following equation; 

formulated the form of function (f(h) as !1ij}~~~il' 

f = 1+ae-h1h
,. 

where a and h1 are the fitting parameters. From and was obtained; 

_ =1+{1+ae- h1h1 J3....2.. ( 
H)2 h 
Ho h 

The experimental data was adequately fitted by using as shown in !i1U'1~~~~~' However. 

""s-:;,7i.:e.i.~A.;;is:;f~7.~1 did not show the clear ground about but the author think that ~A'1:,;~;:::it«lj is not 

wrong but is not perfect. The reason is described in the following sentences. 

It is thought that the GNDs spread out from the plastic zone when the sum of the 

thermal drift force of dislocations and the repulsive force between GNDs is beyond Peierls stress. 

Therefore. f(h) should have the threshold value. The relationships described in is 

suggested on the repulsive force (0' ). distance (r ) between dislocations. GNDs density (PG ). and 
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indentation depth (h). 

a oc 1 1 r oc 1 I PG oc h 

So. it is thought that f(h) is strongly relate to a but the relationship is not clear. Therefore. 

the relationships between f(h) and h may not be the exponential function ( and be the 

inverse proportional function with the threshold value. However. the dataset of H2 and 1/h is 

not the continuous data and the precise decision of the threshold is very difficult. In addition. the 

relationships between f(h) and a is uncertain. Therefore. the author thought that is 

reasonable. and the author fitted the experimental data of UN using [qj~~~ in the present study. 

From fitting by ~1l)l1r;;; the depth dependences of indentation hardness of UN was revealed as the 

following equation; 

UN: (H(GPa))' = 1 + [1 + 1.550exp(- h(nm)/35.52)]-3 4~8.7) (70< h <21 00 nm). 
4.948 h,nm 

In the same way. the dependences of the indentation hardness of UOAZrO.6N and ZrN were 

evaluated by using as the following equations. 

UO.4ZrO.6N: (H(GPa))' =1+[1+1.735exp(-h(nm)/22.89)]-31~6.1) (60<h<1000nm) 
9.103 h,nm 

(
H(GPa)), _ 22.89 

ZrN: = 1 + [1 + 0.3737exp(- h(nm)/26.04)] 3 -(,-) (70<h <1000 nm) 
14.77 h,nm 

Ho of UN (=4.948 GPa). U0.4Zro.6N(=9.103 GPa) and ZrN (14.77 GPa) in are close to 

the Vickers hardness at 9.8N of UN (=4.78GPa). UO.4ZrO.6N (=8.37GPa) and ZrN (=11.4GPa) in 

In addition. compared with UN. the overestimates by Nix and Gao model could not be 

almost observed in case of ZrN and UOAZrO.6N. JUdging from the Debye temperature. the binding 

force of ZrN and UOAZrO.6N are larger than that of UN. Therefore. GNDs in ZrN and UO.4ZrO.6N 

didn't spread out because the Piers stress of ZrN and U0.4Zro.6N is larger than that of UN. This is 

the reason that Nix and Gao model didn't almost overestimate in case of ZrN and UOAZrO.6N. 

In the relationship between H2 and 11 h of UN phase in UN+60mol%TiN 

pellet agrees with that of UN. In case of §I;!gj~~(~l. the overestimates by Nix and Gao model 

could not be observed and the depth dependences of the indentation hardness of TiN phase in 

UN+60mol%TiN and TiN were evaluated by the following equations; 

TiN phase in UN+60mol%TiN pellet: (H(GPa))' = 1 + 57.95) (50< h <400 nm). 
15.65' h,nm 
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TiN: (H{GPa))' == 1 + 151.3 (50< h <700 nm). 
10.32 h{nm) 

From ~1~~[~. it was found that the indentation hardness of TiN phase in UN+60mol%TiN pellet 

is higher than that of TiN and the ho of TiN was about three times of that of TiN phase in 

UN+60mol%TiN pellet. From ~~r??f:a these differences were resulted from only the differences 

of Ps. Therefore. it was found that Ps of TiN phase in UN+60mol%TiN pellet is about three time 

of that of TiN. This is also confirmed from the EBSP analysis of UN+60mol%TiN \:Ci!l~~~l;;~~~ and 

~). too. In the SEM image \!l'J~~:;:~WI UN phase and TiN phase in UN+60mol%TiN pellet 

represent as the gray and light zone. On the other hand. in the IQ map the 

relationship inverted. This inversion indicates that the strain concentrates in TiN phase. This 

result explains that the indentation hardness of UN phase in UN+60mol%TiN is similar to that of UN 

and that of TiN phase in UN+60mol%TiN is higher than that of TiN. The author thinks that the 

strain concentration in TiN phase is resulted from the differences of the oxidation resistivity and 

the thermal expansion between UN and TiN. 

evaluated the temperature (T) and porosity (P ) dependences of the 

electrical conductivity (a) of UN as the following equation; 

UN: a{P, T)(10 4 n-1m-1
) == 139.9T-o.125exp{- 2.14 x p) 

(298 < T < 1923K. 0< P <0.2). 

In the same way of Young's modulus. the coefficients of the porosity dependences of the 

electrical properties of UO.4Zro.6N and UN+60mol%TiN were used with the same value of that of UN 

(=2.14). MlJJ!~~~~ shows the porosity dependences of the electrical conductivities at 473K of TiN 

and ZrN. together with the data of UN From this figure. the coefficient of the porosity 

dependences of the electrical conductivity at 473 K of ZrN and TiN were 2.31 and 1.96. In the 

different way of the Young's modulus. these values (ZrN: 2.31. TiN: 1.96) are similar to that of UN 

(=2.14). The electrical conductivities of ZrN and TiN were measured along the perpendicular 

direction of the SPS pressure. On the other hand. the thermophysical properties except for the 

electrical conductivity were measured along the parallel direction. The MSA of the parallel 

direction was larger than that of the perpendicular direction because the grains were distorted by 

the SPS pressure. This is the reason that the coefficients of the porosity dependences of the 

electrical conductivity of TiN and ZrN took the similar values with that of UN. 
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show the temperature dependences of the electrical conductivities of UN. U0.4ZrO.6N, ZrN, 

UN+60mol%TiN and TiN, together with the literature data [~~mJ&l~1m1[~~~rl. The electrical 

conductivity of UN obtained in the present study was well consistent with the literature data 

That of ZrN was within the variation of the literature data §o~~i2 The 

temperature and porosity dependences of the electrical conductivity of U0.4ZrO.6N, ZrN, 

UN+60mol%TiN and TiN were evaluated as the following equation; 

UO.4ZrO.6N: a(P, T}(1 0 4 n-1m-1 ) = 54.4 x 1 0-2r4.19x10-2 exp(- 2.14 x p} 

(333< T <873 K, 0< P <0.20) 

UN+60mol%TiN: a(p, T}(10 4n-1m-1) = 435 x 10-2T-o.237x10-2 exp(-2.14 x p} 

(333< T <973 K, 0< P <0.20) 

ZrN: a(p, T}(104 n-1m-1)= 2.34 x 104T-O·74g exp(_ 2.31 x p} 

(333< T <723 K, 0< P <0.2) 

TiN: a(P, 7)(10 4 n-1m-1)= 4.99 x 104T-o.S33exp(_1.96 x p} 

(333< T <973 K, 0< P <0.3) 

shows the temperature dependence of the Seebeck coefficient of UN, together with the 

literature data In the same way of the electrical conductivity, the Seebeck 

coefficient of UN obtained in the present study was well consistent with the literature data ~ltfj~!lI 

The Seebeck coefficient of UN showed the positive value. Therefore, it was found that the 

main career in UN is the hole. In ~"!i't~~,,~' the electrical conductivity of UO.4ZrO.6N was smaller 

than that of UN nevertheless that of ZrN was vastly larger than that of UN. This is because the 

hole density of UO.4ZrO.6N would be smaller than those of UN and ZrN due to the high content of the 

impurity oxygen (rmmn!~~). On the other hand, the electrical conductivity of UN+60mol%TiN was 

vastly larger than that of UN. In ~,t,t§~'ll':~~'a!l' the green dash line represents the estimated value of 

UN+60mol%TiN using the electrical conductivity of UN (~~i't7l~\ and TiN from Schulz's 
"A"~CC>*"AS~U%' 

equation 

In this equation, V and a are the volume fraction and transport properties such as the thermal 

conductivity and electrical conductivity, and the subscript of C, a and J3 shows the composite 

material, first phase (=UN) and second phase (=TiN). The estimated data of UN+60mol%TiN was 

higher than the experimental data. Generally speaking, the thermal and electrical resistivity 
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becomes to be high locally at the grain boundary because there is a large barrier. which the heat 

flux and current need exceed. at grain boundary due to the high density of the point defect. 

dislocation at the grain boundary and crystal orientation mismatch between the grains. This 

phenomenon is called 'grain boundary scattering'. Therefore, it is reasonable that the estimated 

data is higher than the experimental data. The contribution of the grain boundary scattering 

decreases with increasing the temperature. So. the differences between the estimated data and 

experimental data of UN+60mol%TiN decreased with increasing the temperature. 

The thermal expansion is independent of the porosity Therefore. in the present 

study. the author used ZrN pellets with 82.5%T.D. and TiN pellets with 84.1 %T.D. as the sample of 

the thermodilatometly measurement. The thermal expansions of UN. U0.4ZrO.6N. ZrN. 

UN+60mol%TiN and TiN were shown in ~~~~~~$~~ and together with the literature data 

The temperature dependences of the lattice parameters of UN. ZrN and TiN were 

and 

a{nm) = 0.4879 +3.264 x 10-6 T +6.889 x 10-10 T 2 

(298< T <2523 K) 

a{nm) = 0.45718 + 2.107 x 10-6 T + 8.253 x 10-10 T 2 

(298< T < 1423 K) 

a{nm) = 0.42313 + 2.338 x 10-6 T + 1.0717 x 10-9 T2 

(298< T <1423 K) 

l::::~;~;!&:2~~l!~ were obtained from the high temperature XRD analysis. In :t-G~,!;;':';'"!;:~~ 

thermal expansion of UN, ZrN and TiN obtained in the present study corresponded to ;~:,'~~~&:~,,;;;,~.~. 

Using [ql~~gl~~. the thermal expansion of UO.4ZrO.6N and UN+60mol%TiN were evaluated from 

Vegard's law or Turner's equation (!§'1 \~~1~:;;~~~31::/. 

In this equation. a lin is the linear thermal expansion coefficient (L TEe). B is the bulk modulus, 

and V is the volume fraction. The thermal expansion of U0.4ZrO.6N and UN+60mol%TiN estimated 

by Vegard's law or Turner's equation were well consistent with those obtained in the present 

study. The thermal expansion of each sample obtained in the present study was represented by 
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the following equations; 

UN: LiL/ L(%) = 6.745 x 10-4 (T -298)+ 3.350 x 10-7 (T -298)2 

(298< T <900 K). 

UOAZrO.6N: LiL / L(%) = 5.912 x 10-4 (T - 298) + 3.207 x 10-7 (T - 298)2 

(298< T <1023 K). 

ZrN: LiL/ L(%) = 6.401 x 10-4 (T - 298)+1.130 x 10-7 (T - 298)2 

(298< T <1423 K). 

UN+60mol%TiN: LiL/ L(%) = 7.843 x1 0-4(T -298)+1.945 x 10-7(T -298)2 

(298< T <973 K). 

TiN: LiL/ L(%) = 8.516 x 10-4(T -298)+ 7.684 x 10-8 (T - 298)2 

(298<T <1473 K). 

The specific heat capacity (Cp ) of UN. ZrN and TiN could be obtained from the SGTE 

databases nSg] as the following equation; 
~~ 

UN: cp (Jmol-1K-1)= 55.73 + 4.979 x 10-3 T - 8.790 x 10-5 r 2 (298<T <1500 K) 

TiN: cp (Jmol-1K-1)= 42.66 +2.922 x 10-2T -2.349 x 10-5 T 2 -1.085 X 10 6 T-2 

(298< T <600 K) 

Cp (Jmol-1K-1
) = 49.08 + 1.582 x 10-3 T + 2.271 x 10-5 T2 - 7.658 x 105 r2 

(600< T <1600 K) 

Cp (Jmol-1K-1
) = 40.89 + 9.615 x 10-3 T + 4.673 x 10-8 T 2 +1.893 X 10 6 T-2 

(1600< T <3200 K) 

ZrN: Cp (Jmol-1K-1)= 46.42 + 7.056 x 10-2T -7.994 x 10-9 T 2 -7.168 X 10 5 T-2 

(298< T <2000K) 

cp (Jmol-1K-1
) = 9.000 + 2.890 x 10-2 T - 3.474 x 10-6 T 2 + 3.210 X 107T-2 

(2000< T <2600 K) 

Cp (JmOI-1K-1)= 41.31 + 9.390 x 10-3 T - 3.049 x 10-7T 2 + 6.404 X 10 6 T-2 

(2600< T <3225 K) 

Using these data. the specific capacity of UOAZrO.6N and UN+60mol%TiN were estimated from 

Neuman-Kopp's law and sum of O.4Cp ,UN and 0.6Cp,TlN' Generally. the specific heat capacity at 

constant pressure (Cp ) is the sum of lattice vibrational term (= specific heat capacity at constant 
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volume) (Cv ). lattice dilational term (CD)' electric term (CEL ) and other term (COTHER ) such as 

the effect of the lattice anharmonic and generation of the lattice defect. The Cv can be 

estimated by Debye model \:Ir~~i]j~~J when we know the Debye temperature (So), 

In this equation, R. Nand T are the molar gas constant, number of the atom in the chemical 

formula, absolute temperature. The CD can be also estimated from using the thermal 

expansion (alin ), bulk modulus (B ) and the molar volume (Vm ). 

The data of a lin , Band Vm was used the data obtained from the thermodilatometry, ultrasonic 

pulse echo measurement and XRD measurement when the author estimated the Co. The CEL 

can be estimated from the Cp at the low temperature (about 0-20K). However, there is no data 

of the Cp at the low temperature of UN, ZrN and TiN. 

The temperature dependences of specific heat capacities of UN, UOAZrO.6N, ZrN, 

UN+60mol%TiN and TiN are shown in and together with the literature data 

and the estimated data from ~~~ and In these figures, the fat solid lines represent the 

estimated data from and the thin solid lines (§lrl~li~) represent the data 

obtained in the present study. 

UN: cp (JmOI-1K-1
) = 48.86 +1.207 x 10-3 T -1.422 X 105 T-2 (473<T <1273 K) 

UO.4ZrO.6N: Cp (JmOI-1K-1
) = 45.00 + 1.084 x 10-2 T -1.2919 x 105 

r-2 

(473<T <1273 K) 

ZrN: cp (JmOI-1K-1)= 43.78 + 9.992 x 10-3 T - 4.128 x 10 5 r-2 (473<T <1273 K) 

UN+60mol%TiN: cp (Jmor1K-1)= 53.90 + 4.300 x 10-3 T -1.760 x 106r-2 

(473<T <1273 K) 

TiN: Cp (Jmol-1K-1
) = 35.25 + 2.477 x 10-2 T - 8.578 x 10-6 T2 + 5.830 x 105 T-2 

(473<T<1273 K) 

From these figures, it was confirmed that the experimental data of UN, ZrN and TiN obtained in the 

present study agreed with the literature data ~~i!~Il~m and the experimental data of UO.4ZrO.6N 

and UN+60mol%TiN agreed with the estimated data (O.4Cp,uN + 0.6Cp,ZrN and O.4Cp,UN + 0.6Cp,TiN ). 

From these results, it was found that there are no anomalous effects by the addition of ZrN and 
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TiN to UN in case of the specific heat capacity and thermal expansion. The experimental data 

was not consistent with the the sum of Cv and CD' The subtracts from the Cp to the sum of 

Cv and CD at the high temperature (>800K) decreased with the UN, UO.4ZrO.6N, ZrN and TiN. 

The differences are resulted from the CEl and COTHER' 

and show the porosity dependences of the thermal conductivities of ZrN 

and TiN at each temperature. In these figures, the thermal conductivities of ZrN and TiN 

exponentially decreased with increasing the porosity. It was thought that the gradient 

(= LllnK / Ll T) at each temperature shows the similar value at each temperature. The thermal 

conductivity of UN was represented by ~][~;;mll~~ as the following equation, 

UN: K (Wm-1K-1)= 1.37T°.410 1- P (10<T <1923 K, O<P <0.2). 
p 1+P 

As shown evaluated the porosity dependences of the thermal 

conductivity of UN using Maxwell-Eucken' s equation Therefore, in the present study, 

the author also used Maxwell-Eucken's equation \;~~~/ to evaluate the porosity dependences 

of ZrN and TiN. The coefficient of the porosity dependences of the thermal conductivity of ZrN 

and TiN were 5.31 and 2.03. shows the coefficient of the porosity dependence of MSA 

( 13MsA ) as the function of the coefficient (13
K

) of porosity dependence of thermal conductivity of 

UN, TiN and ZrN. In the same way of Young's modulus, the linear relationships could 

be observed in 

13K =-5.70+7.31 13MsA 

allows us to estimate the thermal conductivity at P = 0 if MSA and the thermal 

conductivity of the bulk sample with the porosity of P are known. In the same way of Young's 

modulus and electrical conductivity, the thermal conductivity of UOAZrO.6N (86.8%T.D.) and 

UN+60mol%TiN (92.8%T.D) were corrected to those of the porosity-free UO.4ZrO.6N and 

UN+60mol%TiN using the same equation with UN. 

~jl.§~i:r,~:~~ and show the temperature dependences of the thermal conductivity of 

porosity-free UN, U0.4Zro.6N, ZrN, UN+60mol%TiN and TiN, together with the literature data 

In these figures, the solid lines represent the fitting results (~~J~~I!ml~~§). 

UN: K(Wm-1K-1 ) = 2.08To.342 1- P (298< T <1273 K, 0< T <0.2), 
1+P 

U0.4Zro.6N: K(wm-1K-1)= 8.94To.799 ~:; (298<T<1273K,O<T<0.2), 
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ZrN: _iWm-1K-1)=21.4To.170 1-P (298<T<1473 K 0<T<0.2) 
K\ 1+5.31P " 

UN+60mol%TiN: K(Wm-1K-1
) = 1.35T°.456 1- P (298< T <1473 K, 0< T <0.2), 

1+P 

TiN: K(Wm-1K-1) = 44.8T-1.20 x10-4 1- P (298<T <1f1.73 K, O<T <0.3). 
1+2.03P 

The thermal conductivities of ZrN and TiN obtained in the present study were vastly higher than 

the literature data ~~~~. To discuss about the differences between the data obtained in the 

present study and literatures, the author noticed the career thermal conductivity. The thermal 

conductivity (KTOT ) is represented by the. sum of the electric contribution (=career thermal 

conductivity: KEL ), lattice contribution (=Iattice thermal conductivity: KLAT ) and the other 

contribution (KOTHER ). The KEL can be estimated by Wiedemann-Franz law ( 

C: Specific heat at unit volume, I: Mean free path, v: Velocity of electron 

n : Density of electron, ks: Boltzmann constant (= 1 0-23 JK-1 
), 

-. : Mean collision time of electron, m: Atomic weight, 

L: Lorenz number ('. 2.45 x 10-8 WK-2n), a: Electrical conductivity 

The KEL of ZrN and TiN estimated using the a obtained in the present study were 32.5 Wm-1 K-1 

(ZrN) and 38.7 Wm-1K-1 (TiN) at room temperature and showed the similar value estimated using 

the literature data of the electrical conductivity These values were higher than the 

KTOTAL in In addition, the data evaluated by , which is not published yet, in 

JAEA shows the similar value of that obtained in the present study. Therefore, the author thinks 

that in the thermal conductivities of ZrN and TiN was underestimated since the 

densities of the sample used in were low «82%T.D.) and the values were below the Pc 

value, which is the points that the thermal conductivity rapidly decreases with increasing the 

porosity due to the rapid decreasing of MSA. 

The thermal conductivity of UN obtained in the present study was well consistent with 

the literature data i[lilial~. Nevertheless that of UN was quite lower than that of ZrN, that of 

UO.4Zro.6N was lower than that of UN. In case of the solid solution, the thermal conductivity is 

lower than the simple addition of the thermal conductivity of UN and ZrN because U atoms in 

UO.4Zro.6N lattice works as the center of the phonon scattering, which is called impurity scattering. 
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Even if we take account into this phenomenon. the thermal conductivity of U0.4Zro.6N is quite low. 

As the author described above. the electrical conductivity of UOAZrO.6N was smaller than those of 

UN and ZrN due to the high impurity oxygen content in UOAZrO.6N. So. the KEL of UOAZrO.6N were 

smaller than that of UN and ZrN. In addition. it was thought that the impurity oxygen and carbon 

worked as the center of the phonon scattering addition to U atom. At the region of T <11 OOK. 

the thermal conductivity of UN+60mol%TiN obtained in the present study was slightly smaller than 

the value estimated from Schulz's equation. This is resulted from the grain boundary scattering. 

In fact. the experimental data of UN+60mol%TiN becomes to be close to the estimated data at high 

temperature. where the contribution of the grain boundary scattering becomes to be low. 

The thermophysical properties of UN. ZrN and TiN were evaluated. where UN were used 

as the typical actinide mononitride. and ZrN and TiN were used as the inert matrix. In addition. to 

understand the interaction between actinide nitrides and inert matrix. the simulated ADS target 

fuel (UO.4ZrO.6N and UN+60mol%TiN) was measured in terms of the thermophysical properties. 

UN. UOAZrO.6N and UN+60mol%TiN were prepared by the carbothermic reduction and 

atmospheric pressure sintering. The impurity oxygen and carbon contents of UO.4ZrO.6N were 

about four times of those of UN and UN+60mol%TiN due to the high sintering resistivity of ZrN. In 

case of ZrN and TiN. the bulk samples with various porosities were prepared by the spark plasma 

sintering to evaluate the porosity dependences of the thermophysical properties. 

The lattice parameters of UN. ZrN and TiN evaluated from the XRD analysis were well 

consistent with the JCPDS data. The lattice parameter of Ul-xZrxN followed to Vegard's law. 

and those of UN phase and TiN phase in UN+60mol%TiN pellet agreed with those of UN and TiN 

pellets. respectively. From these XRD results and SEM-EDX analysis. it was confirmed that 

UOAZrO.6N pellet is the solid solution of UN and ZrN. and that UN+60mol%TiN pellet is the composite 

of UN and TiN. 

When we evaluate the porosity dependences of the thermophysical properties. it has 

been suggested by Rice (1999) that the minimum solid area (MSA) is very useful. However. the 

MSA had been scarcely used because it was very difficult to evaluate the MSA by experimentally 

method. In the present study. the author succeeded to experimentally evaluate the MSA for the 
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first time over the world by the confocal scanning laser microscope (SLM) because the SLM 

analysis includes not only the surface observation. but also the surface roughness. The 

coefficient (i3MSA) of the porosity dependence of MSA of UN agreed with those of UOAZrO.6N and 

UN+60mol%TiN and was lower than those of ZrN and TiN. From these results. it was assumed 

that the porosity dependences of the thermophysical properties such as the thermal conductivity. 

electrical conductivity and elastic properties of UO.4ZrO.6N and UN+60mol%TiN are same to that of 

UN given in the literatures. In addition. some bulk samples of ZrN and TiN with various densities 

were prepared by the SPS to evaluate the porosity dependences. 

From the EBSP measurements. the grain size and misorientation angle were evaluated. 

The grain sizes and misorientation angles of U0.4ZrO.6N and UN+60mol%TiN were lower and higher 

than those of UN. respectively. The grain sizes of ZrN and TiN were larger than those of 

UO.4ZrO.6N and UN+60mol%TiN because the grain size of the starting powder of ZrN and TiN were 

larger than those of UOAZrO.6N and UN+60mol%TiN. On the other hand. the misorientation angle of 

ZrN and TiN were higher than those of the others because the SPS time is very short. In the 

present study. the EBSP analysis was used in the field of the nuclear fuel engineering for the first 

time. 

The coefficient of the porosity dependences of Young's modulus of UN. ZrN and TiN 

were proportional to i3MSA' This relationship allows us to easily estimate Young's modulus of 

the porosity-free material from only one sample. Therefore. since this method vastly decreases 

the number of times of the experiment and the number of the samples when we evaluate the 

thermophysical properties. this method would be extremely effective on the research of the 

thermophysical properties of MA-containing fuels with the strict regulation on the dealing. 

By the in-situ indentation test. the author succeeded to strike the precipitation such as 

UN and TiN phase in UN+60mol%TiN for the first time. Young's modulus of UN. UOAZrO.6N and ZrN 

obtained from the indentation tests were well consistent with those of the porosity-free samples 

estimated from the results of the ultrasonic pulse echo method using Wachtman equation. It was 

found that Young's modulus of U1-xZrxN linearly increases with increasing the X. 

