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MA (Minor Actinide)-containing MOX (Mixed OXide) fuel and nitride fuel are the
candidates of the 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 therrﬁophysical 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 Ug,Zry¢N) 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, Uy, Zr,cN 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 Uy4ZrygN, 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,MAN+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
(UO,, NpO,, PuO, and AmO,) were semi—empirically determined. Using these parameters, the
author evaluated the thermal expansion, bulk modulus, specific heat capacity and thermal
condugtivity of not only AnO,, AnN and ZrN, but also MOX, MA—containing MOX, and nitride
fuels with the inert matrix.

[t 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—burnup

nitride fuels

The simulated high-burnup 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—burnup 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—-burnup nitride fuels were

vastly larger than those of the non—irradiated UO,.

Chapter 5: Thermodynamics modeling ofo-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

r—

1] and their countries are politically

primary energy resource is imported from the other countrie
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 (CO,) and generates a lot of electric power. Therefore, the nuclear power generation is

Pt

reconsidered as the excellent power generation method in East Asia, Europe and U.S.A. [3 i 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. [n 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 of the new nuclear power plants until 2015. In addition, U. S. A. suggested Global Nuclear

Energy Partnership (GNEP) project j 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.

-1-



Chapter 1: General introduction

In addition to the advantages on CO, 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 L . In addition, it is a large

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

breeder reactor (FBR) [6] 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 [V 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.

7z
referred from

A

As shown in 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 j and ADS (Accelerator-Driven System) are considered as the method
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

-2 -



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)

1, 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 locaded 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

summarizes the advantages and disadvantages of nitride fuels. Recently, it was found that Np,
Am and Cm form mononitride with NaCl 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

=

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)O,), nitride

fuels with inert matrix, and simulated high burnup nitride fuels.
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Candidates of inert matrix |

Chemical form of

Pu and MAs Form | Matrix
ZrQ, [Wallenius (2003)] )
T S —
| YSZ [Boucharat (2001), Croimarie (2003)]
MgO

| _ [Donnet (2005), Garnier (1999), Croimarie (2003)]
Oxide . MgA,O, [Rondinella 2001)]
Composite  [r-mm-mmrmmmee oo S oo

Mo [Donnet {(2004), Haas (2006)]
ZrN [Wallenius (2003), Minato (2003),
Ntige | Soidsolvton | Streit (2000), Whoeler (2007)]
HfN [Wallenius (2003)]
Composite TiN [Minato (2003), Arai (2001)]

Metal Composite Zr [Donnet (2005)]

. MAs—containing fuels fabricated in MAs transmutation projects

Type Composition Program name
(U,Pu,Am)O,
Oxide (U,Pu,Np)O, SUPERFACT
(U,Am,Np)O, [Walker (1995)]
(UNp)O,
Metal U-Pu-Am—-Np-Zr FUTURIX-FTA
''''' Metal without U |  Pu-Am-zr | [Donnet (2004)]
~ Niide | (UNp,PuAmN FUTURIX-FTA
" Nitride without U | (PuAmZPN [Donnet (2004)]
CERMET without U (Pu,Am)0,+Mo FUTURIX-FTA
(CERamic & METal) (Pu,Am,Zr)0,+Mo [Donnet (2004)]
oo AmMOMEO | ECRIX [Garnier (1999)]
CERCER without U (Am,Zr.Y)O+MgO CAMIX-COCHIX
(CERamic & CERamic) [Cm':a;;(z?i)] --------
(Pu,Am)0,+MgO [Donnet] [T)linget[ (2(;: 05)]




Chapter 1: General introduction

Advantages and disadvantages of nitride fuel

Advantages Brief meanings

High thermal conductivity High economical efficiency and safety
High melting point High safety
- High metal‘l;cde.nsmy ----------------------- Hl-gh -l:l-e-l;‘!:.t:on ef’r:lciency

Low fission gas release High safety
High mechamcalproperty ---------------- High economicalue-f-F;c-;;c-e;’l-cy and safety
ngh electncal conductnvuty ------ Easiness for ele;trolysis dry reprocessing )
="
Disadvantage Solvent method
N-14 changes C—14 by the nuclear reaction. Development of technique to enrich

N-15 with low cost

Shortage of the following data Fundamental research of

@ Physical properties of high—burnup nitride fuel thermodynamics and

@ Physical properties of minor actinide nitrides thermophysical properties of
@ Physical properties of nitride inert matrix fuels nitride fuels by experiment and

@ FCI phenomena (Melting fuel and cladding interaction) | simulation
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Chapter 2: Thermophysical properties of UN, ZrN, TiN, U, Zr,sN 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

and titanium nitride (TiN) are

the nitride fuels, it is thought that zirconium nitride (ZrN)
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 ((PuNp,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 burnup.

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. [n 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], U,,ZrosN 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).

_11_



Chapter 2: Thermophysical properties of UN, ZrN, TiN, U,,ZrysN and UN+60mol%TiN

There are two methods in preparation methods of UN powder. One is nitriding of
uranium hydride (UH;) at high temperature and nitrogen atmosphere after hydriding of metal U.
Another is the carbothermic reduction of UO,. - 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.

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

DiUranate: (NH,,U,0,) to adjust the specific surface area and ratio of O/M.
summarizes the specific surface area and O/M ratio of UO, powder before the carbothermic
reduction. UO, powder and activated carbon powder with the specific surface area of about 800
m2/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 