Young's modulus of TiN phase in UN+60mol%TiN obtained from the indentation test was 

higher than that of TiN pellet. Young's modulus of UN+60mol%TiN obtained by the ultrasonic 

pulse echo method didn't agree with those estimated from Young's moduli of UN and TiN pellets 
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obtained from indentation test or ultrasonic pulse echo method using Fan's equation and 

Hashin' s equation, because their equations don't take account into the interaction between UN 

and TiN phases in UN+60mol%TiN pellet. On the other hand, for the first time, the author 

succeed the precise estimation of Young's modulus of UN+60mol%TiN by using Young's modulus 

of UN phase and TiN phase in UN+60mol%TiN pellet obtained from the in-situ indentation tests. 

Generally, the large sample is necessary when we evaluate Young's modulus. However, the 

sample size is very small in case of the method suggested in the present study to estimate the 

Young's modulus of the composite material. This method would be extremely useful to evaluate 

the mechanical properties of MA-containing fuels, too. 

Vickers hardness of UN and ZrN obtained in the present study agreed with the literature 

data. Vickers hardness of Ul-xZrxN and UN+Xmol%TiN at P = 0 simply increased with increasing 

the X. From the EBSP measurements, it was found that the intragranular cracks in UN, U0.4ZrO.6N, 

and UN+60mol% pellets progress without stopping at the grain boundary, but that the intragranular 

cracks in ZrN and TiN pellets stop at the grain boundary or convert to the intergranular crack due 

to the high misorientation angle. Therefore, in case of ZrN or TiN content dependences of the 

fracture toughness of U1- xZrxN and UN+Xmol%TiN, the certain trend could not be observed. 

The indentation hardness of all samples decreased with increasing the load. This 

phenomenon is called the indentation size effect (IS E), and Nix and Gao suggested that the square 

of the indentation hardness is proportional to the inverse of the indentation depth. When the 

author re-plotted the indentation hardness to follow Nix and Gao model, the indentation hardness 

of UN followed to Nix and Gao model in the region of the high depth. On the other hand, in the 

region of the low depth, Nix and Gao model overestimated the indentation hardness. By taking 

account into the spread out effect of the geometrically necessary dislocations, the author could 

reproduce the indentation hardness in whole region. This model was suggested in the present 

study to the improved Nix and Gao model. 

The indentation hardness of UN phase in UN+60mol%TiN pellet agreed with that of UN 

pellet. On the other hand, the indentation hardness of TiN phase in UN+60mol%TiN pellet was 

higher than that of TiN pellet. From this result, it was found that the strain and dislocation 

concentrate in TiN phase. This was confirmed by the EBSP analysis, too. Like this way, the 

author evaluated the interaction with each phase by EBSP and indentation test. 
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The electrical conductivity of UN obtained in the present study was well consistent with 

the literature data and that of ZrN obtained in the present study was within variations of the 

literature data. The electrical conductivity of UO.4ZrO.6N was smaller than those of UN and ZrN 

due to the high content of the impurity oxygen nevertheless that of ZrN was vastly larger than that 

of UN. The electrical conductivity of UN+60mol%TiN was lower than the data estimated from 

Schulz's equation due to the grain boundary scattering. The difference between the 

experimental data and estimated data of the electrical conductivity of UN+60mol%TiN decreased 

with increasing the temperature. 

The thermal expansion of UN, ZrN and TiN obtained in the present study by the 

thermodilatometry were well consistent with the literature data obtained from the 

high-temperature XRD measurements. The thermal expansion of UO.4ZrO.6N and UN+60mol%TiN 

followed to Vegard' s law and Turner's equation, respectively. 

The specific heat capacity of UN, ZrN and TiN obtained in the present study were well 

consistent with the literature data and Cp of UN, ZrN and TiN were higher than the sum Cv of 

CD estimated from Debye model. Their difference in UN was quit larger than those of ZrN and 

TiN. Those of UO.4ZrO.6N and UN+60mol%TiN agreed with the data estimated from 

Neumann-Kopp's law and addition match. 

The coefficient of the porosity dependences of the thermal conductivity of UN, TiN and 

ZrN were 1.0, 2.03 and 5.31 and proportional to I3MsA' in the same way of Young's modulus. The 

thermal conductivity of UN obtained in the present study was well consistent with the literature 

data. Those of ZrN and TiN obtained in the present study were higher than the literature data, 

which would underestimate judging from Wiedemann-Franz law. Nevertheless the thermal 

conductivity of UN is vastly lower than that of ZrN, that of UOAZrO.6N was lower than those of UN 

and ZrN due to the degradation of KEL by the high oxygen content and impurity scattering from 

the solution of uranium, oxygen and carbon. The experimental data of the thermal conductivity of 

UN+60mol%TiN was lower than the data estimated from Schulz's equation at low temperature due 

to the grain boundary scattering, in the same way of the electrical conductivity. The 
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experimental data agreed with the estimated data at high temperature. 

Judging from the results of Chapter 2, it would be not easy to use PUx_yMAyZrl_xN as the 

actual fuel because the prediction of the thermophysical properties of PUx_yMAyZrl_xN is very 

difficult in the different way of (Pu,MA)N+ TiN. In case of UN+60mol%TiN, the mechanical, 

electrical and thermal properties were improved by the addition of TiN and were roughly predicted 

by the theoretical or empirical model. Therefore, it is easy to predict the thermophysical 

properties of (Pu,MA)N+ TiN with various component. Judging from only these results, TiN is 

more effective than ZrN as the inert matrix. 

In case of the nitride fuels, it is a problem that the oxidation resistivity of PuN and AmN 

is very low, and that PuN and AmN vaporize at high temperature due to their high vapor pressure. 

ZrN may improve this problem because the chemical stability would be improved by the solution of 

ZrN to PuN and AmN. This effect could not be expected in case of (Pu,MA)N+ TiN. Therefore, 

evaluation of not only the thermophysical properties, but also thermodynamics properties of the 

nitride fuels would become to be important when we use the nitride fuels as the actual fuels. 

When we predict the fuel behavior such as the fuel swelling, temperature distribution, 

pellet cracking, PCI, FCI and so on, it is very important to evaluate the elastic moduli, hardness, 

toughness, creep rate, thermal properties and thermodynamic properties. In the present study, 

the elastic moduli, hardness, toughness and thermal properties were evaluated. If the creep rate 

and thermodynamics properties of the nitride fuel with inert matrix could be evaluated, we would 

be able to establish the model of the fuel behavior. 

In the present study, the newest techniques, which are SPS, EBSP and indentation test, 

and the new concept such as MSA were used in the field of the nuclear fuel engineering for the 

first time. The author succeeded to precisely evaluate the thermophysical properties of inert 

matrix material (ZrN and TiN) and was able to suggest the new methods to evaluate the porosity 

dependences of the thermophysical properties, which are extremely effective for the research of 

MA-containing fuels. 
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i~~A~~Jt:::&~!;;:\lJ Different point in the preparation conditions of the bulk sample of 

UN. UO.4ZrO.6N and UN+60mol%TiN 

Prepared 
UN UO.4ZrO.6N UN+60mol%TiN 

sample name 

Specific surface 
, , . 

m2/g 8.0 9.1 8.2 . 
area of U02 

, , , 
O/M of U02 powder 

, - 2.14 2.08 2.08 , 

Holding temperature in two step of 
, , , 

K 1773 1973 1773 , 
the conversion process') 

, , , 

Holding temperature in two step of 
, 

the conversion process 
hr 8 24 8 

Time of ball milling hr 40 65 40 

Holding temperature in the sintering 
K 2073 2073 2073 

process 

Holding time in the sintering process hr 4 28 8 

a) The process to remove the residual carbon as CH4 in the carbothermic reduction. 

ut~amJ~ Sample characteristics and physical properties of UN. U0.4ZrO.6N and UN+60mol%TiN 

Compound UN UO.4ZrO.6N UN+60mol%TiN 

Structure type NaCI NaCI NaCI 

Theoretical density 
, 

g/cm3 14.32 10.51 7.28 , , 

Molecular Weight 
, 

252 163.9 105.2 , -, 

Mass density 
, 

g/cm3 13.21 9.12 6.77 , , 
, 

Relative density % T.D. 92.2 86.8 92.8 , , 
, 

0.4890 (UN). , 
Lattice parameter 

, 
0.4889 0.4697 , nm , 

0.4243 (TiN) , , 

Arithmetic roughness 
, 

nm 2.8 1.0 2.2 , , 

Average grain size 
, 

lJm 10.4 5.2 3.6 (UN). 4.4 (TiN) . , 

Maximum grain size 
, 

1.1 0.7 0.4 (UN). 0.5 (TiN) , lJm , 
, 

5.3 (UN). 6.5 (TiN) Minimum grain size 
, 

lJm 22.5 7.2 , , 
N/M') , - 0.97 1.06 1.02 , , 

O2 content . wt.% 0.246 0.873 0.207 , , 

C content 
, 

wt.% 0.094 0.238 0.082 , , 

a) Ratio of nitrogen for metal (U. Ti and Zr) 
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•• !7,~~~A~~·t;';~ Sample characteristics and physical properties of UN. UOAZrO.6N and UN+60mol%TiN 

Compounds ZrN TiN 

SPS temperature I K 1773 I 1873 : 2073 1648 I 1788 I 1873 I 1973 I 2073 

Structure type I - NaCI NaCI 

Theoretical density 
I 

g/cm3 7.28 5.44 I 

Molecular Weight I - 105.2 61.89 

N/M I - 0.935 0.96 

Mass density I g/cm3 6.01 I 6.597 I 6.81 3.89 I 4.58 I 4.89 I 4.76 I 5.11 

Relative density I %T.D. 82.5 I 90.5 I 93.5 71.6 I 84.1 I 89.8 I 87.5 I 94 

Lattice parameter I nm 0.4580 I 0.4580 I 0.4579 0.4242 I 0.4242 I 0.4242 I 0.4242 I 0.4243 

Arithmetic roughness I nm - I - I 2.0 - I - I - I - I 2.4 

Average grain size I IJm 9.3 I 8.8 I 9.0 13.8 I 14.5 I 14.1 I 12.9 I 13.3 

Maximum grain size I IJm 1.1 I 0.9 I 1 1.7 I 1.9 I 1.5 I 1.8 I 2.3 
I 

Minimum grain size I IJm 23.5 I 20.8 I 22.6 20.2 I 20.8 I 21.4 I 22.5 I 20.5 
I I I I I I I 

~~!~~~ Result of ultrasonic pulse-echo method of UN. UO.4ZrO.6N and UN+60mol%TiN 

Compounds UN UO.4ZrO.6N UN+60mol%TiN 

Porosity. P 
, 

0.079 
, 

0.133 
, 

0 0.069 
, 

0 , , 0 , , , , , , 

Longitudinal sound velocity. VL 

, 
m/sec 

, , , , 4378 , 
4802 5642 

, 
6600 6063 

, 6582 , , , , , , , , 

Shear sound velocity. Vs 
, 

m/sec 2507 
, 

2750 3219 
, 

3766 3524 
, 

3825 , , , , , , , , 

Young's modulus. E 
, 

GPa 208 
, 

273 238 
, 

375 286 
, 

362 , , , , , , , , 

Shear modulus. G 
, 

GPa 83.0 
, 

109 94.4 
, 

149 115 
, 

145 , , , , , , , , 

Poisson's ratio. 
, 

0.256 
, 

0.256 0.259 
, 

0.259 0.245 
, 

0.245 v , , , , , , , , 

Bulk modulus. B 
, 

GPa 142 
, 

187 164 
, 

259 187 
, 

237 , , , , , , , , 

Debye temperature. eD 
, 

K 339 
, 

373 453 
, 

531 - , -, , , , , , , , 

In this table. the data at P =0 are the estimated data. 
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,,;;;,;;;:0i:/J;:,,::EGi:C% Results of the ultrasonic pulse echo method of ZrN 

Compounds Zr 

Porosity. P I - 0.175 : 0.089 : 0.065 : 0 
Longitudinal sound I 

, , 
I m/sec 5561 7126 7196 

, 
8559 

velocity. VL 

, 
I 

, , , , 
Shear sound velocity. Vs I m/sec 3333 4066 4135 

, 4919 , , 
Young's modulus. E I GPa 162 

, 
275 

, 
288 

, 
442 , , , , , , 

Shear modulus. G GPa 66.4 
, 

109 
, 

115 
, 

176 I 
, , , , , , 

Poison's ratio. - 0.220 : 0.259 
, 

0.253 
, 

0.253 v I 
, , , , 

Bulk modulus. B GPa 96.3 
, 

189.6 
, 

194.9 
, 

299 I 
, , , , , , 

Debye temperature. eD 
I , , , 

711 K 479 
, 

587 
, 

597 
, 

I 
, , , , , , 

In this table. the data at P =0 are the estimated data. 

Results of the ultrasonic pulse echo method of TiN 

Compounds TiN 

Porosity. P 
, - 0.284 : 0.125 

, 
0.102 

, 
0.060 

, 
0 , , , , , , , , 

Longitudinal sound 
, 

velocity. VL 
m/sec 7201 9090 9597 9851 10990 

Shear sound velocity. Vs m/sec 4326 5285 5800 5984 6581 

Young's modulus. E , GPa 178 , 331 
, 

399 
, 

442 
, 575 , , , , , , , 

Shear modulus. G 
, 

GPa 72.9 
, 

133 
, 

164 
, 

183 
, 

236 , , , , , , , , , , 

Poison's ratio. v 
, - 0.218 : 0.244 

, 
0.212 

, 
0.207 

, 
0.221 , , , , , , , , 

Bulk modulus. B GPa 105 216 231 252 343 

Debye temperature. eD K 574 703 770 793 1022 

In this table. the data at P =0 are the estimated data. 
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Thermo 

Graphite 
dice 

Pressure (50MPa) 

Powder 
sample 

Graphite 
punch 

Vacuum chamber 

Fig. 2.1 Schematic of the SPS 

Big. 2.!\ Kikuchi pattem of ZrN 
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100 . , . , . , 
Si0

2 
[Tomilov (1977)] 
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'" c.. 
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I.lJ 
ui 
" " "'0 10 -0 
E •• 
UJ 

-bI) 

, 
.::: • " 0 

>-
• 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Porosity. P (-) 

Fig. 2.3 Porosity dependence of Young's modulus of fused silica referred from Ref. 11 

(A) (8) (el (0) -- - --- - ~ -- - -- ---- =~ ___ &M~ _ --- ---- -- ---- -l -- ----.J-. 

Fig. VI Schematic of the MSA model concept (cross-hatched area = pores) referred from Ref. 10 

For a homogeneous solid (A) the minimum and average solid cross sections are the same. 

However. it is clear that flux or stress transmission in (8) must be dominated by the MSA normal 

to the direction of the stress of flux (dashed lines delineate cell structure). Corresponding 

definitions of the MSA for pores between spherical particles (C) and spherical pores (D). 

- 57 -



Chapt er 2: Thermophysical properties of UN, ZrN, TiN, Uo.,Zro., N and UN+60mol%TiN 

r " 
J-----. 

... ------- ;-~ _F __ -------
•. -__ ___ w-..... =~~.-_____ -

Fig. 2.5 Shape of pores in the sample with the single grain stacking referred from Ref. 10 

o o 

L .r;, L • , . 

~ T2 
Echometer & Echometer & 

longitudinal wave transducer shear wave transducer 

Fiig. 2.6 Schematic view of ultrasonic pulse echo measurement 
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30 ~lm 500nm 

Fig. 2.1 Impression image of UN 

Ca) Vickers hardness test at the load of 9800 mN CSLM image) 

Cb) Indentation test at the load of 4.0 mN CAFM image) 

p~ 
� -- ----

~: ~I~-Tribosc:opel 
1 
I 

Rg. 2.8 Appearance of the indentation system. 
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Inclined face angle 13 24.7" 

apex angle r 77.1 · 

ratio of side length to depth slh =07.5 

Projected edge length a h/ tan e 

Rg. 2.9 SEM image and characteristics of the Berkovich type diamond indenter 

~AX 

Elastic-plastic deformation 

____________ ~~~~~~~~~o~~~\s~-----
Elastic 

deformation. 

/ 

I 
I 

\ I Elastic deformation 
, I (Unloading process) 

I 

I 

I 
I 

I 

Displacement, h (11m) 

Fig. 2.1 Q Load-displacement curve in indentation test 
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Rg. 2.11 XRD pattern of UN. Uo .• Zro .• N. ZrN. together with the JCPDS data [28-31] 
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Fig. 2.12 XRD pattern of UN UN+60mol%TiN and TiN, t ogether with the JCPDS dat a [28, 29, 32, 33 
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Fig, 2,13 Zr content dependence of lattice parameter of UN, Uo.,Zro.6N and ZrN, 

together with literature data t25, 27 

0.4894 l?"===============:!:)T.I 
• UN [This work] • UN [JCPDS 32-1397][ 

~ 0.4892 ~ UN+60mol% (UN phase) [This work] [ E l~~~~~~~~~~~--~ 

S 0.4890 • [J 

C\I 
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~ 

'" a. 
Q) 0.4244 
() 

~ 
0.4242 

0.4240 

'" UN+60mol% TiN (TiN phase) [This work] 
... TiN [JCPDS 38-1420] .. TiN [This work] 

, 
0.0 0.2 0.4 0.6 0.8 

Molar fruction of TiN, X(-) 
1.0 

Rg, 2.14 Ti content dependence of lattice parameter of UN, UN+60mol%TiN and TiN, 

together with literature data [25 29J 
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2O,1m 

Mg. 2.15 SEM-EDX analysis of UN+60mol%TiN (a) SEM image (b) Ti element (c) U element 

301lm 

Rig. 2. ~ 6 SLM image of UN+60mol%TiN 

40~~m 

Fig.217 ZrN 91.1%T.D. (a) SLM image (b) MSA image (=Black zone) 
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::c 
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01 
Q) .... 
01 

:2 0.8 IEq2.22[ 
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E 0.7 • UN 
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• UN+60mol% TiN 
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0 .• 
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Porosity. P(-) 

Fig. 2.18 Porosity dependence of MSA of UN. Uo .• Zro.,N. UN+60mol%. ZrN and TiN 

• 
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t, 0 

~ 
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," . , ,. 
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I 
• . 

Position (nm) 

Fiig. 2.19 Surface roughness of UN 

• 
20~lm 

Rg. 2.20 UN (a) SEM image (b) [0 map (c) CD map 
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H"~ 

I'ig,2,21 Uo,Zro.,N (a) SEM image (b) [Q map (e) CD map 

45,1m 

,,, 

Rg. 2.22 ZrN with the density of 93.5%T.D (a) SEM image (b) IQ map (e) CD map 

Rg, 2,23 UN+60mol%TiN (a) SEM image (b) [Q map (e) CD map 
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... 

Fig. 2.2 TiN with the density of 94.0%T.D. (a) SEM image (b) IQ map (c) CD map of 

o 
o 

0.<0 

'.g 0.10 
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10.. O.(J! • ~ 
E o_~ , 
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0." 

0.02 
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--UN--Uo.Zro,N 
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Misorientation angie, e (degree) 

Fig. 2.25 Number fraction of misorientation angle 

(a) UN. Uo,Zro.,N and ZrN (b) UN. UN+60mol%TiN and TiN 
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Eig. 2.2 Metallographic picture of UN+60mol%TiN 

The impressions of the indentation tests remain in the center of the circle. 

550 550 
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(a) 1.l. · (b) 
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Indentation depth, hMAX (nm) Indentation depth, hMAX (nm) 

Rg. 2.2 Depth dependence of Young's modulus 

(a) UN. Uo.,Zro., N and ZrN (b) UN. UN+60mol%TiN and TiN 
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a 

Elastic zone-----=-Plastic zone 

Fig. 2.2 Schematic of elastic and plastic deformation zone on indentation test 

referred from Ref. 21 
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Rg. 2.2 Porosity dependence of Young's modulus of UN , Uo .• Zro.,N and ZrN, 

together with the literature data of UN [24, 35-41 
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fi ig, 2,30 Porosity dependence of Young's modulus of UN , UN+60mol%TiN and TiN, 

together with the literature data of UN [?1, 35-38, 40, 42-44~ 
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Fig. 2.32 Young's modulus vs. ZrN or TiN content 

(a) UN. Uo.Zro,N and ZrN (b) UN,UN+60mol%TiN and TiN 

In Fig. 2.32(b). the red and black line represent the data estimated from Young's modulus of UN 

phase and TiN phase in UN+60mol%TiN pellet using Fan's equation (Eq. 2.31) and Hashin's equation 

(Eq. 2.43 and 2.44). The blue line represent the data estimated from Young's modulus of UN 

pellet and TiN pellet using Fan's equation (~. 2.3 D. 
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Fig. 2.33 Porosity dependence of Vickers hardness of UN, Uo .• Zro.,N and ZrN. 

together with the literature data of UN [24. 39. 48-53 
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Fig. 2.34 Porosity dependence of Vickers hardness of UN, UN+60mol%TiN and TiN, 

together with the literature data [24, 43 44 48-52, 54, 55 

14.0 

~ 13.5 ., - • a. 
S 
:t'" 13.0 

'" !II 
Q) 12.5 <:: 

"0 .. ., 
.<: 
!II 12.0 .. 
Q) 

-'" 
0 

:> 11 ,5 -

11.0 
o 2 

• 

, 

• This work 
0 Wheelar (2007) 

0 

4 6 

Load, F(N) 
8 

• 

10 

Fig. 2.35 Load dependence of Vickers hardness of porosity-free ZrN, 

together with the literature data [53] 
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F;ig. 2.36 Vickers hardness as the function of ZrN or TiN content 
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Rg. 2.31 Fracture toughness as the function of ZrN or TiN content. 

together with the literature data [42. 43 
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Rg. 2.38 The crack generating from the vertex of the Vickers impression of UN 

(a) SEM image (b) 10 map (c) CD map 

.. , 

Rg. 2.3 The crack generating from the vertex of the Vickers impression of Uo.,Zro .• N 

(a) SEM image (b) 10 map (c) CD map 

4.~m 

Rg. 2.40 The crack generating from the vertex of the Vickers impression of ZrN 

(a) SEM image (b) 10 map (c) CD map 
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Fig. 2.41 The crack generating from the vertex of the Vickers impression of UN+60mol%TiN 

(a) SEM image (b) IQ map (c) CD map 

Fig. 2.42 The crack generating from the vertex of the Vickers impression of TiN 

(a) SEM image (b) [Q map (c) CD map 
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Fig. 24 ' Schematic of GNDs c reated by the indentation test referred from Ref. 62 
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The solid and dot lines represent the fitting results by Eg. 2.63 and Eq. 2.65. 

300 .§"'~--.-,~~r,-~~C'T"~"-~~""~"'" 

250 

200 

... 
<U ~ 150 

.~ IE 
> 0 

',p I 
gOl00 
..,~ 

" 0 o -0t: 
-.; 
° :5 ° 50 

" u::; 

0.00 

--UN [Hayes (1990)] 
• TiN [This work] 
• ZrN [This work] 

0.05 0.10 0.15 0.20 0.25 0.30 

Porosity, P (-) 

ig. 2.49 Porosity dependence of electrical conductivity of ZrN and TiN, 

together with the literature data of UN [25] 

- 78-



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uo.,Zro.,N and UN+60mol%TiN 

340~~~~~~~~~~~~~~~~~ [This workl 
~ 

T 200 • • UN 
I" E 240 ... , • Uo.4Zro.sN 
c: . • ZrN 
b 190 II-- • [Literature datal 

• a.. - - - UN [Hayes (1990)] 
b 140 • • 0 UN [Moore (1970)] 

.~ 
> :;::; 
:0 

" UN [Fulkerson (1970)] 
., UN [Hayes (1965)] 
'" UN [Kollie (1964)] 
x UN [Speidel (1963)] .g 90 .. 

<: 
o 
" " ~ 
" '" Ui 

-

40~~~~~~~~~"rl'\=;II-,,--c~ 
300 400 500 600 700 800 900 1000 

Temp erature, TCK) 

<l UN [En deb rock (1961)] 
o UN [Keller (1961)] 

ZrN [Petrova (1972)] 
ZrN [Samsonov (1969)] 
ZrN [Neshpor(1968)] 
ZrN [Alekseev] 

Fig. 2.50 Temperature dependence of electrical conductivity of UN, Uo.,Zro.,N and ZrN, 

together with the literature data [25 3.8, 44, 49, 68-75 

~ 

T 
E 350 

T 
c: 

b 
,;, 

250 0 

:~ 150 v 
=: {:, ---g D~-____ _ 

o ,_ 

" 

[This work] 
• UN 
... UN+60mol% TiN 
.... TiN 

[Literature data] 
- UN [Hayes (1990)] 

o UN [Keller (1961)] 
6 UN [Kollie(1964)] 
~ UN [Fulkerson (1970)] 
• UN [Moore (1970)] 
• UN [Speidal (1963)] 
• UN [Haye, (1965)] 
• UN [En deb rock (1964)] 
o TiN

o79 
[Alekseev] 

L:. TiNoaa [Alekseev] 

v TiNoa; [Alekseev] 

<) TiNo 97 [Alekseev] 

8 EI!J Hl· m • AI. [Schulz's Eq.l 
50+'CT"~..,.~..,..,~~".$Hl~-\l"'l.-r.,!IIf~~~iII<::'~ffl - - UN+60mol~ TiN 

300 400 500 600 700 BOO 900 1000 

Temperature, TCK) 

Fig. 2.51 Temperature dependence of electrical conductivity of UN, UN+60mol%TiN and TiN, 

together with the literature data [25, 38, 44, 49, 68-72 

- 79-



1.0 .. 
~ 

-.J 0.8 
~ 
'<:l 
,::" 
0 
' in 0.6 
~ 

" c. 
x 

" 0; 
0.' E 

~ 

" ..<: 
I-

0.2 

Chapter 2: Thermophysical properties of UN, ZrN, TiN, UOAZro., N and UN+60mol%TiN 

80 
~ , 
~ • 
> • 
::t . " • • • • C( 

60 
. ,Ii' 

\...: 0 

.: 
" " 0 40 c. 

" .;: ... 
" UN [Th is work] ~ • 
" l 0 20 - - UN [Moore (1970)] 
E 
~ 

V 
- UN [Costa (1964)] " ..<: UN [Warren (1964)] I- 0 

0 
0 200 400 600 600 

Temperature, T (K) 

Rg. 2.52 Temperature dependence ofthermoelectric power of UN. 

together with the literature data of UN [49, 76, n ] 

, 
(a) UN 

, 
(b) Uo .. Zro.N I 

- - This work Q\ 
--This work 

(e) 

/ THis work. 
- - - - Hayes (1990) i - - - - Vegard's law 
- -- _. Touloukian / 

/ : 
- - - - Thetford (2003) 
-----... Aigner ( 1994) 

t 
f', , 

l 

0 Benz (1970) , Kempter (1959) 
0 Taylor (1959) 

900 1200 1500 300 600 900 1200 

Temperature, T(K) Tempe rature , T(K) 
1500 300 

.' 

" . , , , 
.: ' 

I:' 
/ 1 

,' , .. , 
,', ., 

,/ ., 
.' .' ., , 

Singh (1997) 
Houska (1964) 
Sakedl958) 

600 900 1200 I50C 

Temperature, T(K) 

Rg. 2.53 Thermal expansion, together with the literature data [23, 79- 87] 

(a) UN (b) Uo.,Zro .• N (c) ZrN 

- 80-



Chapter 2: Thermophysical properties of UN. ZrN. TiN. Uo,Zro,N and UN+60mol%TiN 

(e) TiN 

--This work 
--Aigner (1994) 

Touloukian 
~ Houska (1964) 

o.o¥.-~~~~~~~~..-1 
300 600 900 1200 1500 300 '00 900 1200 1500 300 '00 900 1200 1500 

Temperature. TOO T emp.rature. TOO Temperature. T(K) 

Fig. 2.54 Thermal expansion. together with the literature data [23, 79-82, 84, 86 

~ 
70 

,-
0 
E 

,- 65 
~ 

::2 
f.:j'- 60 

.~ 
(,) 55 
to 
c. 
to 
(,) 

+' 50 to 
Q) 

.<: 
(,) 

to: 45 '0 
Q) 
c. 

(f) 

40 
400 

(a) UN (b) UN+60mol%TiN (e) TiN 

[Experimental data] 
This work 
--UN [This work] 
--U"Zro.N [This work] 

ZrN [This work] 

/', UN [Tagawa (1974)] 
ZrN [SGTE] 

.~..:::.;;:;:;;:~~~;~::::::::::::::9 ZrN [Alekseev] [Estimated data] 
--UN [Cv+c"l 

- Uo.,Zro.,N [Cv+Co] 
- ZrN [Cv+c"l 

U"Zr .,N [Kopp's law 

600 800 1000 1200 

Temperature, T(K) 

Fig. 2.55 Temperature dependences of specific heat capacity, of UN, Uo.,Zro .• N and ZrN 

together with the literature data [44, 89, 90] and estimated data 

- 81 -



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uo.,Zro.,N and UN+60mol%TiN 

~ ., 
~ ., 
E 
~ 

" :>: 
.t! 
> 
+' 
() 
:l 
'0 
t: 
0 
() 

'" E ... 
'" ..c:: 
I-

70 

65 

60 

55 ~ 

(Experimental datal 
This work 
--UN 
-- UN+60mol% TiN 
- - TiN 
Literature data 

- - - - UN [SGTE] 
~ UN [Tagawa (19 74): 

- - - - TiN [SGTE] 

t~~~::~~~~:::::-:':":":":":':':':';1 (Estimated datal - -UN [Gv+cJ 
- TiN [Gv +C"l 

50 

- - - UNf.60mol% TiN 
45 , 

(0.4 Gp,,," +0.6 Gp.,) 

40 
400 600 800 1000 1200 

Temperature, T (K) 

Rg, 2,56 Temperature dependences of specific heat capacity, of UN, UN+60mol%TiN and TiN 

together with the literature data [44, 89, 90] and estimated data 

~ ,. 
~ ,. 
E 
~ 
~ 

l< 

?; 
.;;: 
+l 
0 
:::l 

"'C 

'" 0 
0 

iii 
E .. 
Q) 

.J:: 
I-

60 , 

55 (a) ZrN 

50 • j 

45 
.. 
I .. 
• * 

40 • 
~ 

35 • • 

30 -: 
• 373K • 473K 

• 573K • 673K 

25 • 773K • 873K 
973K • 1073K 

• 1173K • 1273K 

• 1373K 

20 , 

• 
j -: • • • 
• c 

45 

40 

35 

30 -

25 

(b) TiN 

I 

• 298K • 
• 373K • 
• 573K • 

773K • 
• 973K • 

• • 
t 

• 1173K ' 
1373K • 

20 , 

, , 

323K 
473K 
673K 
873K 
1073K 

1273K 
1473K 
, , 

0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.25 

Porosity, PH Porosity, P(-) 

Fig, 2,5~ Poros ity dependence of thermal conductivity (a) ZrN (b) TiN 

- 82-

I 
t 
'" 

0.31 



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uo.,zro.,N and UN+60mol%TiN 

~ 

'~ 70 
;-
E 60 

~ 
1<0 50 

,:; .-.:; 
4ll '.p 

0 
::J .., 

30 I: 
0 
0 

(ij 20 

E 
" 10 ..c: 
f-

0 

<ll 
,,~ 5 
~J., 
c • 
<ll""
Q. • 
<ll >- 4 

""0 :~ 

>- . ~ 
.~ t; 
'" OJ 0-0 
.. C 
o 0 Q. o 

4-om 
~ E 
-~ QJ 
OJ:: 
if .... 
<ll 
o 
() 

3 

2 

UN 

0.8 0.9 

ZrN 

TiN 

• 

1.0 1.1 1.2 1.3 1.4 1.5 1.6 

Coefficient of porosity dependece of MSA. ~MSA (-) 

Rg. 2..58 Coefficient of porosity dependence of MSA 

vs. coefficient of porosity dependence of thennal conductivity 

300 

••• 
JI • 

••• · .. [Literature datal 
• UN [This work] 
• Uo.lr O.6N [This work] 
• ZrN [Thi s work] 

[Literature datal 
--.-- .. UN [Hayes (1990)] 

. UN [Ross (1988)] 

• - - - :-.:"".::.-=.-

o UN [Arai (1994)] 
ZrN [Basini (2005)] 
ZrN [Hedge (1963)] 
ZrN [Neel (1962)] 
ZrN [Vasilos (1954)] 

600 900 1200 1500 1800 

T emprature, T(K) 

Rg. 2..59 Temperature dependence of thermal conductivity of UN, Uo.,Zro.,N and ZrN, 

together with literature data 2.5, 2.7, 91-95] 

- 83-



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uo."zro .• N and UN+60mol%TiN 

80 

1: [This work] 
)0 • UN ., 

E • UN+60mo/% TiN 
s: 60 0 • TiN 
~ [Literature data ] ,,0 

..•.. •. UN [Hayes (1990)] 
,; 50 0 

- - - UN [Ross (1988)] .~ • • . , , , .. , , .. . > • 0 UN [Arai (1994)] ';0 0 
() 40 0 TiN [Alekseev] 
:> TiN [Taylor(1964)] "0 --------- _. ~ 
c: 

30 6 TiN [Vasilos (1953)] 0 
-ociil'[j"o-··"·: () 

~ TiN [Norton (1953)] 
(ij [Schulz·s EQ.] 
E 20 

<Il 
••. ••. . UN+60mol~ TiN 

..c: 
f- lO 

BEl <f 
0 

300 600 900 1200 1500 1800 
Temperature, TCK) 

Rg. 2.60 Temperature dependence of thermal conductivity of UN, UN+60mol%TiN and nN, 

together with the literature data of UN 25 27, 44, 91 , 95-97] 

- 84-



Chapter 3: MD studies of AnN. ADS target fuels. An02 and MA-containing MOX 

MA(Minor Actinide: Np . Am and Cm)-containing MOX (Mixed OXide) fuels and nitride 

fuels are considered as MA loading methods into the FR (Fast Reactor) core such FBR (Fast 

Breeder Reactor) and ADS (Accelerate Driven System) The MA-containing MOX fuel for 

use as the homogeneous mode is considered the most promising candidate of FBR in Japan ~11. 

Nitride fuels are under consideration as advanced fuels of FBR and good targets of ADS 

as described in ~Ci?1¥~!l'l'~1l'fI In order to develop the technologies for nuclear fuel cycle based on 

MA-containing MOX and nitride fuels. it is very important to understand the thermophysical 

properties of not only MA-containing MOX fuels ((U.Np,Pu.Am)02) and nitride fuels with inert 

matrix ((U.Np.Pu,Am)N and (Pu.Np,Am.Zr)N). but also actinide dioxide (An02: U02. PU02. Np02. 

Am02) and actinide mononitride (AnN: ThN. UN. NpN. PuN. AmN). However. thermophysical 

properties of MA-containing MOX fuels and nitride fuels with inert matrix had not almost been 

evaluated because it is very difficult to manage and handle MA elements. In addition. even in 

case of PU02. Np02. Am02. ThN. NpN. PuN and AmN. there are few reliable data. Especially. the 

thermal conductivity of Am02 at high temperature can't be evaluated by the laser flash method 

and guarded hot plate method. which are the standard method to evaluate the thermal 

conductivity of nuclear materials. Because O/M ratio of Am02_X changes at the high vacuum and 

high temperature It is difficult to handle AmN due to its high vapor pressure and hydrolysis 

reaction Thus. by the experimental method. the thermophysical properties of the oxide 

fuel and nitride fuel containing Am such as the MA-containing MOX and nitride fuel with the inert 

matrix can't be exactly evaluated. Therefore. the author applied MD (Molecular Dynamics) 

calculation to evaluate the thermophysical properties of such fuels. In the present study. the 

thermal expansion. bulk modulus. specific heat capacity and thermal conductivity have been 

estimated using an MD calculation in the temperature range 300-2800 K. In addition. the 

thermophysical properties of ZrN were also evaluated by MD method to evaluate nitride fuels with 

inert matrix. 

A molecular dynamics simulation is an important tool for material science. It has been 
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used to study the equilibrium and transport properties of liquids or crystals. The procedures and 

principles of this method are briefly described as the followings. 

1. Setting the initial position and velocity of particles 

2. Defining the interaction between particles 

3. Calculating the forces to particles from reciprocal arrangement 

4. Solving equations of motion in according to velocity and force 

5. Controlling temperature and pressure 

In the present study, MXDORTO was used. In MXDORTO, the non-equilibrium calculation is 

usually performed. The calculation time in case of the non-equilibrium calculation is shorter than 

that of equilibrium calculation. However, in the field of the nuclear fuel engineering, the precise 

data is necessary. There, the author improved the program to perform the equilibrium calculation 

in MXDORTO. 

To calculate the motion of a particle, the following equations must be solved. 

where Ii(t) vj(t) and aj(t)are position, velocity and acceleration of i th particle at time of t, 

respectively. However, it is impossible to express the position or velocity of particles as a simple 

function in a system with a lot of particles. Therefore, the motion of particles is calculated by 

gradually and slightly changing time in molecular dynamics calculation. As such methods, there 

are Verlet, velocity Verlet, leapfrog, Beeman, and Gear algorithms Velocity Verlet algorithm 

is more reasonable than any other algorithms in regard to stability of a system, accuracy and 

sways of energy so that velocity Verlet method was used in the present study. 

In this algorithm, it is assumed that acceleration during l::.t is constant. The velocity 

of each particle is described by the following equation. 

Vj(t) = l::.fi(t ~ t + l::.t);t l::.r;(t - l::.t ~ t) = aj(t)l::.t 

~'i(t ~ t + ~t) = 'i(t + M)- (j(t) 

Substitute for then 
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This algorithm is excellent in regard to stability and conserving energy of system. 

The MD method, which was described above, purely obeys the classical mechanics. So 

the MD method is adequately effective under the high temperature and the system with the weak 

interaction, but is not usable under the low temperature and the system with strong interaction. 

To estimate the quantum contribution to the structural and thermodynamic properties, \A1~~~~ 

~:rn:-<0i~,~;;w"4:::! expressed the Helmholtz free energy (F ) using Plank constant (h) by I"'nC~?~Ufl.· 

The kinetic energy (Ek ) of a system with the quantum correction is expressed as 

where -4 is the Laplacian with respect to the coordinates of the i th ion. In these calculations, 

the first non-vanishing term having the order h2 is only included as the quantum correction term 

and all higher-order terms is neglected. 

In present study, thermal expansion, bulk modulus, specific heat capacity and thermal 

conductivity of the cubic crystal are evaluated by MD calculation. They were calculated as 

follows. 

The linear thermal expansion coefficient (L TEO: alin) was calculated by the following 

equation; 

1 (a{T)- a(298») 
alin = a(298) T - 298 P:const ' 

where T is absolute temperature and a{T) is the lattice parameter of the unit cell at T. 

ErarRfffi~ciITI~ 

The bulk modulus (B ) was calculated by the following equation; 
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~ ___ 3 (8a(p)) 
B - a(po) 8P T:const' 

where P is the pressure and Po is atmospheric pressure. 

Generally speaking. the specific heat capacity at constant pressure (Cp ) is evaluated as 

the sum of the contribution of lattice vibration (Cv ). lattice dilation (CD)' electron (CEl ) and the 

other (COTHER) such as generation of the lattice defect. However. in case of MD calculation, 

only Cv and CD can be calculated. So in the present study. Cp is evaluated as the sum of 

Cv and CD' Cv is equal to the specific heat capacity at constant volume. Cv and CD 

are able to calculate using the following equations; 

Cv = (aE(T)J 
aT v:const' 

CD = (3a 1in (T)YVm(T)B(T)T. 

In E(T) and Vm(T) are internal energy and molar volume at T K. 

Thermal conductivity ( K ) has been calculated with Green-Kubo formula 

function of the energy current of a system < S(t). S(O» as shown in 

K = ~ roo (S(t). S(O))dt . 
3kBT Jo 

In this equation. S is the energy current given by the following equation; 

using autocorrelation 

where e j is the surplus energy of j th particle expressed as the following equation; 

eave: Average energy of particles in a given system. 

In the present 

study, the author assumed that the average of the convergence region equals to the thermal 

conductivity. So, the thermal conductivity calculated by MD simulation has a margin of error. 
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There are two ignic models in MD simulation. One is the FIM (Fully Ionic Model) and 

another is the PIM (Partially Ionic Model). In FIM. the both crystals are fully ionic bonding with 

100% of the ion valence. For example. uranium. plutonium and oxygen ions have +4,c\'4 and -2 

electrical. charge in FIM. In PIM, the ratio of:the .ionic bonding in the crystal is'.not 100%. The 

ratio . (PM.O ) is roughly estimated , by Pauling equation , ~~$j, which is the empirical 
:>!YL~ 

equation; 

PM•O = 1- exp{-(XM ~ Xof 14} , 

where ': X is the electronegativity 'and the subscript of M arid 0 represent the metal and oxygen. ' 

In the present"study,the ionic bonding of 60 % was assumedfor'actinide dioxides in PIM. The;e 
" 

are two reasons for the ionicity of 60 %. One is that this value is favorabie for ceria-based 

materials IRl Another reason is that an oxide material cannot generally be clearly categorized 

into the ionic or covalent 'crystal. · lfmlml)l~~m.1a~·was evaluated'which';"p'otentiaJ model 'is the 

best for UO, and PuO,. ~~I:)1:~ referred from i~l~ll~ shows the temperature depe~dences' ofthe 

lattice parameter of UO, and PLIO" with the e~perir;,'~ntal data :~'C!t~§l From thisfi~re, it was 

found that the PIM was more suitable th'anthe FIM in case of UO, and PuO,. 
, " \ ' ) :,'~ . 
Therefore, in the 

present study, the PIM was used. Recently, ~mmt.~~ reported using th~ first principle 

calculation that'theionicity of UO, is 59%. Thi; value is very close tii the ionicity a~~';rh'ed in the 

present study (=60%). 

Asthe pot~';tial fu';ction used in MD calculation, MorsetypJ potenti~lwith Busini-Ida 

term (§:':m1~~) was used in the present stlJdy. 

() ~z.e2:" ) (a+al ":;')" c.cl Ulfjl = f, __ 1 - tf2\b, +bj exp' ' . - f2.,.'.,; 
Ii; b, + bj f;j 

" . .' '. '.' i 

+f2DiJ~;'Pl- 213~j (rij - r'j * i1- 2eJip[- ~'I (r'j - r'j* iH 
. -- ~ ,,, .,.. . 

where Ii I is the distance between i th and j th ions, z, is the electric charge of i tho f, and f2 

are adjustable parameters and equal to 10' and (4.18x 10'O)/(6.02 x 10") when the units of UlriJ 

and f;j are erg 'and ·:A:. ', a ;" aj' bi , bl , C" CI' Dij , l3'j and rij *. are potential parameters. 

In this model, t.ti~' first,second, thii'd and fourth t.er';''' of the right side represent Coul6rhb force, 

short range forc:e, ihteratomic force, ~nd covalent bond int~r~()tions, respectively. ' 
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These parameters were semi-empirically changed and determined until the thermal expansion and 

bulk modulus calculated by MD simulation corresponded to the experimental data. 

The calculation conditions in the present study are shown in 5000 steps 

computing of scaling method was carried out as initial relaxation. The calculations were 

performed at constant pressure-temperature (NPT) and constant volume-temperature (NVT), 

using the extended system method by ~~~~~",~~gu~~~~~±! and m9~mr~fj[QJ~I. 

cluster was 4 x 4 x 4 cluster for nitrides and dioxides as shown in ~~~1;;~ and 

The basic 

It was 

confirmed that the results obtained from 4 x 4 x 4 cluster adequately agreed with those obtained 

from 5 x 5 x 5 cluster. 

The potential parameters for ThN, NpN',PuN and AmN were semi-empirically determined 

by fitting the experimental data of the thermal expansion The Bulk moduli of 

UN and ZrN were evaluated by So, the 

potential parameters for UN and ZrN were semi-empirically determined by fitting the experimental 

data of the thermal expansion and bulk modulus. These parameters are summarized in ~;~::J&::~~~ 

and allow the author to calculate the solid solution formed from AnN and ZrN. Therefore, the 

author evaluated the thermal properties of not only AnN and ZrN, but also UO.4ZrO.6N, PUO.4ZrO.6N, 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N. The author chose these solid solutions by the following 

reasons. The thermophysical properties of UOAZrO.6N were experimentally evaluated in ~~t:~~,\,,~' 

After evaluation of the differences between the experimental data and MD results of UO.4ZrO.6N, the 

differences between PUOAZrO.6N and UO.4ZrO.6N were evaluated. To evaluate the influences of Np 

and Am, PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N were evaluated and their component was close to the 

candidate of the nitride fuels with the inert matrix suggested in FUTURIX-FTA project [5]. 

The temperature dependences of the lattice parameters of AnN (ThN, UN, NpN, PuN and 

AmN), ZrN, UOAZrO.6N, PUO.4ZrO.6N, PU0.2NpO.2ZrO.6N and PUo.2Amo.2Zro.6N were calculated by MD 

method from room temperature to 2800 K. 2:~~'?~c'%~~l&t!icl show the temperature dependences of the 
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lattice parameters, together with the experimental data ~l~~~~l1ill~:@!. In the same way, their 

temperature dependences of the L TEC were shown in 

MD results of AnN and ZrN corresponded to the experimental values; Although the 

temperature range of the experimental data were limited for ThN, NpN , PuN, AmN and ZrN, the 

high temperature data could be . obtained from MD calculation. And there are no data of the 

temperature dependences of , the . lattice parameter and L TEO of Uo.4Zro .• N, Puo.,Zro.;N, 

PUo.zNpo.,Zro .• N andPUo.zAmo.zZro .• N but the author estimated·them by MD calculation. In ~l~, 

the lattice parameters of UN,' NpN and PuN were close ·to each other at room temperature, and 

those of ThN and AmN were higher than those of UN; NpN and PuN at room temperature. The 

reason of the large lattice parameter ofThN is probably that Th atom doesn't have the electron in 

Storbit and U, Np, Pu and Am have the electron in Sf orbit. However, th e 'reason of the large 

lattice parameter of AmN is unknown. To understand this phenomenon, the attempts to evaluate 

the density of state and electron state by the XPS (X- ray Photoelectron Spectroscopy) arid 

XAFS (X- ray absorption fine structure) are recently performed ~1litl. In case of the L TEO of AnN, 

the values of ThN, UN and NpN were similar to each other. That of AmN was slightly higher than 

those of ThN, UN and NpN and that of PuN was higher than the others. From these results, it 

was qualitatively thought that the melting temperature of PuN was lower than the others because 

the L TEO is generally proportional to the inverse of the melting point in case of the materials with 
', - ' , . , ,'" . 

the same. crystal structure. In .case of the lattice · parameter and · L TEO of Uo.,Zro .• N, MD result 

w~~ well cl?nsistent with the experi~entaLdata of ~"!R~I~ and th.e data estimated' from 

Vegard' s law. This. result proved that there was no problem to evaluate the . thenmophysical 
: _ -J_" _. ' . - -- - . - _ '-

properties of the solid solutions formed from AnN and ZrN. In case. of the lattice parameter of 

Puo.,Zro .• N, MD result was lower than the data estimated from Vegard' ~ law. On the other hand , 

the LTEC obtained from MD calculation followed to Vegard' s law. The similar trend was reported 
'" I . .~. 

in the case of UxPu,_xN by By 

~~!~~J~j{ a~d : the reason of the disagreement of MD result from 

Vegard's law 'was that Pu atom became to have the electron in 6d orbit by the fonmation of the 

solid solution n~~erth~less Puatom didn' t funda;"ent~lIy have the electron in 6d orbit. The 

author thinks 'that' the same ~henomenon occurs in Puo.,Zro .• N. I~ 'c ase of PUo.zNpo.,Z:o .• N and 

Puo,Amo,Zro .• N, '~'uchdi~;g,.~~':"ents from 'Vegard' s law w~~e not almost obs~rved i~ irW'i§ due 

to the low cdritent ofPuk .! 
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The temperature dependences of the bulk moduli of AnN, ZrN, UOAZrO.6N, PUO.4ZrO.6N, 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N were calculated by MD method from room temperature to 2800 

K and were shown in with the experimental data !:-c'::iZ,!"';;;*,, 

Except for UN and ZrN, there is no experimental data, but the author could obtain their 

bulk modulus by MD calculation. In case of UN and ZrN, MD results of UN and ZrN agreed with 

the experimental data In the same way of the L TEC, the bulk modulus of 

ThN, UN and NpN were similar to each other, and those of PuN and AmN were lower than those of 

ThN, UN and NpN. The bulk modulus of UO.4ZrO.6N at low temperature «1800 K) and PUO.4ZrO.6N 

indicated the intermediate value of ZrN and UN or PuN. At high temperature ()1800K), the bulk 

modulus of UO.4ZrO.6N were similar to that of UN and ZrN because the bulk modulus of ZrN became 

to be close to that of UN with increasing the temperature. The bulk modulus was slightly 

decreased by the addition of Np and Am in Using the L TEC and bulk modulus obtained 

from MD calculation, the author estimated the Go by 

The Gp was evaluated as the sum of Gv and Go . The temperature dependences of the 

specific heat capacity of AnN, ZrN, UO.4ZrO.6N, PUOAZrO.6N, PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N are 

shown in together with the experimental data ~41~r~r§i~ni~;fl The specific heat 

Using the data capacity of ThN at low temperature «20K) was reported by l;g~~!~~~~v;!~~lc~C!f?g:!±i&I;E~~~' 

of , the author calculated the GEL of ThN as the following equation; 

GEL (Jmol-1K-1
) = 3.12 x 10-3 T 

In case of ThN, the sum of MD result ( Gv + Go) and GEL was also shown in and it almost 

agreed with the experimental values This result indicates that other contributions such as 

Frenkel defect are very small in case of ThN. MD results of UN and ZrN was well consistent with 

In the specific heat capacity of UN, the experimental data of 

T~'X~i~~ir(,~)Q"'7:;i\"?r:~~'l rapidly increased from about 1500K. In :;::~~'i':"L~. it was suggested that the 

increasing is probably occurred from the anharmonic lattice vibration. The contribution of the 

anharmonic lattice vibration could be included in Gv obtained from MD calculation because the 

lattice behavior can be reproduced by MD simulation. Therefore, also in MD results, the rapid 

increasing of the specific heat capacity could be observed. The similar trend was observed in 
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case of ZrN. MD result of UN was lower than the experimental data ·~'m.ji>~.b';f&lI~, but MD 

result and Gv + Go obtained in ~f1I". of ZrN showed the similar value with the experimental 

data The rapid increases in specific heat capacity at high temperature were 

not observed in case of ThN, NpN, PuN and AmN. The misalignments between MD results and 

the experimental data, which is mainly resulted from the GEL' decreased with the atomic number 

from ThN to PuN. Judging from this tendency, MD result of AmN may show the similar value with 

the Cp , although there is no data of the G. of AmN. 

"'"~~~"w= In ~!l'4t%&g, MD results of Uo.,Zro.,N and Pu.,Zro .• N were well consistent with the 

experimental data of ~~~~ and the data estimated by Neumann-Kopp' s law. These results 

b bl . d' th th G . U Z N d P Z N II I \,"'*jil'll,"'> h . fl pro a y.n .cate at e EL.n 0.' ro.. an uo.. ro.. are sma. n ~~. t e .n uences 

of the addition of Np and Am could not be almost observed. Inihe specific heat capacity of these 

solid solutions. the rapid increasing at the high temperature could be observed in the same way of 

ZrN. 

As the author explained in the thermal conductivity is represented as the 

following equation; 

KrOT :::: KEl + KLAT + KOTHER ' 

where KTOT is the total value of the thermal conductivity. indeed KTOT is the experimental 

values, ICLAl I KEL and KOTHER are the lattice, electrical and other contributions. l(EL can be 

evaluated by Wiedemann-Franz law @lr&~i:q§) from the electrical conductivity. Howe)'er. in MD 

calculation, we ,can't calculate KEL an~ KOTHER' MD results represent only KLAT . In case of 

AnN and ZrN. the main contribution.in KTOT is KEL and KOTHER ' Therefore. all we can do using 

MD simulation is only qualitative evaluation for .the KLAT • The temperature dependences of the 

thermal conductivities of AnN •. ZrN. Uo.,Zro .• N; Puo,Zro.,N. PUD~Npo~Zro.6N and PUo.,Amo.,Zro.,N are 

shown in llii!3iit%§ .. together with the experimental data il~. All of MD results followed to 

lIT law. In~and.~.the black lines represent the fitting result by l i T law. There are 

no remarkable ' differences between the thermal conductivities ofThN. UN, NpN, PuN and AmN. 

MD result of ZrN .was higher than the experimental data by ~~~~!E5.'[~1§11 and 

~. at room .temperature. Therefore. underestimation of the literature data t:[Qi[~l was 

confirmed by not only the> KEL (see :G~W~tl'ri}~). but also MD calculation. 
iWJ.'~~#'J,~ 
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It was found that MD results of U0.4Zro.6N and PUO.4ZrO.6N were lower than those of ZrN 

and UN or PuN in It is because the center of the phonon scattering was made by 

formation of the solid solution of UO.4ZrO.6N and PU0.4Zro.6N. On the other hand. MD results of 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N were similar to that of PUO.4ZrO.6N. The effect of the phonon 

scattering by formation of the solid solution depends on the differences on the ionic radii. effective 

mass and electron valence. Their differences between Pu and ZrN would be vastly larger than 

those between Np-Pu. and Pu-Am. although there are no data of the ionic radii of Np3 .... Pu3'" and 

Am3.... This is probably the reason that the effects of the addition of Np and Am were not almost 

observed. 

In the same way of nitride. the potential parameters for Np02. PU02 and Am02. were 

semi-empirically determined by fitting the experimental data of the thermal expansion 

The Bulk moduli of U02 were evaluated by ~1l~Jr~ffrw[~I~r§j. So, the potential 

parameters for U02 were semi-empirically determined by fitting the experimental data of the 

thermal expansion and bulk modulus [[ljl. These parameters are summarized in 

By using these potential parameters. the thermal properties of An02 (An: U. Np, Pu and Am), 

MOX (UXPU1-X02), Np-containing MOX (Uo.7-xNPxPUO.302) and Am-containing MOX 

(Uo.7-xPuo.3Amx02) were evaluated from MD simulation. 

The temperature dependences of the lattice parameters of An02 (An: U, Np, Pu and Am), 

the temperature dependences of the lattice parameter of An02' with the experimental data .< .... , .... ,. , .. " 

In these figures, MD results of An02 were well consistent with the experimental data. 

The electron number in 5f orbit of An elements increases with increasing the atomic number 

nevertheless the most outer shell of An element is 7 s orbit. Therefore, the ionic radius in An 

ion decreases with increasing the atomic number. This phenomenon is called "actinide 

contraction". In case of An02. their lattice parameters decrease with increasing the atomic 

number following to the actinide contraction because the main bond of An02 is the ionic bond. 

This trend could be reproduced by MD calculation as shown in :Z2.~<;!,£,";;;';'Z;.?";i' On the other hand, in 
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case of AnN. the lattice parameters didn't follow to the actinide contraction as shown in 
''',,;8'''';,~00j 

because the main bond is the covalent bond and metallic bond. 

t;!§,~~>~,~:t:! and show the lattice parameters at room temperature as the function of X 

Am02 (;r~ref~~~yr;;1;fll' using Vegard' s law. In these figures. MD results were well consistent with 

the ideal solid solution in the different way of UxPul-xN and PuxZrl-xN. :C&;!~~~~ shows the 

temperature dependences of the lattice parameters of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02' 

From these figures. it was confirmed that Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02 followed to 

Vegard's law at high temperature. The same tendency was observed in the bulk modulus. 

iill~~ shows the temperature dependences of the specific heat capacities of An02 

(An: U. Np. Pu and Am). together with the experimental data of estimated 

data @~3l In case of MD result of U02. the peak was observed around 2200 K. 
«""""BY"'='! 

have shown that the cation migration is assisted by an anion diffusive transition. which 

phenomenon is called 'Bredig transition' . ~2;t/JliJ;~~~ suggested that Bredig transition 

could happen in PU02, too. However, by MD calculation, Bredig transition could not be observed. 

For conformation of Bredig transition, the author evaluated the motion tracks of U4
+, Pu4

+, 0 2- in 

U02 and PU02 crystal structure at 2500 K as shown in ii1[[g]~1. In this figure, it was found that 

the MD cell of U02 reproduced Bredig transition and became the oxygen super-ionic conductor at 

2500 K, as suggested by the neutron scattering experiments [~~~l§J This result indicates MD 

calculation using the potential parameters obtained in the present study gives a reasonable 

description of atomic motions in U02 at high temperatures. On the other hands, in case of PU02' 

the oxygen ion didn't become to be the super-ionic conductor and the MD cell hold CaF2 

structure. In case of SGTE data Bredig transition could not be observed. From these 

results, the author thinks that PU02 doesn't have Bredig transition. In MD calculation, Bredig 

transition could not be observed in case of Np02 and Am02' too. shows the 

mean-square displacement (MSD) obtained from 3000 steps (6 ps) calculation and the existence 

of the Bredig transition is confirmed in the MD cell at 2100-2500K. reported 

that Bredig transition of U02 occurred at 2610 K (0.84 of melting temperature). Its temperature 
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was slightly higher than that calculated from MD simulation. The MD cell is the perfect crystal, 

which doesn't include the dislocation and defect. Probably, this is the reason of the differences 

between Bredig transition temperatures obtained from the experimental measurement and MD 

simulation. 

pointed out that the Cp of U02 could be represented by the 

following equation; 

where the CSch ' Cs.P. CSredig are the contribution of the formation of Schottky, small polaron, 

defect and Bredig transition. However, in MD simulation, the CSch and Cs.P. could not be 

evaluated. The Csch and Cs.P. was evaluated by as the following 

equations; 

Therefore, the author estimated the Cp of U02 using the MD result (Cy + Co + CSredig), CSCh 

and Cs.P. From the sum of MD result (Cy + CD + CSredig), CSCh 

and Cs.P. of U02 was well consistent with the experimental data In 

case of PU02, only the MD result agreed with the experimental data ~jJ.S:~~~;;;:'~.' In case of Np02 and 

Am02' there are some variations in the experimental data ,t;~~~'t~£I&~!~~2~l'ii2~~1 and MD results were 

within the variation of the experimental data. From these results, it was confirmed that the 

specific heat capacity could be precisely evaluated by the MD results in case of An02' which 

doesn't almost have the contribution of the electron. 

!/3!~"~.l:'.1..l:'.~ shows the temperature dependences of specific heat capacities of U1-XPUX0 2 

(X=O, 0.2, 0.3, 1.0), together with the experimental data of U02 and PU02 and the data of ",'''A "'/ • .,.~ 
using Neumann-Kopp' s law. From 

this figure, it was confirmed that MD results of UO.7PUO.302 and U o.SPUO.202 are well consistent with 

their estimated data. In addition, UO.7PUO.302 and U o.SPUO.202 had the peaks derived from Bredig 

transition, in the same way of U02. !/\Il;;,;'~';"";'t shows the temperature dependences of the specific 

heat capacity of Uo.7-xNPxPUO.302 and Uo.7-xPuo.3Amx02' In this figure, Bredig transition could be 

observed in both Uo.7-xNPxPUO.302 and Uo.7-xPuo.3Amx02' The influence of the addition of Np and 

Am was very small. 
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Before the author calculates the thermal conductivity of An02 by MD simulation, the 

author had predicted that MD results of An02 would agree with the experimental data in the 

different way of AnN because the KEL is very small and the KLAT is the main contribution in 

case of An02' To confirm the validation of the prediction, the author showed the temperature 

deperidences of the thermal conductivities of An02 (An: U, Np, Pu and Am) in iJii~:C"';;~:i7J;;' with the 

experimental data The MD cell is the perfect crystal and there are no grain boundary 

and point defect. On the other hand, in the actual polycrystalline material, the thermal 

conductivity is decreased by the grain boundary scattering and point defect scattering. 

Therefore, in v,il};,~~Uhfi,,*,' at low temperature (T <700 K), MD results of An02 (An: U, Np, Pu, Am) 

were higher than the experimental data. MD results of U02 at middle temperature (800 < 

T <2000 K), Np02 and PU02 at the high temperature (800 K < T) was well consistent with the 

experimental data, because the effect of the phonon vibration became to be larger than the effect 

of the grain boundary and point defect at such temperature region. At high temperature (2000 K 

< T), the small polaron generates in U02 crystal and this phenomenon increases the specific heat 

capacity and thermal conductivity. So, MD result of U02 was lower than the experimental data at 

high temperature (2000K < T ). evaluated the small polaron contribution (Ks.p.) 

as the following equation; 

The author plotted the sum of the MD result (= KLAT ) and Ks.p. as the red triangle points in 

and the sum of the MD result (= KLAT ) and Ks.p. agreed with the experimental data at the 

whole temperature. MD result of Am02 was higher than the experimental data, nevertheless MD 

results of U02, Np02 and PU02 showed the similar value with the experimental data. In addition, 

the experimental data of U02, Np02 and PU02 were close to each other. On the other hand, only 

the experimental data of Am02 was quite lower than those of U02, Np02 and PU02' There are 

some reasons of this phenomenon. First reason is that the thermal conductivity is decreased by 

the point defect scattering because Am02 is reduced and 0/ Am changes during the measurement 

of the thermal conductivity. Second reason is the self-irradiation damage. Third reason is the 

density change by He bubble generated from the alpha decay of Am. Judging from these reasons, 

the experimental data underestimates the thermal conductivity of Am02. Therefore, the author 

thinks that MD result of Am02 represents the intrinsic thermal conductivity of Am02. From MD 
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calculation. it was found that there is no large deviation between the thermal conductivity of An02 

(An: U. Np. Pu and Am). 

1~\H~.i£~i.,':'?2~ and show the temperature and Pu content dependences of the thermal 

conductivity of U1-XPUX02. with the experimental data ~~mlm~~1§1 MD result of Uo.SPUO.202 

was convex downward and was within the variation of the experimental data .c~,§~1] 
iZJAB~Z;;;ic~/l 

this is the typical behavior of the thermal conductivity derived from the formation of the center of 

the phonon scattering. By MD simulation based on only the thermal expansion data of U02 and 

PU02' the author could precisely evaluate the thermal conductivity of U1-XPUX02' From this 

result. it was thought that MD results of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02 would indicate the 

similar value with the experimental data. 

shows the temperature dependences of the thermal conductivities of 

From this figure. in 

the same way of U02. PU02 and MOX, MD results of Uo.7-xNpxPUO.302 and UO.7-XPuO.3Amx02 

decreased with increasing the temperature following to 1/ T law and indicated the similar value 

~J~:I.J\'~:~ shows Np or Am content 

dependences of the thermal conductivities of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02, with the 

experimental data !!i!4'~~~i:.J: In both case of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02, the MD results 

were well consistent with the experimental data. From this figure, it was found that the thermal 

conductivities of Uo.7-xNpxPUO.302 and UO.7-XPuO.3Amx02 didn't almost depend on Np or Am content. 

The phonon-impurity scattering can be described by both mass and size distortion effects. In 

case of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02, the mass and size differences between U4
"', Np4"', 

Am4'" have to be considered, because U4'" is substituted by Np4'" or Am4.... The atomic mass of U, 

Np and Am is 238, 238 and 241. The tetravalent eight-coordinate ionic radius of U4"', Np4'" or Am4'" 

are 0.10, 0.098 and 0.095 nm, respectively ~!~. Therefore, it was thought that the distortion 

effect by addition of Np and Am was small in Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02' This would be 

one of the reasons that the thermal conductivities of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02 were 

scarcely influenced by addition of Np and Am. Another reason would be that the decreasing of 

the thermal conductivity by the phonon-impurity scattering is almost saturated by the solution of 

Pu. 

3~slsiifurfii3:~ 

By fitting the limited experimental data of the thermal expansion and bulk modulus, the 
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potential parameters for nitrides (ThN. UN, NpN, PuN, AmN and ZrN) and actinide dioxides (U02, 

Np02, PU02 and Am02) were semi-empirically determined. Using these parameters, the author 

evaluated the thermal expansion, bulk modulus, specific heat capacity and thermal conductivity of 

not only An02' AnN and ZrN, but also MOX [Ut-XPUX02 (X=0.2, 0.3)J. MA-containing MOX 

[Ut-xNpXPUO.302 (X=O, 0.05, 0.10, 0.15, 0.12, 0.15), Ut-xPu0.3AmX02 (X=O, 0.016, 0.03, 0.05, 0.10, 0.15)] 

and nitride fuels with the inert matrix (U0.4ZrO.6N, PUOAZrO.6N, PUo.2Npo.2ZrO.6N and PUo.2Amo.2ZrO.6N). 

The lattice parameters as the function of temperature and L TEC of An02. AnN and ZrN 

calculated by MD simulation were well consistent with the experimental data. MD result of 

UO.4ZrO.6N agreed with the experimental data obtained in Chapter 2 and Vegard's law. On the 

other hand, the lattice parameter of PUO.4ZrO.6N calculated by MD simulation was lower than 

Vegard's law in the same way of the experimental data of Ut-xPuxN. MOX, MA-containing MOX, 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2ZrO.6N followed to Vegard' slaw. 

The specific heat capacities of UN and ZrN calculated from MD simulation were well 

consistent with the Cv + CD of UN and ZrN obtained in Chapter 2, respectively. MD result of 

UN was lower than the experimental data of Cp , but MD result of ZrN was well consistent with 

the experimental data of Cp • In the same way of UN. MD result of ThN was lower than the 

experimental data of Cp , and the sum of MD result and CEL showed the similar value with the 

experimental data of Cp . On the other hand, only MD result of NpN and PuN were close to the 

experimental data of Cp in the same way of ZrN. Judging from these tendency, MD result of 

AmN may show the similar value with Cp , although there are no experimental data of the Cp of 

AmN. MD results of UO.4ZrO.6N and PUO.4ZrO.6N were well consistent with the experimental data of 

Cp in Chapter 2 and the data estimated by Neumann-Kopp's law. The influences of the 

addition of Np and Am could not be almost observed. 

Bredig transition was observed in the specific heat capacity of U02 calculated by MD 

simulation. By the motion track evaluated by MD simulation, it was confirmed that 0 2- in U02 

crystal became to be the super-ionic conductor in the region of 2100 K < T , for the first time. 

The sum of MD result (Cv + CD + CBredig), Cs.P. and CSch of U02 was well consistent with the 

experimental data of Cp . Only MD result (Cv + CD) of PU02 agreed with the experimental data 

of Cp • MD results of Np02 and Am02 were within the variations of the experimental data of Cp • 
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In case of the specific heat capacity of Uo.SPUO.202 and UO.7PUO.302, MD results followed to 

Neumann-Kopp' s law and Bredig transition could be observed. The specific heat capacity of 

UO.7-xNPxPUO.302 and UO.7-xPuo.3Amx02 obtained by MD simulation were almost independent on X 

and indicated the peaks derived from Bredig transition. 

By MD simulation, only the KLAT could be evaluated. In case of the nitride fuels, MD 

results were vastly lower than the experimental data (= KTOT ), because the main contribution in the 

KTOT of the nitride fuel is the KEL . In case of the material with high electrical conductivity such 

as the actinide nitrides, we can't evaluate the thermal conductivity by MD simulation. On the 

other hand, in case of the material with low electrical conductivity such as the actinide dioxides, 

we can precisely evaluate the thermal conductivity by MD simulation. 

There are no remarkable differences between MD results of ThN, UN, NpN, PuN and 

AmN and they were lower than that of ZrN. MD results of UO.4ZrO.6N and PU0.4Zro.6N were lower 

than those of ZrN and UN or PuN due to the phonon-impurity scattering. In case of 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2Zro.6N, the influences of the addition of Np or Am were not almost 

observed. 

At low temperature (T <700 K), the thermal conductivity of U02, Np02 and PU02 

obtained from MD simulation were higher than the experimental data because the MD cell is the 

perfect crystal and there are no effects of grain boundary, point defect and so on. At the high 

temperature, MD results of U02, Np02 and Pu02 showed the close value with the experimental 

data. MD result of Am02 was higher than the experimental data at whole temperature, because 

the experimental data would underestimate due to the reduction, self-irradiation damage and He 

bubble of Am02' So, it is thought that MD result of Am02 indicates the intrinsic thermal 

conductivity. From MD calculation, it was found that there is no large deviation between the 

thermal conductivity of An02 (An: U, Np, Pu and Am). MD results of Uo.SPUO.202 and UO.7PUO.302 

were well consistent with the experimental data. MD result of U1-XPUX02 as the function of Pu 

content showed the convex downward relationship due to the phonon-impurity scattering. MD 

results of UO.7-xNPxPUO.302 and UO.7-xPuo.3Amx02 didn't almost depend on Np or Am content. 

From these results, it was found that the thermophysical properties of MA-containing 

MOX fuels are very close to those of MOX fuels. Therefore, it is thought that the fuel behavior of 
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MA-containing MOX fuel in the reactor core could be predicted by the code, which had been used 

to predict the fuel behavior of MOX fuel. In the present study, it was confirmed that MD 

simulation is very useful when we evaluate the thermophysical properties of the fuels with the 

complex component such as MA-containing MOX fuels. 

In the present study, it is confirmed that the thermophysical properties of the 

non-irradiated oxide fuels could be precisely evaluated by MD simulation. In MD simulation, it is 

possible to insert the point defect, dislocation and lattice strain in the simulation cell in order to 

reproduce the irradiated fuel. In this case, the electron valence of a part ion of U, Pu and MAs 

would change. However, it is difficult to determine the potential parameters of actinide ions such 

as U5+ and Pu5+ because there is no material consisted from only U5+ and Pu5+. Therefore, MD 

calculation used in the present study could not evaluate the irradiated fuels. On the other hand, 

their potential parameters would be able to be theoretically determined by the first principle 

calculation. In the future, it will become to be important to evaluate the thermal properties of the 

irradiated oxide fuel by the combination of MD simulation and first principle calculation. 
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~~l~~~j Calculation condition 

Particles 
Nitrides: 512 particles (N3-:256. An3+:256, 4x 4x 4 cluster) 

Oxides: 768 ((02-:512, An4+:256, 4x 4x 4 cluster)) 
System ----------------------- --------------------------------------------------------------------------

Structure _____________ ~_~~I_!~p_~_~~~~r!~_~~~_~~_~~~_2_!y~~_~~~!~_~~~ _____________ . -----------------------
Boundary 3 dimensional periodic boundary condition 

Control 
Temperature Scaling Scaling Nose Nose 

----------------------- ----------------- ------------------ ------------------ ----------------_. 
Pressure Scaling Scaling No control Andersen 

Time per a step 2f sec 2f sec 2f sec 2f sec 
Number of steps 20,000 20,000 40,000 1,000,000 

i/;lc~~~~?~hA~~ Interatomic potential function parameters for ThN, UN, NpN, PuN, AmN and ZrN 

Ions z abc Ion pair Dij ~ ij rt 
N3- -1.450 1.797 0.080 20 ><: >< : >< : >< 

Th3+ , 1.450 . 1.358 0.080 2.5 Th3+-N3-: 9.10 : 2.50 : 2.500 
----iji;---r- -1~450--r --1~i2-8 --T-ii080- T- --0- --- ---U3+=--N3:---r--~i.o-o --1- --1~25- --r --2~i64---

---Np3+- -- r- -1 ~450 --:- --1 ~i48 ---:--O~OS-O-T --1 ~O--- --Np3';':'Ni~- -r- -9-.5-6 --: ---1 ~25- --r --2~364---
___________ l __________ ~ ____________ ~ ________ J _______________________ l _________ J __________ L __________ _ 

pu3+ : 1.450 : 1.196 : 0.080: 0 Pu3+-N3-: 0.10 : 0.80 : 2.453 
---A;;:;i+---r--1~450--1--1~2-i05--T-0~08o-T--2-5--- --A~3+=--N3:--r--o-.io--1---2~20---r--2~5-1-0---

----z;.a.;---f--1~450--1---1~01-9--T-0~080-T-2-.35-- --Z;a+~N-3:.---f--6-.50--1---4~51---f---i~ii---

Ions z abc Ion pair: Dij ~ij rt 
0 2 -1.2 1.926 0.106 20 .><:><:><: >< 
U4+ . +2.4 1.659 0.106. 0 u4+ -02-: 18 1.25 2.369 

--- Np4~---: -- -+2.4 --- --i-1-90- -- --0-.080- --:- ----0 ---- -Np4+~O-2:'-:-- -1 '0.5 -- ---iii -- -- 2.339- --
___________ ~ _________________________________ 1 ______________________ J ______________________________ _ 

Pu4+ . +2.4 1.229 0.080: 0 PU4+-02-: 13 1.56 2.339 
---A~4+--r--+2-.4---- --i'052--- --'0.0-80---:-----0---- -A~4;.:Oi~r--8~6--- ---i9s--- --2'.339---
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Fig. 3.63 Cluster model used in MD calculation of the metal nitrides 

Fig. 3.64 Cluster model used in MD calculation of the metal dioxides 
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Chapter 4: FP effects on thermophysical properties of simulated high-burnup nitride fuels 

As the author described at the previous chapter, the nitride fuel is a good ·candidate of 

the advanced fuel for FBR OO'~ and ADS g~f It is necessary to evaluate the thermophysical 

properties of nitride fuels under high-burnup because the thermophysical properties of the 

high-bumup nitride fuel are not almost known. However, the researches of the actual irradiated . . 

fuels take a lot of time and cost. So. when the thermophysical properties of. the high-bumup 
-"~~i 

oxide fuel s are evaluated, the simulated high-burn up fuel (SIMFUEL) g,~]!n has been often used. 

SIMFUEL is UO, pellet including the non-radioactive isotopeelements .of FP, elements . such as 

129-Nd and 14-0. The thenmophysical properties . of the now-radioactive isptope element are 

almost same to those of the radioactil(e ,. isotope element. Therefore, we . can predict the 

thermophysical properties of the high-burn up fuels from those of SIMFUEL. However, in,.case of 

th.e nitride fuels, the SIMFUEL studies have not been.perfonmed. Whereat, the author applied the 

concept of SIMFUEL to the nitride fuel. . In the present study, the author chose Pd, Nd and Mo as 

the typical FP elements: "The reasons that Pd, Nd and Mo. were chosen are described in the 
• - - - I 

following sentences. .The solid FP element~ in the nitride fuels can be roughly divided into three 

groups: first is the element which fonms,.the intermetallic compounds with uranium element and 

precipitates, second is the element which resolve, in the nitride fuel, and third is the element. which 

precipitates as the pure metal and doesn't react with uranium element. Pd, Nd and Mo are. the 

typical el.ements .of the. first, ,second and third group of FP elements" respectively. ,' It is the 

reason that the author chose Pd, Nd and Mo"" In addition, the author prepared UN pellet including 

Nd and Mo, to evaluate the interaction between the FP elements. The additive amount of .each 

FP element (Pd, Nd and Mo) was determined to be the bumup of 50 and 200 GWdltU. Briefly, the 

eight kinds : • .of the ; simulated high-burnup fuels were" prepared in the present study, which 

components are UN+2.2mol%Pd, UN+ 1 1.7mol%Pd, UN+2.7mol%Nd, UN+ 1 2.2mol%Nd, UN+ 1 .6mol%Mo, 

UN+7.1mol%Mo;· , U.~73Ndo,."N+1.5mol%Mo U"91 Nd •. ",N+7.1mol%Mo. Pd reacted with ,U and 

precipitates in th~ grain . boundary as UPd3, Nd. formed ' the · solid solution · with UN , and , Mo 

precipitated as metal Mo. The details would be explained later. There are a lot of data of the 

thermophysical prpPerties of Mo. Or the other hand, there are few data of UPd3 and NdN. In 
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addition to the SIMFUEL, the author experimentally evaluated the mechanical properties of UPd3 

and thermophysical properties of NdN. In case of pure NdN, the thermal properties were also 

evaluated by MD calculation because it is difficult to handle NdN due to the extremely low 

oxidation resistivity. In case of UPd3, only XRD pattern and mechanical properties were 

evaluated in the present study because the thermal properties and elastic properties ofUPd3 were 

evaluated irfoLir previous work 

Basically, the preparation methods of UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo pellets 

are fundamentally same to that of UN. In case of UN+Pd, UN+Mo and (U,Nd)N+Mo pellets, Pd 

(99.95%) and Mo (99.9%) powders were added to UN powder after the conversion from UO, to UN. 

In case of (U,Nd)N and (U,Nd)N+Mo pellets, Nd,03 powder was added to UO, powder before the 

conversion. After the conversion process, the solid solution «U,Nd)N) was obtained. The small 

different points in the preparation cOl1ditions of UN, UN+Pd, UN+NdN, UN+Moand (U,Nd)N+Mo 

pellets are summarized in By these methods, the eight samples, which are 

UN+2.2mol%Pd, UN+11.7mol%Pd, U0.973Ndo~27N, Uo.B78Ndo.122N, UN+1.6mol%Mo, UN+ 7.1 mol%Mo, 

Uo.,uNdo.o26N+1.5mol%Mo and UO.,,, Ndo.1I ,N+7.1 mol%Mo; were prepared. In the present study, 

UN+2.2mol%Pd, UN+ 11. 7mol%Pd, Uo.973Ndo.027N, Uo.878Ndo.122N, UN+ 1.6mol%Mo UN+ 7.1 mol%Mo, 

Uo.,uNdo.o26N+1.5mol%Mo and UO.881Ndo.119N+7.1mol%Mo are named as UN+Pd-L, UN+Pd-H, 

(U,Nd)N-L, (U,Nd)N-H, UN+Mo-L, UN+Mo-H, (U,Nd)N+Mo-L and (U,Nd)N+Mo-H. The simulated 

burnup of the pellets with low FP content (UN+Pd-L, (U,Nd)N-L, UN+Mo-L and (U,Nd)N+Mo-L) is 

50 GWd/tU and that of the pellets with high FP content (UN+Pd-H, (U,Nd)N-H, UN+Mo-H and 

(U,Nd)N+Mo-H) is 200 GWd/tU. 

NaN 
The oxidation resistivity of NdN is very low. So, in case of the atmospheric 

pressureless sintering, most of NdN pellets were oxidized because the sintering time was long. 

The high-density and high-purity samples of NdN could be obtained by the SPS because the 

sintering time of SPS (~5 min) is vastly shorter than that of the atmospheric pressure sintering 

(>10hr). 

NdN (99.9%) powder was supplied from Furuuchi Chemical Co. Ltd. In the SPS process, 
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the author used two graphite dices (T2mmxcp 20mm and T4mmxcp 10mm) to minimize the time of 

the polish and cut of the bulk sample. The disk samples (T2mm x cp20 ) of NdN were used in the 

measurements ofthe thermal properties such as'the thermal expansion, specific heat capacity and 

thermal diffusivity, and 'the column samples (T4mmxcp 10mm) were used to evaluate the elastic 

properties and hardness. 

The button-shaped sample of UPd3 was prepared by high vacuum induction melting, 

The purities of starting materials (metal U and Pd) are above 99.9%. The prepared buttons were 

annealed at 1073 K for 10 hr in a vacuum below 10-5 Pa. 

The experimental procedures of polishing, sample characterization, crystallographic 

properties, mechanical properties, electrical properties and thermal properties used in this chapter 

From the carbothermic reduction and atmospheric pressure sintering, the high-density 

bulk samples (>85%T.D.) of UN, UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo could be obtained, 

Their impurity oxygen, carbon content and N/M ratio were summarized in m[~~fr.~. 

~~, it was found that there are no sample including the high impurity oxygen and carbon, compared 

with UN pellet, in the different way of Uo,.Zro.,N pellet. The highest density of NdN samples 

prepared by the SPS was 88.2 %T.D. In maximum SPS temperature of TiN and ZrN 

was 2073 K. On the other hand, that of NdN was 1873. It was because the powder sample was 

melted in the SPS procesS due to the diremption of the nitrogen from NdN from about 1923 K. 

The sample characteristics Of NdN were summarized in . The density of UPd3 prepared 

by high vacuuminductiori melting method was 95.0 %T.D. 

In the same way of Uo .• Zro.,N and UN+60mol%TiN, the author assumed that the 

coefficients (j3) of the porosity dependences of the thermophysical properties of UN+Pd, (U,Nd)N, 

UN+Mo and (U,Nd)N+Moare same to that of UN. The f3 of NdN was determined in the present 

study by evaluatiClI1 oiihethermophysical properties ofthe sample with various porosities in the 
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same way of ZrN and TIN. " ' , 

XRD patterns of UN, UN+Pd-.L, UN+Pd-H, (U,Nd)N-L, (U,Nd)N-:-H, UN+Mo-L, UN+Mo;-H, . . . ' . ,., '," , "- ' 
''''''':;!I0' 1;~' if<;P''i,~1' 

(U"Nd)N+Mo-;:L, (U,Nd)N+Mo-H, NdN and UPd, are ~~own in !\j~~1t~4k4, together with the. literature 
.. ',- " ' .. 

In E1~~4i;j) , most of peaks of UN, UN+Pd-L and UN+Pd-H agreed with the JCPDS data of 
-", .. -,,,,,"",~.~ 

UN t~~l and the experimental . data of UPd, agreed . with the literaturepata of UPd, milD:. In 
.' :/.;. - ,. " . ", . . ',' '. ' ,,: " ,. . ',' 

wt1~~ 
UN+Pd-L and . UN+Pd-H, the peaks of the precipitation were observed at about 43 ', By!!fii,§ 

'\" . ',' ;-".' -c' ___ -'c', "j, .', I .,. ;-, - : . ,-,- - .' 

" and ~~~11!1 Pd reacts --:it)1 UN and forms UPd, under the ",quilibrium state. 

So, it is thought that the precipitation in UN+Pd is Pd or UPd,. Both Pd and UPd, have the main 

peak at about 43 ' and the other main peak of UPd, laps over the peak of UN. Therefore, from 
:.' I. 1 " ,.t. ~. ', ' . ' . '.' . "':-.' :"' "" - ~ , . ',,, :. . 

we " ann"tjudge what the precipitation is, .,.When the XRD pattern between 60 and 80 · is 

upsizeda~ shown in the third pe.~k oqjP~, w,as confirmed and the ~econq . peak of Pd 

could not be confirmed. From these results, it was found that Pd reacts with .UN and forms UPd,. 

The lattice parameters of UN phase of UN+Pd-L pellet (0.4886nm) and UN+Pd-H pellet 

(0.4889nm) were well consistent with that of UN pellet (0.4889nm) and that of UPd, . pha~e could 

not be evaluated because the peaks of UPd3 phase are very unclear and small. From these 

results, it was found that Pd didn' t resa'ive in UN phase. The lattice parameter of, pure UPd, 

were (a=:O,5778 ,nm,c=;0.9721 nm). 

In (U,Nd)N-L, (U,Nd)N-;:H ,and NdN were . siQgle phase. By using these XRD 

patt~rns , th.eir latticeparameter,s were estimated a'1d the ,lattice parameters a~ NdN content were 

showed in . , ... : together with the literature data ~~~!~l;[~~li~gl Judging from §ft{I!~, it was 

found that the lattice parameter of NdN was within th.e variation of the literature data ~l§l~.fu'~~ 

and those. of U, . ,NdxNfollowed to Vegard ' s I,aw. From these results, it was confirmed that NdN 

resolved in UN. 

In !iIml~, most of peaks of UN+Mo-L and UN'tMo;-H agreed with the JCPDS data of UN 

~l . Except for 'the peak corresponding to th~ JCPDS data of UN, the peaks were observed at 

about 40 ' and 73 ' and these peaks are qonsistent with the JPCDS data of Mo ' . . ! The lattice 

parameters of UN phase in UN+Mo- L pellet (=0.4889 nm) and UN+Mo-Hpellet (=0.4889nm) were 

perfectly agreed with that of UN pellet (=0.4889nrn). The latticepararl'leters of Mo phase in 

UN+Mo-H (=0.3115nm) were roughly consistent with that Of the .JCPDS data of Mo (=0.3147 nm) 

~1!.U From these results, it was confinmed that UN. didn't react with ,Mo and pure metal Mo 
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precipitated in UN phase. 

From these results, it is predicted that NdN resolves and Mo precipitate as the pure 

metal in (U,Nd)N+Mo pellets. Following this prediction, in Fig, 4,4, the peaks of (U,Nd)N and Mo 

were observed. The lattice parameters of (U,Nd)N phase in (U,Nd)N+Mo-L pellet (=0.4897 nm) 

and (U,Nd)+Mo-H pellet (=0.491 Onm) were well consistent with those of (U,Nd)N-L (=0,4896 nm) 

and (U,Nd)N-H (=0.4911 nm), and that of Mo phase in (U,Nd)N+Mo-H (= 0,3105 nm) was roughly 

consistent with the JCPDS data of Mo [ 8] (=0.3147nm). The lattice parameters obtained in the 

present study were summarized in !fable 4,2 and iI.3. 

Surface observation and MSA (Minimum Solid Area) 

In the LSM, SEM and EDX analysis, the segregations of particular elements and 

precipitation could not be observed in case of UN, (U,Nd)N-L, (U,Nd)N-H, NdN and UPd" In case 

of the other samples, the precipitations were clearly observed as shown in Fig, 4,7-9, In case of 

UN+Pd, Pd concentrated along the grain boundary of UN. The Pd/ U ratio at the precipitation 

was about 3,0, In case of UN+Mo and (U,Nd)N+Mo pellets, Mo precipitated as the sphere particle, 

and U and Nd didn't exist the particle of Mo, 

By the LSM observation, the MSA of UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo were 

evaluated. Their MSA were almost consistent with E~. 2.21, which represents the porosity 

dependences of the MSA of UN, Uo .• Zro .• N, UN+ TiN. Therefore, the author assumed that the 

porosity dependences of the thermophysical properties of UN+Pd, (U,Nd)N, UN+Mo and 

(U,Nd)N+Mo equal to those of UN. 

From the AFM observation, the arithmetic average surface roughness of each sample 

was summarized in ifable 4.2. Their values were lower than 4 nm and adequately lower than the 

indentation depth (>50 nm), 

Crystallographic properties 

The grain size and misorientation angle of UN, UN+Pd-L, UN+Pd-H, (U,Nd)N-L, 

(U,Nd)N-H, UN+Mo-L, UN+Mo-H, (U,Nd)N+Mo-L and (U,Nd)N+Mo-H obtained from the EBSP 

analysis are summarized in able 4,2, The grain size of UN, (U,Nd)N-L, (U,Nd)N-H, UN+Mo-L, 

UN+Mo-H, (U,Nd)N+Mo-L and (U,Nd)N+Mo-H indicated the similar value with each other. So, it 

was found that the addition of Nd and Mo don't almost influence the sintering properties of the 

nitride fuel. On the other hand, the grain sizes of UN+Pd-L and UN+Pd-H were about four times 

of that of UN. It is well known that Pd is the excellent sintering aids because Pd plays as a role of 

the catalyst to decrease the surface energy of the matrix grain [23].. So, it was thought that the 
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grain in UN+Pd becomes to be large due to the sintering aids effect of Pd. By the same reason, 

the average misorientation angles of UN+Pd-L and UN+Pd-H were lower than those of other 

samples. 

;);s,""s:?;;22;Z0::+£;!;Y2FC show the SEM image, IQ map, CD map of UN+Pd-L, UN+Pd-H, UN+Mo-H, 

(U,Nd)N+Mo-H. As shown ~!l?l~~ij::~ and UPda phases in UN+Pd pellet orientated for the 

direction from (1010) to (1011 ). The author performed the EBSP measurement for some points 

of UN+Pd-L and UN+Pd-H. In all cases, the orientation of UPda phase could be observed. This 

orientation of UPda phase would influence various thermophysical properties. On the other hand, 

the orientation of Mo phase in UN+Mo and (U,Nd)N+Mo could not be observed as shown in 

and 

The elastic properties of all pellets at macroscale were obtained by the ultrasonic pulse 

echo method, and the elastic properties of the matrix (UN, (U,Nd)N) and precipitation (Mo, UPda) 

were evaluated by the indentation test. In the same way of ~lfu!'§!!SV;f;;f;~~' the Young's moduli of the 

simulated high-bumup nitride fuels obtained from the indentation test took the constant value at 

the low depth and decreased with increasing the depth at the high depth. In case of NdN, the 

indentation test could not be performed due to the low oxidation resistivity of NdN because the 

indentation test is performed in air and the measurement time is long. 

:l~",,;%,,~;i;l!b~ shows the porosity dependences of Young's modulus of UN, UN+Pd-L, UN+Pd, 

(U,Nd)N, NdN, UN+Mo and (U,Nd)N+Mo obtained from the ultrasonic pulse echo method, together 

with the literature data Young's modulus of UN+Pd-L, UN+Pd, (U,Nd)N, UN+Mo and 

(U,Nd)N+Mo at P =0 were estimated from using the same correction factor of the 

porosity dependence of UN On the other hand, Young's modulus of NdN at P =0 

were evaluated from the data of the samples with the various porosities as the following equation; 

NdN: Ep (GPa) = 261exp(- 3.90P) (0< P <0.16), 

The Young's modulus of NdN at P=O was 261 GPa and very similar to that of UN (262 GPa). 

The estimated Young' s modulus at P =0 of the simulated high-bumup nitride fuels and NdN were 

summarized in Table. dm,~ll: >< 

t;JJ~ir;,~;~;!~!.i1l'~~~ll1J shows Young's modulus as the function of UPda, NdN or Mo content, with 

the literature data 15:}~~!!~y~::~,J,' These figures include the data estimated from Fan' equation 
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LlJ}WL.","L and g[QJ Young's modulus of UPd3 obtained from 

the indentation test (=168 ± 10 GPa) was well consistent with the literature data 

(161 GPa), which was evaluated by the ultrasonic pulse echo method. The Young's 

modulus of UN obtained from the indentation tests agreed with those of UN phases in UN+Pd-L 

and UN+Pd-H. On the other hand, those of UPd3 phase in UN+Pd-L and UN+Pd-H were higher 

than that of pure UPd3• In the indentation test, the load-displacement curves shows only the 

elastic deformation in the loading process when the indentation load is extremely low. When the 

load-displacement curve at loading process changes from the elastic deformation to the 

elastic-plastic deformation, the load-displacement curve shows the discontinuous curves. This 

phenomenon is called "pop-in". By ~~m'~~~[~~~~~~, the Young's modulus before pop-in 

depends on the crystal orientation, but the Young's modulus after pop-in doesn't almost depend 

on the crystal direction. In the present study, the author confirmed that the loading processes of 

all indentation tests were the elastic-plastic deformation. By ~~!~~~g~]lIft~~J the crystal 

direction dependence ofthe Young's modulus of the hexagonal crystal structure is generally small. 

The author described that UPd3 phase in UN+Pd orientates for the face from (1010) to (1011) in 

Judging from the reports of ~~mm~ 

orientation of UPd3 phase in UN+Pd would not almost influence the Young's modulus. Therefore, 

the difference between the Young's modulus of UPd3 phase in UN+Pd and pure UPd3 was probably 

resulted from the strain-hardening, which is occurred from the formation of the composite. On 

the other hand, Young's moduli of Mo phases in UN+Mo and (U,Nd)N+Mo pellets agreed with that 

of pure Mo ~~~l 

In the Young's moduli of UN+Pd-L and UN+Pd-H obtained from the ultrasonic 

pulse echo method was consistent with that estimated from Fan's equation using Young's 

modulus of UN ~~ll1]~l~{~J and UPd3 In the Young's moduli of (U,Nd)N-L and 

(U,Nd)N-H obtained from the indentation tests were well consistent with those of the ultrasonic 

pulse echo method. The Young's modulus ofCU,Nd)N-L and (U,Nd)N-H were similar to those of 

UN and NdN. In the Young's moduli of UN phase and Mo phase in UN+Mo pellets 

obtained from the indentation tests agreed with those of pure UN and Mo. The results of 

UN+Mo-L and UN+Mo-H obtained from the ultrasonic pulse echo method were similar to the 

estimated data from Fan's equation and using Young's modulus of UN r/;;1I;:F~l:;:~~~Iti)J and Mo [~~l 

From these results, the interaction between UN phase and Mo phase in UN+Mo pellets is small in 

the different way of UN+Pd pellets. In case of (U,Nd)N+Mo pellets, the Young's modulus of UN 
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phase obtsined from the indentation tests were. close to those of UN and (U,Nd)N pellets and 

those of Mo phase were similar to those of pure Mo and Mo phase in UN+Mo pellets. From these 

results, the interaction between Nd and Mo was very small. The influences of Pd, Nd and Mo for 

Young's modulus of the nitride fuels were very smaiL 

shows Vickers hardness of UN, UN+Pd, UPd" (U,Nd)N, NdN, UN+Mo, 

(U,Nd)N+Mo and Mo, together with the literature .data " From this figure, the 

porosity dependence of Vickers hardness of NdN was evaluated by the following equation; 

NdN: Hv =7.5(1-3.7P) (O<P<O,16). 

Using the data in the Vickers hardness of UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo at 

P = 0 were evaluated from the correction factor in ·.~tf~2Q5'(1. which was suggested by Jlf€affl~~ 
. "",.,,, .,,,~,,,,,,,. ~,., ' "'''' ' ''''·._'-,L.~''''' 

and represented the porosity dependences of the Vickers hardness of UN. The 

Vickers hardness of UN+Pd, (U,Nd)N, UN+Mo, (U,Nd)N+Mo at P =0 and F =9.8N were shown as 

the function of UPd" NdN and Mo content in., ' In this figure, the straight lines represent 

the addition match of UN and UPd" NdN or Mo. In case of UN+Pd and UN+Mo, the influence of 

Pd and Mo could not almost be observed, The reason is probably that UN is predominant for the 

Vickers hardness of UN+Pd and UN+Mo because the Vickers hardness of Mo and UPd, are lower 

than that of UN and the Vickers hardness means the resistivity of. the plastic deformation and the 

recovery by the surface tensile force, On the other hand, the Vickers hardness of (U,Nd)N 

increased with increasing the NdN content. The Vickers hardness of (U,Nd)N+Mo-L (4.91 GPa) 

and (U,Nd)N+Mo-H (5,19 GPa) were similar to those of (U,Nd)N-L (=4,72 GPa) and (U,Nd)N-H 

(5,29 GPa). From these results, it was found that the interaction between NdN and Mo is 

vanishingly small. 

Thefracwre toughness of UPd, could not be measured by the IF method because the 

crack didn't generate at the vertex of the Vickers impression. shows UPd" NdN or Mo 

content dependences of the fracture toughness of UN+Pd, (U,Nd)N and UN+Mo. The fracture 

toughness of (U,Nd)N and UN+Mo were very similar to that of UN. On the other hand, those of 

UN+Pd-L and UN+Pd-H were higher than that of UN. The difference could not be explained from 

the Vickers hardness and Young's modulus. To explain the differences between UN+Pd and UN, 

the author perfonmed the EBSP measurements. The SEM, IQ map and CD map of UN+Pd, 

(U,Nd)N and UN+Mo around the crack generating from the vertex of the Vickers impression were 

shown in 
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In the same way of UN, UOAZrO.6N and UN+60mol%TiN \!!t~~:l~.;.~,~' and the crack 

in (U,Nd)N progresses without stopping at the grain boundary. In case of UN+Mo, the crack goes 

the long way to avoid Mo particle when the crack contacts with Mo particle, and progresses 

without stopping at the grain boundary. On the other hand, the crack in UN+Pd pellets stopped 

at the grain boundary because UPd3 distributed like the spider net along the grain boundary of UN 

and the fracture toughness of UPd3 is high. From these results, it was found that Mo 

precipitation in UN+Mo pellets didn't almost influence the crack propagation and UPd3 

precipitation along the grain boundary in UN+Pd pellets disturbed the crack propagation. 

In the same way of ,~tl~~,~~t7li~' the indentation size effects were observed in case of 

UN+Pd, (U,Nd)N, UN+Mo, (U,Nd)N+Mo and UPd3, too. To evaluate the indentation hardness, the 

author used Nix and Gao model ~l~ and show the square of the indentation 

hardness of UN+Pd, UPd3, (U,Nd)N, UN+Mo and (U,Nd)N+Mo as the function of the inverse of the 

indentation depth. In 
M.~"'-j/b+>h,'b#/!M· 

Nix and Gao model overestimated the indentation hardness of 

UPd3 at the low depth (h <200 nm). Therefore, the author used ~~,~~~.i'~5~' to evaluate the depth 

dependence of the indentation hardness of UPd3. The depth dependence of the indentation 

hardness of UPd3 was evaluated as the following equation; 

UPd3: (H(GPa)) 2 = 1 + [1 + 1.465exp(- h / 21.51)]-3 629.9 (90< h <950 nm). 
a786 h 

From this equation, the indentation hardness at the infinite load (H 0) of UPd3 was 3.8 GPa and this 

value was very close to the Vickers hardness at the load of 9.8 N. In ID~!!~~l~~~, the indentation 

harnesses of the matrix (=UN phase or (U,Nd)N phase) in the simulated high-burnup nitride fuels 

were well consistent with that of UN. In the same way of UN, it is thought that Nix and Gao 

model overestimated the indentation hardness at the low load. The indentation hardness of UPd3 

phases in UN+Pd-L and UN+Pd-H were higher than that of pure UPd3 \~~1,{i~;~1 This tendency 

corresponds to the case of Young's modulus of UN+Pd and indicates that the strain concentrates 

in UPd3 phase. The indentation hardness of Mo phase in UN+Mo and (U,Nd)N+Mo showed the 

similar value, each other. From these results, it was found that the FP elements didn't almost 

influence the indentation hardness of the matrix phase. 

The electrical resistivity of NdN was too high to be measured. 
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temperature dependences of the electrical conductivities of UN, UN+Pd, (U,Nd)N, UN+Mo and 

(U,Nd)N+Mo, together with the literature data ~~~rT~~m~~§i~~~[§j. The experimental data of 

UN+Mo-L and UN+Mo-H were well consistent with the data estimated from the literature data of 

UN and Mo ~~49j using Schulz's equation (§~i~Il!) and the electrical conductivity of 

UN+Mo increased with increasing the Mo content. From this result, it was found that there is no 

interaction between UN and Mo. On the other hand, in case of UN+Pd, (U,Nd)N and (U,Nd)N+Mo, 

the electrical conductivity decreased with increasing the FP content. The main reason in case of 

(U,Nd)N is probably that the free electron in (U,Nd)N pellets decreased due to the high electrical 

resistivity of NdN. The reason in case of UN+Pd is not obvious because there is no data of the 

electrical conductivity of UPd3• However, it is probably one of the reasons that the grain 

boundary scattering of the electron is increased by UPd3, which distributes like the spider net 

along the grain boundary of UN. The electrical conductivities of (U,Nd)N+Mo pellets increased by 

the addition of Mo when the author compared the electrical conductivity of (U,Nd)N+Mo with that 

of (U,Nd)N. 

The thermal expansions of UN, UN+Pd, (U,Nd)N, NdN, and UN+Mo were shown in 

~~~~, together with the literature data ~tl!~~~~i~~1i~~.~~j~-!. In the present study, the thermal 

expansion of NdN was measured for the first time as 

NdN: .1L / L(%) = 7.297 x 10-4 (T - 298) + 2.665 x 10-7 (T - 298 Y (298< T <900 K) 

Using the thermal expansion and bulk modulus of NdN, the potential 

parameters of NdN in MD calculation were determined and summarized in ;.::c~.':::v:it,;;::;.:,;Zi The thermal 

expansion of NdN, (U,Nd)-L and (U,Nd)-H obtained from MD calculation were also shown in 

l"".'.~:5(i{:1;[!;~ includes the thermal expansion of UN+Pd-L and UN+Pd-H estimated from 

Turner's equation (ggi!l~i~). When the author estimated the thermal expansion from Turner's 

equation, the author used the thermal expansion and bulk modulus of polycrystalline UN and UPd3 

In both case of UN+Pd-L and 

UN+Pd-H, the experimental data didn't agree with the data evaluated from Turner's equation 

using the thermophysical properties of polycrystalline sample. This difference is resulted from 

only the bulk modulus and thermal expansion because the thermal expansion of the composite 
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material is independent of the shape and size of the precipitation and matrix g~~. From the 

indentation tests, it was found that the Young's modulus of UPd3 phase in UN+Pd pellets was 

higher than that of UPd3 pellet. The author assumed that Poisson's ratio of UPd3 phase in 

UN+Pd pellets is same to that of pure UPd3 (=0.340), and calculated the bulk modulus of UPd3 

phase. ;iYk~~_~z;" reported the volume thermal expansion coefficient of UPd3 and didn't report the 

L TEC for a axis (alin,a) and c axis (a1in,c ). There is no data of a1in,a and a1in,c of UPd3 above room 

temperature, but a1in,c from 0 K to 300 K was reported by (=16.2x 10-6 K-1 

at room temperature). So, the author assumed that the ratio between a1in,a and alin,c of UPd3 at 

room temperature equals to that at high temperature and calculated a1in,a and a1in,c of UPd3 from 

the volume thermal expansion coefficient ~~ and alin,c at room temperature The author 

estimated the L TEe for (101" 0) of UPda. Using these calculated data of UPda, the author 

re-estimated the thermal expansion of UN+Pd by Turner's equation The 

re-estimated data was well consistent with the experimental data. This method based on the 

indentation test and EBSP measurements, would allow us to estimate the thermal expansion of 

the high-burnup fuel from the minimum specimen of the high-burnup «1 mm x 1 mm x 1 mm), 

nevertheless the large sample (>4mm x 2mm x 2mm) is generally necessary to evaluate the thermal 

expansion. 

From O!;I\A~r,m it was found that the thermal expansion of NdN is very close to that of 

UN and that of (U,Nd)N follows to Vegard' s law. The thermal expansions of NdN and (U,Nd)N 

calculated from the MD simulation were well consistent with the experimental data. In the 

different way of UN+Pd pellets, the thermal expansion of UN+Mo pellets followed to Turner's 

equation. This result could be predicted from the results of the indentation tests of UN+Mo 

pellets because there was no interaction on the mechanical properties between UN phase and Mo 

phase. In the present study, the author established the new method to estimate the thermal 

expansion of the fuels including the FP precipitation from the indentation test and EBSP analysis. 

Spf6ffi~m~ft{~~pa~I; 

~~r!~~li~t]l~ show the temperature dependences of the specific heat capacity of UN, 

UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo, together with the literature data [5~~S6]. 
~",<:,",,"h/zz3 {V1z'\$"'~ 

the following equations; 
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UPda 

(350< T <850 K) 

cp (Jmor1K-1
) = 95.20 + 1.141 x 10-2T -1.5373 x 104r2. 

(298< T <1351 K) 

The specific heat capacities of UN+Pd-L and UN+Pd-H were estimated as the addition match of 

that ofUPda The differences between the estimated 

data of UN+Pd and the experimental data of UN were very small. 

The specific heat capacity of NdN obtained in the present study was evaluated at the 

following equation; 

NdN: Cp (Jmor1K-1
) = 53.29 + 9.258 x 10-3 T - 9.446 x 10-5 r2 (400< T <1273 K). 

i"ifly;S~±iiiG0¥::;»Wl' that of NdN was very close to that of NdN in ~~~~ and the experimental data of UN 

In the same way of ~~i~5iii;j,Jl' the sum of Cv and CD of NdN was calculated from the 

thermal expansion I.S1:!L~~0t1 bulk modulus I.~"~;::!,,~~~~:~) and Debye temperature (ill]r§1s~r{2!) using 

and In both the data estimated from the Debye function and MD calculation, the data 

of NdN were very close to those of UN. In the present study, it was found that NdN was similar 

to UN on the elastic moduli, thermal expansion and specific heat capacity. So, the author 

thought that the influence of Nd in the nitride pellets is very small on the thermodynamics 

properties such as the specific heat capacity and Gibbs free energy. As expected, the 

differences between the experimental data of the specific capacity of (U,Nd)N and UN was very 

small. 

In §llr~[~ and the specific heat capacities of UN+Mo and (U,Nd)N+Mo decreased 

wit increasing the Mo content and this trend was consistent with the sum of the specific heat 

capacity of UN NdN and Mo r[§1. 

Mo: Cp (Jmol-1K-1
) = 25.43 + 3.393 x 10-3 T - 5.871 x 10-7 T2 - 2.154 x 105 T-2 

(298< T <1 000 K), 

Cp (Jmol-1K-1
) = 16.96 + 6.929 x 10-3 T -1.142 x 10-6 T 2 - 2.995 X 10 6 T-2 

(1000< T <21 00 K), 

Cp (Jmor1K-1
) = 7.616 X 10 2 

- 0.4510T - 8.047 x 10-5T2 - 5.827 X 10 8 T-2 

(2100< T <2500 K), 

Cp (Jmol-1K-1
) = -3.509 x 102 

- 0.1585T -1.359 x 10-5 T2 + 5.213 x 108 T-2 

(2500< T <2892 K). '~':,727"'yl0:' 

- 140-



Chapter 4: FP effects on thermophysical properties of simulated high-burnup nitride fuels 

?7?~,<;~;>"V;';k:;sip:iiJ?,;;;~"'i! show the temperature dependences of the thermal conductivities of UN, 

UN+Pd, (U,Nd)N, NdN, UN+Mo and (U,Nd)N+Mo at P =0, together with the literature data ga~!~[j 

[n these figures, the thermal conductivity of UN, UN+Pd, (U,Nd)N, UN+Mo and 

(U,Nd)N+Mo at P = a were calculated using the same coefficient (J3 = 1) of the porosity 

dependence of the thermal conductivity of UN ':;:;/;;!';,?~P;+"i4' 

!,,~~;;;~~~ includes the data estimated from the experimental data of UN m~~~~~~v:;;] and 

using Schulz's equation ':;;;:%~;;;W",,;;;'ici' Schulz's equation (~!I~1J!) is the model to 

estimate the transport properties such as the thermal conductivity and electrical conductivity of 

the composite material with the spherical or ellipsoidal precipitation. Therefore, it is difficult to 

precisely estimate the thermal conductivity of UN+Pd, which has precipitation (UPd3) distributing 

like the spider net, by Schulz's equation. Therefore, the author predicted that there would be 

small differences between the estimated data and experimental data of the thermal conductivity of 

UN+Pd. [n fact, the experimental data of UN+Pd-L and UN+Pd-H were quietly lower than the 

estimated data in The author explained that Schulz's equation didn't take into the 

grain boundary scattering in [n UN+Pd pellets, the grain of UPd3 exists along that of 

UN. So, it is thought that the contact area between UPd3 grain and UN grain in this case is vastly 

larger than that in case of the composite material with the spherical precipitation. Therefore, 

since the effect of the grain boundary scattering becomes to be large in UN+Pd pellets, there are 

large differences between the estimated data and experimental data. 

0/';;,""',;":0,;;;:0;; shows the porosity dependence of the thermal conductivity of NdN obtained in 

the present study. [t was confirmed that the oxidation in the measurement process doesn't 

effect because the thermal conductivity at the heating process agreed with that at the cooling 

process. [n each temperature, the thermal conductivity rapidly decreased with increasing the 

porosity from around P >0.21. From this result, it was found that the Pc value exists around 

P =0.21. The Pc value represents the starting point where the thermal conductivity rapidly 

decreases because the MSA reaches at the percolation limit. The author estimated the thermal 

conductivity of NdN at P =0 using the data at the region of P <0.21, and could obtain the 

temperature and porosity dependences of the thermal conductivity of NdN as the following 

equation; 

NdN: K(P, T) = 11SrO.330 1-P (298 <T<1473 K, 0<P<0.2). 
1+1.96P 

(4.115) 
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The thermal conductivity of NdN at P =0 was shown in and decreased with increasing 

the temperature in the different way of UN. The electrical resistivity of NdN was too high to 

measure. Therefore, it is thought that the KEL of NdN would be very small and the KLAT is 

predominant in the KTOT of NdN. The KLAT generally decreases with increasing the 

temperature because the phonon scattering increases with increasing the temperature due to 

increasing of the lattice vibration. So, the temperature dependence of the thermal conductivity 

of NdN obtained in the present study is reasonable. The thermal conductivity of U1- xNdxN 

decreased with increasing the X. In ~!g;£~t~(~;!J' the electrical conductivities of the temperature 

dependence of U1- xNdxN decreased with increasing the X. Indeed, the KEL decreased by the 

addition of NdN. The KLAT would decreased with increasing the X because the center of the 

phonon scattering would form in (U,Nd)N by the addition of NdN to UN. Since both KLAT and 

KEL of (U,Nd)N decreased, KLAT of (U,Nd)N largely decreased with increasing the X. 

!iJ!i!~~~-a,2 includes the thermal conductivity of UN+Mo-L and UN+Mo-H estimated from 

the experimental data of UN and Mo E[~j using Schulz's equation 'wchU,5;W~'';;i::;' 

The estimated data was well consistent to the experimental data. Their value was very close to 

that of UN ~t;li~~. From this result, it is thought that the influence of the generation of Mo in 

the high-burnup would be very small. Therefore, the thermal conductivities of (U,Nd)N-L and 

(U,Nd)N-H were close to those of (U,Nd)N-L and (U,Nd)-H as shown in ~:£t:~i~fyZ!h~~' 

The simulated high-burnup nitride fuel pellets (UN+Pd-L, UN+Pd-H, (U,Nd)N-L, 

(U,Nd)N-H, UN+Mo-L, UN+Mo-H, (U,Nd)N+Mo-L, (U,Nd)N+Mo-H) were prepared by the 

carbothermic reduction and atmospheric pressure sintering. NdN pellets with various porosities 

(66.3-88.2 %T.D.) and UPds pellet (95.0%T.D.) were prepared by the SPS and high vacuum induction 

melting method. 

S:m~lg"rili~t~~tgrii'~tioW.~Y;tr~6?Y~t~lib~f~pm~~~'f~~~rti~~ 

From XRD analysis, it was foun,d that Pd precipitates as UPda in UN+Pd-L and UN+Pd-H 

and doesn't solve in UN phase. In case of UN+Mo and (U,Nd)N+Mo, Mo precipitates as the pure 

metal. In case of (U,Nd)N and (U,Nd)N+Mo, it was confirmed that UN and NdN forms the solid 

solution because the lattice parameters of (U,Nd)N pellets follows to Vegard' slaw. 

The surface observations were performed by the SLM, SEM-EDX and optical 

microscope. UPds precipitated at the grain boundary of UN phase in UN+Pd pellets. Mo 
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precipitated as the spherical particle in UN+Mo and (U,Nd)N+Mo pellets. The MSA of UN+Pd, 

(U,Nd)N, UN+Mo and (U,Nd)N+Mo followed which represents the porosity dependences of 

the MSA of UN. Judging from these results, the author applied the coefficient of the porosity 

dependences of the thermophysical properties of UN to UN+Pd, (U,Nd)N, UN+Mo, (U,Nd)N+Mo 

pellets. 

By the EBSP measurements, it was found that the addition of NdN and Mo don't almost 

influence the sintering properties of nitride fuels. On the other hand, the grain sizes of UN+Pd-L 

and UN+Pd-H were about four times of that of UN and their misorientation angles were lower than 

that of UN. These results indicate that Pd accelerates the sintering of nitride fuels. UPd3 

precipitation in UN+Pd pellets orientated for the direction from (1010) to (1011). 

The ultrasonic pulse echo measurement and indentation tests were performed to 

evaluate elastic properties at macroscale and sub-microscale, respectively. Young's modulus of 

porosity-free NdN was very close to that of UN. Young's moduli of porosity-free UN+Pd, 

(U,Nd)N, UN+Mo and (U,Nd)N+Mo obtained from the ultrasonic pulse echo method were very 

similar to that of UN. From these results, it is found that the influences of Pd, Nd and Mo for 

Young's modulus of the nitride fuels are very small. From the indentation tests, Young's moduli 

of UPd3 phase in UN+Pd-L and UN+Pd-H were higher than that of UPd3 pellet due to the 

strain-hardening occurred in the preparation of the pellets, and those of Mo phase in UN+Mo-L, 

UN+Mo-H, (U,Nd)N+Mo-L and (U,Nd)N+Mo-H were very similar to that of pure Mo. 

Vickers hardness of porosity-free Nd~ estimated in the present study was higher than 

that of UN. So, Vickers hardness of U1- xNdxN linearly increased with X. On the other hand, 

Vickers hardness of porosity-free UN+Pd and UN+Mo were not almost influenced by the addition 

of Pd and Mo because the nitride phases have the predominant effect. Therefore, Vickers 

hardness of (U,Nd)N+Mo-L and (U,Nd)N+Mo-H corresponded to those of (U,Nd)N-L and 

(U,Nd)N-H, respectively. 

From the EBSP measurements, Mo precipitation in UN+Mo pellets didn't almost 

influence the crack propagation and UPd3 precipitation along the grain boundary in UN+Pd pellets 

disturbed the crack propagation. The crack propagation in (U,Nd)N was very similar to that of UN. 

Therefore, the fracture toughness of (U,Nd)N and UN+Mo agreed with that of UN and that of 

UN+Pd was higher than that of UN. 
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(3)rma~fit~ti661h'~~a~rYg~~ 

By the indentation test, the indentation hardness of UPd3 phase, Mo phase and matrix 

phases in the simulated high burnup fuels were evaluated. The indentation hardness of the 

matrix phase (=nitride phase) in the simulated high-burn up fuels were consistent with each other. 

From these results, the matrix grain was not influenced by the addition of FPs (Pd, Nd and Mo). 

On the other hand, the indentation hardness of UPd3 phase in UN+Pd pellets was higher than that 

of UPd3 pellets. 

The electrical conductivities of UN+Mo-L and UN+Mo-H pellets obtained in the present 

study were well consistent with the data estimated from Schulz's equation. The electrical 

conductivity of (U,Nd)N-L and (U,Nd)N-H pellets decreased with increasing the NdN content due 

to the high electrical resistivity of NdN. Those of UN+Pd pellets decreased with increasing the 

Pd content. 

The thermal expansion was evaluated by the thermodilatometry. The experimental data 

of UN+Pd were not consistent with the data estimated from the volume thermal expansion 

coefficients and bulk modulus of UPd3 and UN using Turner's equation. So, when the author 

re-estimated the thermal expansion of UN+Pd based on the data of Young's modulus of UPd3 

phase obtained from the indentation tests and crystallographic properties of UPd3 phase obtained 

from the EBSP measurements, the estimated data corresponded to the experimental data. 

Although the large b·ulk sample (>Smm x 3mm x 3mm) is required in the thermodilatometry, this 

method based on the indentation test and EBSP measurements would allow us to estimate the 

thermal expansion of the high-burnup fuel from the small specimen «1 mm x 1 mm x 1 mm). This 

method was suggested in the present study for the first time. This method is very effective when 

we evaluate the thermal expansion of the high-burnup fuel because the large bulk sample of the 

high-burnup fuels could not be obtained. 

The thermal expansion of NdN obtained in the present study was very close to that of 

UN. Using this data, the potential parameters of NdN in MD simulation were obtained. The 

experimental data of (U,Nd)N-L and (U,Nd)N-H were well consistent with Vegard's law and MD 

results. 

The experimental data of UN+Mo-L and UN+Mo-H were well consistent with the data 
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estimated from the volume thermal expansion coefficients and bulk modulus of Mo and UN using 

Turner's equation. 

The temperature dependences of the specific heat capacities of UN+Pd and UN+Mo 

slightly decreased with increasing the Pd and Mo contents. The specific heat capacity of NdN 

showed the close value with that of UN. So, those of (U,Nd)N-L and (U,Nd)N-H agreed with 

those of UN and NdN. The sum of Cv and CD estimated from the experimental data of NdN 

was also similar to that of UN, and was well consistent with the data obtained from MD simulation. 

The experimental data of the thermal conductivities of UN+Pd pellets were lower than 

the data estimated from Schulz's equation. It is probably because the grain boundary scattering 

increased by UPd3, which is the precipitation along the grain boundary of UN. The thermal 

conductivity of NdN decreased with increasing the temperature in the different way of UN. The 

addition of NdN in UN pellet decreases both KLAT and K EL • SO, those of (U1-x,Ndx)N pellets 

decreased with increasing the X. In the case of UN+Mo, the experimental data were well 

consistent with the data estimated from Schulz's equation. The effect of the addition of Mo in 

UN and (U,Nd)N pellets were very small. 
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Different points in the preparation conditions of the bulk sample of 

UN, UN+Pd, (U,Nd)N, UN+Mo and (U,Nd)N+Mo 

UN UN+Pd (U,Nd)N UN+Mo (U,Nd)N+Mo 

Specific surface 

area of U02 

m2/g 8.0 8.0 8.2 8.0 8.2 

O/M of U02 powder - 2.14 2.14 2.08 2.14 2.08 
Holding temperature 

K 2073 2073 2073 2073 2073 
in the sintering process 

Holding time in the 

sintering process 
hr 4 8 4 15 10 

;T1~~f~[~'~;lriifo~~ Sample characteristics and crystallographic properties of 

UN, UN+Pd-L, UN+Pd-H, UN+Mo-L and UN+Mo-H 

Sample name I UN UN+Pd-L I UN+Pd-H UN+Mo-L I UN+Mo-H 

Additional material I - Pd I Pd Mo I Mo 

Bumup I GV\k!/tU 0 50 I 200 50 I 200 

Additional quantity I mol.% - 2.2 I 11.2 1.6 I 7.1 

Molecular V'kight I 252.0 248.8 I 235.7 250.7 I 245.9 

Theoretical density I slem3 14.32 14.29 I 14.21 14.27 I 14.16 

Mass density I slem3 13.21 12.19 I 12.71 13.11 I 12.78 

Relative density I % T.D. 92.2 85.2 ~ 89.4 91.8 ~ 90.3 

Lattice parameter of I I I 
I nm 0.4889 0.4886 I 0.4889 0.4889 I 0.4889 

nitride phase I I I 

Average grain size of I 10.4 41.4 I 34.8 6.8 
I 

6.1 
nitride phase I ).IJll I I 

I I 

Maximum grain size of I I I 
I ).IJll 22.5 49.7 I 52.8 18.2 I 12.3 

nitride phase I I I 

Minimum grain size of I 
1.1 2.3 

I 
3.7 1.2 

I 
0.7 

nitride phase i ).IJll I I 

Average misorientation I I I 
I degree 21.4 8.3 I 9.6 20.4 I 18.1 

angle of nitride phase I I I 

Grain size of Mo phase I ).IJll - - I - 3-10 I 5-20 

Arithmetic surface roughness I nm 2.8 3.9 I 1.20 2.7 I .0.8 

N/U or N/(U+Nd) I 0.97 1.04 I 1.07 0.99 I 1.0 

02 content I wt.% 0.246 0.327 I 0.424 0.327 I 0.424 

C content I wt.% 0.094 0.151 I 0.130 0.151 I 0.130 
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E,\~l::'~~:!?~~,~1l! Sample characteristics and crystallographic properties of 

UN, (U,Nd)N-L, (U,Nd)N-H, (U,Nd)N+Mo-L and (U,Nd)N+Mo-H 

Sample name i UN (U,Nd)N-L I (U,Nd)N-H (U,Nd)N+Mo-L I (U,Nd)N+Mo-H 

Additional meterial I - Nd I Nd Nd,Mo I Nd,Mo 

Bumup I G\fIkl/tU 0 50 I 200 50 I 200 

Additional Q..I8ntity 
I 

mol.% 2.7 
I 

1.2.2 
Nd: 2.6 I Nd:11.9 

I - i i I Mo: 1.5 Mo: 7.1 

Molecular Vokight i 252.0 249.5 : 240.6 248.2 i 244.2 

Theoretical density I g/cm3 14.32 14.14 I 
13.53 14.11 I 

13.42 I I I 
IvIass density : g/cm3 13.21 13.26 : 12.90 12.94 : 12.78 

Relative density I %TD. 92.2 93.8 : 95.3 91.8 : 96.0 

Lattice parameter of I 0.4889 0.4896 I 0.4911 0.4897 I 0.4910 
nitride phase I nm I I 

Average grain size of I I I 
I )lI11 10.4 6.7 I 8.8 9.8 I 14.5 nitride phase I I I 

IvIaximum grain size of i 
)lI11 22.5 15.5 : 17.9 25.1 i 29.6 nitride phase I I I 

Minimum grain size of I I I 
I )lI11 1.1 11 I 1.4 1.4 I 1.5 nitride phase I I I 

Average misorientation I 21.4 21.7 I 20.9 20.1 I 15.3 angle of nitride phase I degree I I 

Grain size of Mo phase : )lI11 - - : - 3-10 : 5-20 

Arithmetic surfuce roughness : nm 2.8 1.4 : 2.7 1.5 : 2.2 

N/U or N!(U+Nd) i 0.97 0.98 i 1.01 1.02 i 1.00 

°2 content 
I wt.% 0.246 0.370 I 0.439 0.223 I 

0.251 I I I 

o content : wt.% 0.094 0.115 I 
0.189 0.078 : 0.065 I 

Sample characteristics and crystallographic properties of NdN prepared by SPS 

Molecular Weight 1 158.2 

Theoretical density I g/cm3 7.879 
1 Measurements of 

Purpose 1 Measurements ofthermal properties 
I mechanical properties 

SPS temperature I K 1473: 1573 1 1673 1673 I 1773 1473 I 1673 1673 I 1773 : 1873 
Heating rate at I I I 1 I 1 I 

iKimin 100 1 100 1 100 50 1 50 100 I 100 50 1 50 I 50 
SPS process I I I I I I 

Mass density :.o:/cm3 5.224 16.047 1 6.938 6.304 I 6.942 5.603 I 6.330 6.708 1 6.682 1 6.906 
Relative density 1 % TD. 66.3 1 76.8 1 88.1 80.1 I 88.2 71.5 I 80.4 86.1 I 84.9 I 87.7 I 

Lattice oarameter I nm - - i - - i 0.5114 - : - - i - I -

Grain size : Jlm 1 0-30 i 1 0-30: 1 0-30 10-30: 10-30 1 0-30: 1 0-30 1 0-30 : 1 0-30 i 1 0-30 
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Results of ultrasonic pulls echo method of UN+Pd-L and UN+Pd-H 

.'. . UN .' ' . UN+Pd-L . , UN+Pd-H 

Porosity, P - 0.079 
, 

0 . 0,147 
, 

0 0.109 
, 

0 , , , 
. Longitudinal sound 

, 
4802 

, , 
mi se" 4378 

, 
3967 

, 
4716 4190 

, 
4769 

velocity, 'VL 
, , , , , , 

Shear velocity, Vs m/sec 2507 
, 

2750 ' 2301 
, 

2736 2384 
, 

2713 , , , 
Young's modulus, E : GPa 208 , 273 161 , 267 181 , 264 

Shear modulus, G , GPa ·· 83,0 , 109 ' 64,5 :. 107 71.9 , 105 

Poiss~n' s ratio, v , 0,256 , 0,256 0,246 , 0,246 0,261 , 0,261 .. 
Bulk modulus, B , GPa 142 , 187. :' 106 , 175 126 , 184 

Debye temperature, Bo , K 339 , 373 ~ 
, - ~ 

, -
, " 

, , Results of ultrasonic pulls echo method of (U,Nd)N-L and (U,Nd)N-H 

UN (U,Nd)N-L (U,Nd)N-H 

porosity, P 
, - 0.079 , , 0 0.062 : 0 '. I ·' 0.047 ·' 0 , 

Longitudinal sound 
, , , , , m/sec 4378 , 4802 4461 , 4782 4502. , 4765 

velocity, VL 
, , , , 

Shear velocity, Vs 
, 

m/sec 2507 
, 

2750 2547 
, 

2730 2535 
, 

2683 , , , , 
Young' s modulus, E , GPa ,208 . , 273 217 , 265 210 : 247 
. Shear modulus, G , GPa 83.0 , 109 86,4 . , 105 82,8 : 97,4 
Poisson's ratio, --v 

, 
0,256 

, 
0:256 0,258 

, 
0,258 ' 0,268 :. 0,268 , ., , 

Bulk modulus, B , GPa 142 , 187 150 , 183 151 , 177 
. , 

Debye temperature, Bo , K 339 , 373 344 , 369 342 , 362 
.' --- -

w'~§Ei;if~ Results of ultrasonic pulls echo method of UN+Mo-L and UN+Mo-H 

'. , .. . " l!N 
-'-

UN+Mo-L ' -, ' UN+Mo-H,' 

Porosity, P , - 0,079 , 0 0.073 , 0 0.100 , 0 
Longitudinal sound , , , , , m/sec 4378 , 4802 4377 , 4770 4406 ' 4952 

velocity, VL 
, , , ' .. , .... . 

Shear velocity, Vs 
, 

m/sec 2507 , 2750 2475 , 2698 2507 , 2818 , , , , 
Young's modulus, E 

, 
GPa. . 208 

, 
273 205 

, 
263 202 

, 
283 , , , , 

Shear modulus, G · 
, 

GPa 83.0 
, 

109 81.1 
, 

104 80,2 
, 

112 , , , , 
Poisson's, ratio, 

, 
0,256 

, 
0,256 0,265 

, 
0.265 . 0,260 

, 
02.60 v , . , , , 

Bulk modulus, B ' . GPa 142 187 145 
, 

186 141 : 198 , , , 
Debye temperature, BD , K '. 339 , 373 - , - - , -
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3!j~J:t~;,,~~~ Results of ultrasonic pulls echo method of (U,Nd)N+Mo-L and (U,Nd)N+Mo-H 

UN (U,Nd)N +Mo-L (U,Nd)N +Mo-H 

Porosity, P I - 0.079 I 0 0.083 I 0 0.048 I 0 I I I I 

Longitudinal sound I I I I 
I m/sec 4378 I 4802 4404 I 4862 4650 I 4924 

velocity, VL 
I I I I 
I I I I 

Shear velocity, Vs I 
m/sec 2507 I 2750 2492 I 

2751 2666 I 2823 I I I I 

Young's modulus, E I GPa 208 I 273 203 I 270 228 I 269 

Shear modulus, G I GPa 83.0 I 109 80.3 I 107 90.8 I 107 

Poisson's ratio, v I 0.256 I 0.256 0.265 I 0.265 0.255 I 0.255 

Bulk modulus, B I GPa 142 I 187 144 I 191 155 . I 183 

Debye temperature, eD I K 339 I 373 - I - - I -

~~~i~i Results of ultrasonic pulls echo method of UN+Mo-L and UN+Mo-H 

NdN 

Porosity, P I - 0.151 · 0.139 0.123 · 0.109 · 0 · · · I · · · 
Longitudinal sound I · · · · · 

, 
I m/sec 4566 · 4711 4930 · 4975 · 6186 · · · velocity, VL 
I · · · · · · · · · 

Shear velocity, Vs I m/sec 2710 · 2822 2919 
, 

2946 · 3676 , , · I · · · , · · 
Young's modulus, E 

I 
GPa 142 · 153 165 · 168 · 261 I · · · · · · 

Shear modulus, G 
I 

GPa 57.8 · 62.7 67.1 · 68.3 · 106 I · · · · · · 
Poisson's ratio, 

I · · · 0.228 · 0.220 0.23 · 0.23 · 0.227 v I · · · · · · 
Bulk modulus, B GPa 87.0 · 91.1 · 102 

, 
104 · 159 I · · · · · · · · 

Debye temperature, eD K 349 · 363 · 376 · 379 · 473 I · · · · · · · · · · · , 

fJml[;mlr~ Potential parameters of U3+, Nd3+ and N3-

Ions z abC Du J3 u ru* 

N3- -1.450 1.797 0.080 20 
U3+ 1.450 1.228 0.080 0 U3+-N3- 7.00 1.25 2.364 --------------------------------------------------------------------------- 1----------------------------------------------------------

Nd3+ 1.450 1.393 0.100 13.0 Np3+-N3- 4.50 1.50 2.680 
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I 

- UPd
3 

[Yamanaka (1998)J 

- Pd [JCPDS 5-681] 

I I 

I 

LLd, "h', wo,,] 

I I 

- UN+Pd-H [This workJ I 

If\ I~\ , A 
V" I 

- UN+Pd-L [This workJ 

(\ ! I , d , k 
.... I '1- UN [This workJ 

A IJJ 11 
I , 

- UN [JCPDS 32-1397J 
- UO, [JCPDS 5-0550J 

I I I II ~ I I I I II 
I I I 

20 40 60 80 100 120 

Diffraction angle, 20 (degree) 

Fig, 4.100 XRD pattem of UN , UN+Pd-L, UN+Pd-H and UPd3 , 

together with the literature data [11 , 13-15 
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.~ 
fJ) 

t: 
Q) ..... 
t: -

I 

-

20 

, 
- NdN [JCPDS 17-20J 
- Nd, O, [JCPDS 40-1282J 

II I 
I - NdN [This workJ I 

A ~\ , 
- (U.Nd)N-H [This workJ I 

j j 11 J. A 
, 

I - (U.Nd)N-L [This workJI 

~ L AA A to 
, , 

I - UN [This workJ I 

1 I ! jJ 11 , 
, [ - UN [JCPDS 32-1397J 

- UO, [JCPDS 5-550J 

I II II ~ I I I I II , , , 
40 60 80 100 120 

Diffraction angle, 28 (degree) 

Fig. 4101 XRD pattern of UN, (U.Nd)N-L. (U.Nd)N-H and NdN 

together with the literature data [13 14 16 11 
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>
.1:: 
(f) 

s: 
Q) 
+' s: -

20 

1 - Mo [JCPDS 42-11 20] 1 

I I • I 
I 

I - UN+Mo-H [This work] 

~ )1 rJI (\, 1 AA A A 
...... 

1- UN+Mo- L [This work]1 

III ! A (\, ~ d A A 
'V , 

1 - UN [This work] 1 

1 I ! U A 1 
I , 

- UN [JCPDS 32-1397] I 
- UO, [JCPDS 5-550] 

I I. II II I I I I II 
I , , I 

40 60 80 100 120 

Diffraction angle, 20 (degree) 

Fig. 4.10 XRD pattern of UN. UN+Mo- L and UN+Mo-H, together with the literature data [13, 4, 

181 
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- NdN [JCPDS 17-20] 
- Nd,O, [JCPDS 40-1282] 

- Mo [JCPDS 42-1120] 

II II I II I I II I 
I - NdN [This work] 

! A AA A A 

1- (U,Nd)N+Mo-H [This work] I 

~~'-~\ A A 

1- (U,Nd)N+Mo-L [This work] I 

~'--- Ll AA A A 

I I I , 

1- UN [This work]1 

1 j I H A 1 
I I 1- UN [JCPDS 32-1397] 

- UO, [JCPDS 5-550] 

I II II II I I , I II , , , , 
20 40 60 80 100 120 

Diffraction angle, 2e (degree) 

Fig. 4.1'0 XRD pattern of UN, (U,Nd)N+Mo-L, (U.Nd)N+Mo-H and NdN 

together with the literature data [13 14, 16- 18 
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- UN+Pd-H [This work] 

- UPd, [Yamanaka (1998)] 

- Pd [JCPDS 5-681] 
- UN [JCPDS 32-1397] 

60 62 64 66 68 70 72 74 76 78 80 

Diffraction angle, 2e (degree) 

Fig. 4.104 XRD pattern of UN+Pd-H. together with the literature data [11. 13. 15] 

0.514 • U
1
_xNdxN [This work] i ~ 0.512 -- U

1
_xNdxN [Vegard's law] 

E 
s:::: 0.510 D UN [JCPDS 32-1397] ~ 

<\I {:, NdN [Ettmayer (1980)] 
....- v NdN [Schobinger (1973)] cD 0.492 .... 

NdN [JCPDS 17-20] cD D 

E • '" ... 0.491 

'" a. 
cD 
u 0.490 ':8 
'" ...J 

0.489 

0.488 
0.00 0.03 0.06 0.09 0.12 0.99 1 

Nd/ CU+Nd), xC-) 

Fig. 4.105 Nd content dependence of U, _xNdxN, together with the literature data [13, 16, 21 , 22] 
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50 ~lm 

"-"' .......... UN+Pd-H (a) SEM image (b) Distribution of N (e) Distribution of U (d) Distribution of Pd 

50wn 

Fig. 4.10 UN+Mo-H (a) SEM image (b) Distribution of U (e) Distribution of Mo 
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50 ~lm 

Fig. 4.108 CU,Nd)N+Mo-H 

Ca) SEM image Cb) Distribution of U Ce) Distribution of Nd Cd) Distribution of Mo 

UPd, 
"'0 

UN 
" , 

10,U11 

Rg. 4.109 UN+Pd-L Ca) SEM image Cb) IQ map Ce) CD map of UN Cd) CD map of UPd, 
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(.) 
• 0 

UP do 

Rg. 4.110 UN+Pd-H (a) SEM image (b) IQ map (c) CD map of UN Cd) CD map of UPd, 

• • • ·0 . ' • t · 0 UN , , .. , . ., 

Mo 

25~tm 

Fig. 4.111 UN+Mo-H (a) SEM image (b) IQ map (e) CD map of UN (d) CD map of Mo 
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(U ,Nd)N 
," 

Mo 

Fig. 4.112 (U.Nd)N+Mo-H (a) SEM image (b) IQ map (c) CD map of (U,Nd)N-H (d) CD map of Mo 

350 

~ 300 

'" a. 
CJ 

250 ~ 

I.J..i 
.; 
::I 
:; 200 
-0 
0 
E 
II) -.. 150 c 
::I 
0 

>-

,,~~~,--~~-.---~-.--~~--.--, [This work] 

0.00 0.05 0.10 0.15 

Porosity, P (-) 

• UN 
• UN+Pd-L 
~ UN+Pd- H 
• (U.Nd)N- L 
~ (U.Nd)N-H 
a NdN 
... UN+Mo- L 
,t., UN+Mo-H 
• (U.Nd)N+Mo- L 
L (U.Nd)N+Mo- H 

[Uterature data] 
------ UN [Hayes (1990)] 
~ UN [Padel (1969)] 
x UN [Honda (1968)] 
o UN [Whaley (1968)] 
o UN [Speidel ( 1963)] 
a Mo [JIM] 
- UPd, [Yamanaka (1998)] 

0.20 

Fig. 4.113 Porosity dependeces of Young's modulus of UN. UN+Pd, (U,Nd)N. UN+Mo. 

(U,Nd)N+Mo and NdN. together with literature data [11, 24-29 
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~ 

'" a.. 
Cl 
~ 

lJ.J
0 

en 
:> 

"3 
-0 
0 
E 
Ul -bO 
c 
:> 
0 

>-

330 

300 

~ 270 

9 
240 

210 

180 

o 

1 
1 

T 

1 
1 

1 

T 

1 2 3 4 5 

UPd
3 

content, X (mol%) 
100 

(This work] 
Pulse echo method 

• UN .. UN+Pd 
Indentati on test 

• UN 
• UN+Pd: UN phase 
• UN+Pd: UPd, phase 

• UPd, 
[Lieterature data] 

o UN [Hayes (1990)] 
o UPd, [Yamanaka (1998)] 

[Estimated data] 
- - UN+Pd [Fan's Eq,] 
-- UN+Pd [Hashin's Eq.] 

Fig, 4,11 UPd, content dependence of Young's modulus of UN+Pd at P =0, 

together with literature data [ II, 24 

330 , , , , 

~ 

'" 300 [This workl a. , 

'" I Pulse echo method ~ 

lJ,j0 • ... • UN 270 

~ (U,Nd)N CJi 
.... 

~ • .. 
:> • NdN :; 

Indentation test -0 240 
0 • UN E .. (U,Nd)N en -bO 210 [ Lieterature datal 
t: 

0 UN [Hayes (1990)] :J 
0 
>- 180 

150 , , . , 
0 3 6 9 12 100 

NdN content, X(mol%) 

Rg.4.11 . NdN content dependence of Young's modulus of (U,Nd)N at P=O, 

together with the literature data [24] 
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"' c.. 
Cl 
~ 

llJo 
<If 

" "S 
""C 
0 
E 

'" -... 
" " 0 

>-

360 

[This work] 
330 Pulse echo method 

r -0 • UN 

" .. UN+Mo 300 

! Indentation test 

'" • UN .. i 270 , .. UN+Mo: UN phase '" l , 
UN+Mo: Mo phase .. 

240 [Literature data] 
0 UN [Hayes] 
0 Mo [JIM] 

210 
[Estimated data] 
-- UN+Mo [Fan's Eq.l 

180 -- UN+Mo [Hashin's Eq.l 

150 

0 2 4 6 100 

Mo content, X(mol%) 

Rg, 4,116 Mo content dependence of Young's modulus of UN+Mo at P =0, 

together with the literature data [23, 29 

"' 7Tr'-~~-r-r'-~-,~-r~~~~-r~, a.. [This work] 

9 * ~ - * I I • UN+Pd-L 
~ 6 

Z 
00 
.,; 5 

-\!, ., 
.2 
... 4 ., 
'" '" ., 
c 3 
1: ., 
..c: 
E 2 
Q) 

-'" 
" :> 

0.00 

Eq. 4.2 • UN+Pd-H 

0.05 0.10 0.15 

Porosity, PH 

¢ uPd. 
• (U,Nd)N-L 
• (U,NdlN- H 
o NdN 

• UN+Mo-L 
.. UN+Mo- H 
• (U.Nd)N+Mo (L) 
~ (U,Nd)N+Mo (H) 

[Lilerahrc data] 
- UN [Hayes (1990)] 

0.20 

UN [Godfyoy (19651) 
* UN [Moore (1970)] 
.6 UN [Harrison (1968)] 
a UN (Endebrack (1968)) 
o UN (Godfrey (1965)] 
.., UN [Godfrey (1965)) 

Mo [JIM] 

Fig. 4.117 Porosity dependence of Vickers hardness of UN, UN+Pd, UPd3, (U,Nd)N, 

NdN, UN+Mo, (U,Nd)N+Mo and Mo, together with the literature data [24 29, 34-38 
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~ 

III 
Q. 

" ~ 6 

~ 0 
ui 0 
(/) Il + I .. I A 
Q) 

'" 4 ""C [This world "-
III • UN 

..<: • UN+Pd * UPd, 
(/) 

"- • (U,Nd)N • NdN 
Q) • UN+Mo -" 
(J 2 [Literature data] 

:> 0 UN [Hayes (1990)J 
0 UN [Godfrey (1965)J 
v UPd

3 
[Yamanaka (1998)] 

0 Mo [JIMJ 
" 0 T ' , 

0 4 8 12 100 

UPd
3

, NdN and Mo content, X(mol%) 

~.o:.~ Vickers hardness of UN+Pd, (U,Nd)N, and UN+Mo at P =0 and F =9,8N 

as the function of UPd" NdN and Mo content, together with the literature data 1 ~ , 2l1, 29, 34] 

In this figure, the straight lines represent the addition match of UN and UPd" NdN or Mo. 
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Rg. lI.l ~ 9 Fracture toughness of UN+Pd, (U,Nd)N, and UN+Mo 

as the function of UPd" NdN and Mo content 
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Fig. 4 120 Crack generating from vertex of Vickers impression of UN+Pd-H 

(a) SEM image (b) 10 map (c) CD map of UPd, (c) CD map of UN 

(U .Nd)N 

... 
Fig. 4.121 Crack generating from vertex of Vickers impression of (U.Nd)N-H 

(a) SEM image (b) 10 map (c) CD map of (U.Nd)N-H 

Fig. 4.122 Crack generating from vertex of Vickers impression of UN+Mo-H 

(a) SEM image (b) 10 map (c) CD map of UN and Mo 
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160 

.... 
120 I 

~ L .... ' .J ~ 
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'" C. 

" .. ,~"""i' ~q. 2.69 I 
c.:J 

80 ~ ~ 

N 

::t: .• D' .. 

I EQ.t4.3 I 

0 UN 0 UPd, 
40 • UN+Pd-L: UN phase 

A UN+Pd-H: UN phase 
0 UN+Pd-L: UPd, phase 
, UN+Pd-H: UPd, phase 
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1/ h (1/ f.II11) 

Fig. 4.123 Square of indentation hardness vs . inverse of depth (UN+Pd and UPd3) 

~ 
N 
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'-' 80 
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o~~~~~~~~~~~~~~~~~ 
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120 

80 

40 
UN 
UN+Mo-L: UN phase 
UN+Mo-H: UN phase 

• UN+Mo-L: Mo phase 
<) UN+Mo-H: Mo phase 

o~~~~~~~~~~~~ 
o 2 4 6 8 10 12 14 16 

Ig. 4.125 Square of indentation hardness vs. inverse of depth (UN+Mo) 
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/··t++ · ..-.. 
'" (1) 
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'" • ~ .L 

80 • .L 1 '-" 
:.il '" I f < '" " ~ I ::t J:, " 

f' 

~ 40 
• UN .. UN+NdN+Mo-L: (U,Nd)N phase 

UN+NdN+Mo-H: (U,Nd)N phase 

• UN+NdN+Mo-L: Mo phase .. UN+NdN+Mo-H: Mo phase 
0 
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Fig. 4. ~ 26 Square of indentation hardness vs. inverse of depth «U,Nd)N+Mo) 
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T ~~~~~: '" I " " I" "i[:his~~rkl 
E 1000 • UN+Pd- L 

"I I.!. UN+Pd-H a 500 - - ____ -..:. • (U,Nd)N- L 
~ • (U,Nd)N- H 
o 80 .. UN+Mo- L 
~ 
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Chapter 5: Thermodynamics modeling of U-N and Pu-N binary system 

When we evaluate the integrity of the advanced nuclear fuels, it is important to know the 

chemistry state of nuclear fuels in the reactor core. In I?articular, it is remarkable in case of the 

nitride fuel because it was written in that it is necessary to understand the FCI and thermal 

dissociation at the meltdown. Therefore, we must evaluate the phase diagram of U-Pu-N ternary 

system. The phase diagrams of U-N, Pu-N and U-Pu binary system have been experimentally 

obtained, but it is necessary to storage the information as the thermodynamics data (Gibbs 

energy) of each phase. In fact, ACTINET constructed by ITU at German, CEA at France, KTH at 

Sweden, C. Thermo at Sweden and so on is promoting FUELBASE project in which a 

thermodynamic database for advanced nuclear fuels is constructed. In FUELBASE project, the 

binary systems of metal-nitrogen, metal-carbon and so on are just now being modeled. The 

binary systems modeling in FUELBASE project are summarized in !lIJ,~2}~j~W. In addition to the 

binary systems, they are modeling the ternary systems such as C-N-Ti, C-Si-Ti, C-Mo-Ti, 

C-Mo-Si, U-Pu-C, U-O-C, Pu-O-C, U-Ti-C, U-Zr-C and U-Si-C. In the present study, the 

phase diagrams of U-N and Pu-N binary system were calculated by CALPHAD (CALculation of 

PHAse Diagram) method, which connects the experimental thermodynamics information with the 

phase diagram. 

The principle of CALPHAD is based on that the phase in a system appear so as to 

minimize the sum of the Gibbs energy of each phase IT~l The CALPHAD method has been used 

well at various companies and academies. The thermodynamic parameters are assessed taking 

into account all the existing experimental results, such as phase diagram information or chemical 

potential results. In the present study, Thermo-Calc ~U which had been developed by the Royal 

Institute of Technology of Sweden, was used as the thermodynamics equilibrium calculation 

program based on the CALPHAD method. The phases, which exist in U-N and Pu-N binary 

systems, are summarized in :~;~~~~';!J~:.::: and . The Gibbs energy of U,...N system was basically 

In the present study, the author modeled the Gibbs energy of 

each phase in Pu-N binary system and improved the Gibbs energy of each phase in U-N binary 

system, which was modeled by ~:'~.~"~~!1c'i:~~.ri:c~~~~"/';'~!..~~::!. 

compounds are described in the follows. 
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The Gibbs energy (G) for an element A at the absolute temperature of T K, a 

pressure of P and a phase of cD is expressed using the enthalpy (H ) and entropy (S) as 

follows: 

where H~SER (298.15K) and S~SER (298.15K) are the enthalpy and entropy of the element as 

the 'stable element reference'. The enthalpy and entropy are estimated from the specific heat 

capacity (Cp ) by Eq. 5.2. 

T 

H~<I>(T) - H~SER(298.15K) = f CpdT 
298.15 

T 

S~<I>(T)-S~SER(298.15K)= f(i)dT 
298.150 

The specific heat is generally given the empirical following equation; 

where a, b, c and d are the constants. Therefore, the molar Gibbs energy is given by the following 

equation. 

T T 

G~¢>(T)-H~SER(298.15K)= f CpdT -T f (~;dT 
298.15 298.150 

[ ]
T [ ]T b 2 c 3 d C 2 d 

= aT +-T +-T -- - T alnT+bT +-T ---
2 3 T 298.15 2 2T2 298.15 

= a'+b'T +c'71nT +d'T2 +e'T3 +fT-1 

where a' , b' , c' , d' ,e' and f' are the constants estimated from a, b, c and d. 

staig~i8ffi~bi6?bi>M~6tJtm 

For a compound C with the chemical formula of Ax A Bx. ' the molar Gibbs energy is 

expressed as follows; 

G~,c(T) = (xAG~SER(T)+ %B~SER(T))+a'+b'T +c'71nT +d'T2 +e'T3 +fr-1, 
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where G~SER(T) and G;;SER(T) are the Gibbs energies defined by '~£~:~l"li1i~;' and the coefficients 

%A and %s are the stoichiometric ratio of A and B in the compound C, respectively. 

These coefficients have the following relation; 

%A + %s = 1. 

The solid solution is categorized into the substitutional and the interstitial solution group. 

Since all of the solid solutions in the present study are in the interstitial solution group, only the 

model for the interstitial solution is discussed. A sub-lattice model [~ expresses a phase which 

is impossible to be described as a simple ideal solution. This model gives the divided several 

lattices, and the interactions in the identical lattice are expressed as the regular solution and 

those between the different lattices are expressed as a function of temperature. For example, 

when a phase consists of the matrix element A and interstitial B, this phase is expressed as 

[A l[B,va 1. where Va denotes the vacancy and the ratio of b I a is defined by the crystal 

structure. Since the elements B locate different sub-lattices, these elements do not occupy 

the same interstices. The sub-lattices for UN and a -U2N3 are hypothesized as [N,VaMU], and 

[N]3[U,Va]2, respectively, based on the sub-lattices by gB~~[DlIJ~~~inJ21. 

Gibbs energies of these phases are expressed as the sum of the three terms; 

G!(T)- L %i<1>H?ER (298. 15 K)=Gmix,<1> + Gid ,<1> + Gex,<1> . 
i=A,B 

Then the molar 

The left side in is the Gibbs energy for the phase cD with the references of the enthalpies 

consisted from the pure elements. The first term of the right side in ;,!f~+~~!~ is expressed as 

follows; 

Gmix,<1> = 1 [yll (Go,<1> (T)-aHo,sER(298.15 1<)) 
a+by~ Va A.Va A 

+ y~(G~~ (T) - aH~SER (298.15 I<) - bH~SER (298.15 1<)]. 

This term is the simple mixture of the Gibbs energies for the components of [Al[B, Va 1. The 

YIN is the site fraction of the element i in the sub-lattice N. The second term is expressed as 

follows; 
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This term is the contribution of entropy of mixture between vacancies and interstices. The third 

term is required when this phase is the regular solution. and is expressed as follows; 

Gex,<l> 1 ( •• II II L <l> ) 
= b II \YBYva A:B,Va • 

a+ YB 

where L is called as the interaction parameter and expressed as Muggianu' s Redlich-Kister 

L~:B.va = L 
n 

L!:va.va = L 
n 

The Gibbs energies for these phases are also expressed by .2:&TA2:i:CJ:l and the Gibbs energy 

parameters of condensed pure elements and stoichiometric compounds in the N-U and Pu-N 

binary systems are summarized in and shows the Gibbs energy 

parameters of condensed solutions in the U-N binary system. 

Using the Scientific Group Thermodata Europe (SGTE) database tID:. the author 

calculated the Gibbs free energy of aU. J3 U V U. liquid phase and gas phase in U-N binary 

system, and all phases in Pu-N binary system. 

The phase diagrams of U-N and Pu-N binary systems were reported in a compilation 

nitrogen could not be found in pure U «100 ppm or 0.Q1 wt.% over the entire range 823-1173 K). 

The melting point of UN was determined as 2923 ± 100 K by 

2753 ± 50 K by ~~Y~~nJ~~>I~~~ 

~l'Ql 
The U-N partial phase diagram was determined by using XRD, 

metallographic, chemical and thermal analyses of phases equilibrated with N2 (up to 5atm), at 

temperatures up to 3123 K. The uranium-rich side is of eutectic type (composition near pure U). 

The phase boundaries of UN were measured as (N/U=0.96 ± 0.02, T=1773 K), (N/U=0.92 ± 0.02, 

T=2073 K) and (N/U=1.04 ± 0.02, T=1873 K). However, ~~m~:grl~~l corrected this data as 
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(N/U=0.991, T=1973 K) and (N/U=0.997 ± 0.006, T=3073 K). In the present study, the author 

adjusted the Gibbs free energy of UN until the calculated result reproduced the data of 

In the adjusting process, the author assumed that the lattice stability of 

[U]o.s[Va]o.s ,which is the fictive pure U metal with NaCI type structure, was 50000 J. The author 

reformed the entropy at room temperature (SOf298.15K) (62.42528 Jmor1K-1) and specific heat 

(~~[!) evaluated by iI!~~]m~I~~l~~~J~ll 

UN Cp = S4.1S+22.81x10-4T +4.372x10-6 T 2 -6.813x105 T-2 

The heat of formation (HOf298.15K) of UN evaluated by was referred in the 

present study. 

The phase relations of a U2Na and 13 U2Na were experimentally studied by 

In these literatures, the transition 

temperature from a U2Na to 13 U2Na was 1393 K and 13 U2Na decomposed to UN and N2 gas at 

1623 K. The mean value content of a U2Na and 13 U2Na were 1.645 and 1.425. The 

non-stoichiometry range of a U2Na was UN1.54-1.75 and 13 U2Na was near the line compound. The 

author referred the SOf298.15K (64.76832 Jmor1K-1), specific heat capacity and 

Wf298.15K (24509.034 Jmorl) evaluated by ~]~~~I~~£i~~~~~J. 

The compound existing in Pu-N binary system is only PuN. In the same way of U-N 

binary system, the nitrogen doesn't resolve in pure Pu. suggested that PuN was 

the non-stoichiometric compound at high temperature. However, in the present study, the 

author handled PuN as the stoichiometric compound due to the shortage of the data for the 

non-stoichiometry of PuN. There is no data of the melting heat of PuN. So, the author 

determined the melting heat of PuN by fitting between the calculated results and experimental 

data of the melting curves. 

In both case of U-N and Pu-N binary systems, the author assumed that the liquid phase 

is the ideal solution, because there is no data of the liquid phase. 
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&A'f~b'2%"'! and show the phase diagram of U-N and Pu-N binary systems, together with 

the experimental data From these figures, it was confirmed that the 

overall agreement is quite satisfactory. The calculated phase diagram compared to the 

experimental data. ~,l§:l;i~~ shows the partial phase diagram of U-N binary system, together with 

the experimental data B;;:;il!w~::~~;;;~' focuses on the non-stoichiometry part of UN. From this figure, 

it was found that the calculated phase boundary of UN faithfully reproduced the experimental data 

by In addition, the transition temperature from a U2N3 to 13 U2N3 and 

decomposition temperature of 13 U2N3 calculated by CALPHAD method was well consistent with 

the experimental data edited by cr~~}f%~mSii~,""f"i)~il 

The calculated specific heat capacity of the stoichiometric compound UN and PuN are 

shown in comparison with the experimental data :'j:iS!i~;:~_'iiJi~ in _!i!~~' From this figure, the 

calculated results are within the variation of the experimental data ~!Jl~~Jj;~~~. From these 

results, it is thought that we can reproduce the thermodynamics properties of U-N and Pu-N 

binary systems using the database modeled in the present study. 

In the present study, U-N and Pu-N binary systems were assessed thermodynamically 

from the criticism of the available experimental data on both phase diagram and thermodynamics 

properties. 

The liquid phase was described by an ideal associate model, UN and a U2N3 by a 

non-ideal two-sublattice model. PuN and 13 U2N3 was considered as a stoichiometric compound. 

A consistent set of Gibbs energy parameters for the various phases was obtained. The 

agreement between the experimental and calculated phase diagram of thermodynamic properties 

is quite satisfactory. 

Ternary compound doesn't exist in U-Pu-N ternary system as shown in Jjil~i~!2~2' From 

only the Gibbs free energy data of U-N and Pu-N binary systems obtained in the present study 

and U-Pu binary system evaluated by Kaf~t~'I2QOO)r[35j, we would model U-Pu-N ternary system. 
0,,'t'hS:!S~~A~>"--,00;?/.0X;'4/!"'~>;,=5,:hJj;:h'A 

However, !&~J!P~J:~~~~~~1rizs!-~~-! reported that the experimental phase diagram of U-Pu binary system 

used in Ref. 35 is not strictly correct. So, his group re-evaluates the phase diagram of U-Pu 

binary system. The author is going to assessment the U-Pu-N ternary system after Kurata 

re-evaluates the U-Pu binary system. 
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Like this way, if we model the thermodynamics database such as the Gibbs free energy 

of the binary systems based on CALPHAD method, the database of the binary systems allows us 

to evaluate the thermodynamic database for complex calculations in multi-component systems. 
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?C:/c:W:;:;;:/;;::;'~";O;' Binary systems evaluated in FUELBASE project 

Dupin Liu Chung Dupin Jerlerud 
(2005) (2005) (1999) (In progress) (2002) 

Sundman Hillert Jonsson Chevalier Ma 
(2005) (1992) (1996) (2000) (2004) 

Hallstedt Sundman Gueneau Liang 
(1993) (2005) (2002) (1997) 

Leibowitz Kurata 
(1991 ) (1999) 

Gueneau Gueneau 
(1996) (1994) 

Kumar 
(1994) 

Phase species in U-N binary system 

Solid phase 

Phase aU ~U yU UN 

Composition, at.%N 0 0 0 44-50 60-61 56 
Temperature range (K) 0-941 941-1046 1046-1448 0-3078 0-1393 1326-1623 

Space group Cmcm P4 2 /mnm Im3m Fm3m 

Prototype aU ~U W NaCI 

SOf298.15K (J/moI/K) 50.20 61.906 

HOf298.15K (Jim oJ) 0 -2790 -4757 -294352 -352540 -350680 

Liquid phase 

Phase U(L) N(L) 

SOf298.15K (J/moI/K) 199.79 153.30 

Wf298.15K (J/moJ) 535000 472687 

Gas phase 

SOf298.15K (J/moI/K) 191.61 

HOf298.15K (J/moJ) 0 
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Phase species in Pu-N binary system 

Solid phase 

, 
13 Pu 

, 
yPu 

, , 
Phase , aPu , oPu , o'Pu £ Pu , PuN , , , , , , , , 

Composition, at.%N 
, 

0 0 
, 

0 
, 

0 0 
, 

50 , , 0 , , 
I : I I , 

593-736 ! 736-756 756-913 I 0-3103 Temperature range (K) I 0-398 398-488 1488-593 I , 
P211/m 

I I I 
Space group , C2/m I Fddd Fm3m I 14/mmm Im3m , Fm3m I I I ., , I , , 

Prototype I aPu 13 Pu I yPu Cu 
, 

In W I NaCI I I , I 

SOf298.15K (J/mol/K) 54.461 72.383 

Wf298.15K (J/mol) 0 3706 478 736.4 1841 2824 : -299156 
I 

Liquid phase 

Phase ! Pu(L) N(L) 

SOf298.15K (J/mol/K) 
I 
I 177.16 153.30 
I I 

Wf298.15K (J/mol) ! 348000 ! 472687 

Gas phase 

Phase 

SOf298.15K (J/mol/K) 
I I 191.61 , 

Wf298.15K (J/mol) I 0 , 
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"",~~,:~,~s~=:":: Gibbs energy parameters of pure elements compounds in U-N binary system. 

a'x 103
: b' c' : d'x 10-4 : e'x 10-8 : fx 104 

298.15: 700 -8.381: -0.7071 : -28.55: 6.974 -105.5 : -1.879 
I I I' I I I 

N2 (G) 

- - - - - - - - -i - - - - - - - - - - - - -- - - - - - -:- - - - - - - - - - - ~ - - - - - - - - - ~ - - - - - - - - - - - -; - - - - - - - - - -- - - - - - - - - - - - - -- - --X---------
700 : 1700 -7.527: -25.48 : -24.42: -54.41: 43.60 : 

I I I I I I --- ______ ~ ____________________ 1 ___________ ~ _________ ~ ____________ 4 ____________________________________ _ 

I I I I I I 

1700 : 4100 -19.88: 61.14 : -36.21 : ,-3.006 : 0.8003 : 251.1 _________ L ____________________ , ___________ L _________ l ____________ ~ ____________________________ L ________ _ 

I I I I I I 

4100 : 7400 -68.13: 193.8 : -51.95: 20.10: -5.677 : 304.5 . 
298.15 : 2700 466.5 : -14.04 : -20.79: 0.2254 : -0.3883 

I I I I I I ---------r------- -------------~----------r---------r------------l----------------------------, ---------
2700 : 5100 464.3 : 3.505 : -23.18: 9.626: -6.615 : 12.33 

I I I I I , 

I I I I I I 

298.15: 955 -8.408: 131.0 : -26.92: 12.52: -442.6 : 3.857 
aU - - - - - - - - _:_ - - - - - - - - - - - - - - - - - - - _:_ - - - - - - - - - _:. - - - - - - - - - I ____________ 1 ____________________________ , ________ _ 

955 : 6000 -22.52: 292.1 : -48.66 : 
, 'I I I I 

I3U 
298.15 : 941.5 -5.156 : 107.0 : -22.84: -108.5 : 2.789 : 8.194 _________ L ____________________ ~ __________ L _____________________ J ____________________________________ _ 

941.5 i 6000 -14.33 i 244.2 i -42.93 i i 
I I I I I I 

yU 
298.15 : 1049 -0.7528: 131.5 : -27.52: -83.56 : 96.79 : 20.46 _________ L ____________________ L __________ L _____________________ ~ ____________________________________ _ 

I I I 'I I 

1049 : 6000 -4.698: 202.7 : -38.28 :: : 

· . . 
13 U2N3 298.15 : 6000 -151.9 172.9 : -29.28 : -8.285 -45.20 41.75 

· . . 
UN 298.15 : 6000 -313.5 314.1 : -55.53 : -0.7583 -77.68 38.38 

· U(L)-a U 298.15 : 6000 12.36 -10.32 

· N(L)-Nz{G) 298.15 : 6000 29.95 59.02 

13 U2N3-N2(G)-y U 298.15 i 6000 -760.6 632.7 i -49.45 i 98.86 -316.1 172.7 
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.1;~!3iJ.~~~~;:~~ Gibbs energy parameters of pure elements and compounds in Pu-N binary system. 

a'x 103 : b' c' : d'x 10-4 i e'x 10-8 i fx 104 

298.15 400 -7.396: 80.30 18.13: 224.1 : -442.6 : 3.857 
I I I I I I 

-----------~---------- -------------T-----------~------------r------------~-------------y------------

a Pu 400: 944 -16.61: 236.8 : -42.42 : -13.45 : 26.34 : 57.93 
-----------~---------- -------------f-----------~------------' ____________ 1-------------,-----------

944 : 6000 -14.46 : 233.0 : -42.2 : 
I I I I I 

298.15 : 679.5 -4.874: 123.2 : -27.42 : -65.30 : ___________ ~ _______________________ ~ ___________ ~ ____________ L____________ _ _____________________ _ 

~Pu 
I I I 1 I I 

679.5 :1464 2.435: 43.57 : -15.74 : -154.8 : 152.5 : -86.49 
-----------~---------- -------------~-----------~------------ ------------ ------------- -----------I I I I I I 

1464 : 6000 -13.96: 228.2 : -42.25 : : : 
I I I I I I 

298.15 i 487 -16.77 i 419.4 i -77.58 i 816.4 i -2810 i 57.48 

yPu 
- ----- - - -- - -:- - - - - - -- -- - - - - - - - - - - - - -: ------ - - - - - -:- - -------- - -: - - - - - ------ -~I-- -- - - -- - - - - - : - - - - - -- - - --

487 ,593.9 -2.943, 88.33 , -22.02 , -114.8 , , 
I I'" I -----------,---------- -------------T-----------,------------r------------ ------------ -----------

593.9 : 1179 -9.337: 160.3 : -32.34 : -70.38 : 69.29 : 63.06 
I I I I , I 

298.15 : 990 -3.921 : 127.6 : -28.48 : -54.04 : 
-----------~---------- -------------i-----------~------------~------------: ------------:-----------

(5Pu 990: 1464 3.528: 41.53 : -15.74 : -:-154.8 : 152.5 : -86.49 

1464 : 6000 
, I I I I I 

298.15 : 736 -0.4962 : 54.59 : -16.43 : -240.1 : 516.7 : -15.85 

(5' Pu 
736 : 757 

, 
757 : 2157 

2157 : 6000 , 
, , , , 

-1.359 116.6 -27.09 -91.05 206.2 , , , , , , , , 

745 -2.891 
, 

156.9 
, 

-33.72 
, , , , , , , 

£ Pu 
956 29.31 

, 
-132.8 

, 
6.921 

, 
-202.3 

, 
142.7 

, 
-446.9 , , , , , , , , , , 

2071 6000 -15.40 227.4 -42.25 
, , , , , 

PuN 298.15 
, 

6000 -316.5 
, 

272.8 
, 

-50.62 
, 

-53.35 
, , , , , , , , , , , 

, , , , 
298.15 

, 
400 -0.7882 67.79 

, 
-18.13 

, 
-224.1 

, , , , , , , , , 

400 
, 

944 -9.998 224.3 
, 

-42.42 
, 

-13.45 
, 

26.34 
, 

57.93 , , , , , , , , , , Pu(L) 
, , , 

944 , 
6000 -7.854 220.4 

, -42.25 , , , , , , , 

298.15 i 950 26.20 49.57 i -12.78 i -17.67 0.2681 -3.237 
------------,---------- ------------- -----------,------------r------------ ------------- ------------

N(L) 950: 3350 22.59 76.22: -16.37 : -6.511 3.010 56.31 
, " 

-----------~---------- ------------- -----------~------------r------------ ------------- ------------
3350 : 6000 13.56 109.3: -20.47: 2.398 -0.8333 459.6 

, " 

298.15 : 950 -3.751 -9.454: -12.78 : -17.67 0.2681 -3.237 ___________ ~ __________________________________ J ____________ L ____________________________________ _ 

, " 

N2(L) 950: 3350 -7.359 17.20: -16.37 : -6.511 3.010 56.31 ___________ J __________________________________ J ____________ L ____________________________________ _ 

, " 

3350 : 6000 -16.39 50.26 : -20.47 : 2.398 -0.8333 459.6 
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~'';;;d:;::,;0~fl,:WG':J Gibbs energy parameters of condensed solution in the N-U binary system 

Lj,k:1 = I Lj,k:1(yj - ySLj,k:1 = aj\:1 +b1k:l 
n 

Phase Formula Excess interaction parameters 

N n bn 
ame a j,k:1 j,k:1 

LO[N1,N1Ual<L> 0 0 
Liquid LO[N1,Ual<L> 0 0 

LO[N1,U1,Ual<L> : 0 : 0 
-----------------~--------~--------

LO[N1,VaMUal : 26878.59 : 0 
---LO[N~]iUl~V~]; ---:- -=-52537.9-:- 87 ~i£93--'-

I I 

Ll [N1Ja[UI ,Va]2 : 128136.7 : 0 
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E6ap .. 

By partitioning and transmutation (P and T) of MAs (Minor Actinides: Np, Am and Cm) 

and Pu, the period that the radiotoxicity of HLW reaches to that of natural uranium is shorten from 

some hundred thousand years to three hundred years. The FBR (Fast Breeder Reactor) and 

ADS (Accelerator-Driven System) are considered as the method of transmutation of MAs and Pu. 

However, the nuclear fuel form to load into FR core has not been determined. The author 

addressed MA-containing MOX fuels and nitride fuels because there are a lot of data of MOX and 

oxide fuels and the nitride fuels have the superior fuel properties such as the high thermal 

conductivity, high melting temperature, and high chemical compatibity with the FR core materials 

and so on, respectively. However, there are few data of the thermophysical properties of such 

fuels. Therefore, in the present study, the author evaluated the thermophysical properties of 

nitride fuels with the inert matrix, simulated high-burnup nitride fuel and MA-containing MOX fuels 

by the experimental method and simulation method. 

In Chapter 2, the thermophysical properties of ZrN and TiN expected as the inert matrix 

of the nitride fuels were evaluated because there are scarcely precise data of ZrN and TiN due to 

the high sintering resistivity. In addition, UOAZrO.6N and UN+60mol%TiN were also evaluated as the 

simulated ADS target fuels to understand the interaction between the actinide nitrides and inert 

matrix. 

Judging from the results of Chapter 2, it would be not easy to use PUx_yMAyZrl_xN as the 

actual fuel because the prediction of the thermophysical properties of PUX_yMAyZrl_xN is very 

difficult in the different way of (Pu,MA)N+ TiN. In case of UN+60mol%TiN, the mechanical, 

electrical, thermal properties were improved by the addition of TiN and were roughly predicted by 

the theoretical or empirical model. Therefore, it is easy to predict the thermophysical properties 

of (Pu,MA)N+ TiN with various component. Judging from only these results, TiN is more effective 

than ZrN as the inert matrix. 

In case of the nitride fuels, it is a problem that the oxidation resistivity of PuN and AmN 

is very low, and that PuN and AmN vaporize at high temperature due to their high vapor pressure. 

ZrN may improve this problem because the chemical stability would be improved by the solution of 

ZrN to PuN and AmN. This effect could not be expected in case of (Pu,MA)N+ TiN. Therefore, 
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evaluation of not only the thermophysical properties, but also thermodynamics properties of the 

nitride fuels would become to be important when we use the nitride fuels as the actual fuels. 

When we predict the fuel behavior such as the fuel swelling, temperature distribution, 

pellet cracking, PCI, FCI and so on, it is very important to evaluate the elastic moduli, hardness, 

toughness creep rate, thermal properties and thermodynamic properties. In the present study, 

the elastic moduli, hardness and thermal properties were evaluated. If the creep rate and 

thermodynamics properties of the nitride fuel with inert matrix could be evaluated, we would be 

able to establish the model of the fuel behavior. 

In the present study, the newest technique, which are SPS, EBSP and indentation test, 

and the new concept such as MSA were used in the field of the nuclear fuel engineering for the 

first time. The author succeeded to precisely evaluate the thermophysical properties of inert 

matrix material (ZrN and TiN) and was able to suggest the new methods to evaluate the porosity 

dependences of the thermophysical properties, which are extremely effective for the research of 

MA-containing fuels. 

By fitting the limited experimental data of the thermal expansion and bulk modulus, The 

potential parameters for the nitrides (ThN, UN, NpN, PuN, AmN and ZrN) and oxides (U02, Np02' 

PU02 . and Am02) were semi-empirically determined. Using these parameters, the author 

evaluated the thermal expansion, bulk modulus, specific heat capacity and thermal conductivity of 

not only An02' AnN and ZrN, but also MOX, MA-containing MOX, and nitride fuels with the inert 

matrix. 

The thermal expansion of UO.4ZrO.6N by MD calculation agreed with the experimental data 

obtained in and Vegard' s law. On the other hand, the thermal expansion of PUO.4ZrO.6N 

calculated by MD calculation was lower than Vegard's law. MOX, MA-containing MOX, 

PUo.2Npo.2ZrO.6N and PUo.2Amo.2ZrO.6N followed to Vegard' slaw. 

The specific heat capacity of actinide nitrides and actinide dioxides by MD calculation 

were similar to the experimental data. MOX, U0.4ZrO.6N and PU0.4Zro.6N followed to 

Neuman-Kopp's law. The influences of the addition of Np and Am could not be almost observed. 

In case of the oxide fuels, at high temperature, Bredig transition could be observed. 

By MD simulation, only the KLAT were evaluated. In case of the nitride fuels, MD 
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results were vastly lower than the experimental data (= K TOT ), because the main contribution in the 

KTOT of the nitride fuel is the K EL • In case of PUo.2Npo.2ZrO.6N and PUo.2Amo.2ZrO.6N, the influences 

of the addition of Np or Am were not almost observed. 

MD results of U02, Np02 and PU02 showed the.close value with the experimental data. 

MD result of Am02 was higher than the experimental data at whole temperature, because the 

experimental data would underestimate due to the reduction, self-irradiation damage and He 

bubble of Am02. So, it is thought that MD result of Am02 indicates the intrinsic thermal 

conductivity. MD results of Uo.aPUo.202 and UO.7PUO.302 were well consistent with the experimental 

data. MD results of Uo.7-xNPxPUO.302 and UO.7-XPuO.3Amx02 didn't almost depend on Np or Am 

content. 

From these results, it was found that the thermophysical properties MA-containing MOX 

fuels are very close to those of MOX fuels. Therefore, it is thought that the fuel behavior of 

MA-containing MOX fuel in the reactor core could be predicted by the code, which had been used 

to predict the fuel behavior of MOX fuel. In the present study, it was confirmed that MD 

simulation is very useful when we evaluate the thermophysical properties of the fuels with the 

complex component such as MA-containing MOX fuels and nitride fuels with the inert matrix. 

In the present study, it is confirmed that the thermophysical properties of the 

non-irradiated oxide fuels could be precisely evaluated by MD simulation. In MD simulation, it is 

possible to insert the point defect, dislocation and lattice strain in the simulation cell in order to 

reproduce the irradiated fuel. In this case, the electron valence of a part ion of U, Pu and MAs 

would change. However, it is difficult to determine the potential parameters of actinide ions such 

as U5
'" and Pu5

'" because there is no material consisted from only U5
'" and Pu5

.... Therefore, MD 

calculation used in the present study could not evaluate the irradiated fuels. On the other hand, 

their potential parameters would be able to be theoretically determined by the first principle 

calculation. In the future, it will become to be important to evaluate the thermal properties of the 

irradiated oxide fuel by the combination of MD simulation and first principle calculation. 

ch~pt€~~!iri:Ee~!(ea~YM~:rlifarNdf~~ff~~~~2ffrfilli~fffi66h9i§f6~T~15~~?tiW~?6ft~iffiBr~t~a:hiFt~B:fiFfitf~ 

hitriaE?fffi~l~ 

The simulated high-burnup nitride fuel pellets (UN+Pd, (U,Nd)N, UN+Mo, (U,Nd)N+Mo) 

were prepared by the carbothermic reduction and atmospheric pressure sintering. NdN pellets 

with various porosities and UPd3 pellet were prepared by the SPS and high vacuum induction 
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melting method. 

From the XRD and SEM-EDX analysis, it was found that Pd precipitates as UPda along 

the grain boundary of UN, Mo precipitates as the pure metal, and Nd solves in UN phase. By the 

EBSP measurements, UPda precipitation in UN+Pd pellets orientated for the direction from (1010 ) 

to (1011). 

Young's modulus at macroscale obtained from the ultrasonic pulse echo method wasn't 

almost influenced by the FPs. From the indentation tests, it was found that Young's moduli of 

UPda phase in UN+Pd-L and UN+Pd-H were higher than that of UPda pellet. The fracture 

toughness improved by UPda precipitation because UPda precipitation stops the crack. Except 

for UN+Pd pellets, the remarkable change on the mechanical properties by the FPs could not be 

observed. 

The experimental data of the thermal expansion of UN+Pd were not consistent with the 

data estimated from the volume thermal expansion coefficients and bulk modulus of UPda and UN 

using Turner's equation. So, when the author re-estimated the thermal expansion of UN+Pd 

based on the data of Young's modulus of UPda phase in UN+Pd pellets obtained from the 

indentation tests and crystallographic properties of UPda phase obtained from the EBSP 

measurements. This method would allow us to evaluate the thermal conductivity of the 

high-burnup fuels by the small specimen. The thermal expansion of (U,Nd)N and UN+Mo, 

(U,Nd)N+Mo followed to Vegard' s law and Turner's equation. 

The experimental data of the thermal conductivity of UN+Pd were lower than the data 

estimated from Schulz's equation. Those of (U1-x,Ndx)N decreased with increasing the X. In 

the case of UN+Mo, the experimental data were well consistent with the data estimated from 

Schulz's equation. The effect of the addition of Mo in UN and (U,Nd)N pellets were very small. 

In the results of chapter 2-4, the thermal conductivity and mechanical properties of the 

high-burnup nitride fuels and nitride fuels with the inert matrix were vastly higher than those of 

U02 and MA-containing MOX fuels. In addition, it is well known that the nuclear character and 

chemical compatibity with the reactor core materials of UN are superior to the. oxide fuels. 

However, a lot of researches, which are the thermodynamics properties, irradiation tests and so on, 

are necessary when we take the nitride fuels into practice. Such experiment needs long term. 

Therefore, the author thinks that it is best to use MA-containing MOX fuels in the demonstration 

fast breeder reactor, which will be constructed by 2025 and the nitride fuels in the ADS and the 
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commercial fast breeder reactor, which will be constructed by 2050. 

Chapter 5: Thermodynamics modeling of U-N and Pu-N bina!)' system 

U-N and Pu-N binary systems were assessed thermodynamically from the criticism of 

the available experimental data on both phase diagram and thermodynamics properties. 

A consistent set of Gibbs energy parameters for the various phases was obtained. The 

agreement between the experimental and calculated phase diagram of thermodynamic properties 

is quite satisfactory. 

Ternary compound doesn't exist in U-Pu-N ternary system. From only the Gibbs free 

energy data of U-N, Pu-N and U-Pu binary systems, we would model U-Pu-N ternary system. 

Like this way, if we model the thenmodynamics database such as the Gibbs free energy of the 

binary systems based on CALPHAD method, the database of the binary systems allows us to 

evaluate the thennodynamic database for complex calculations in multi-component systems. 
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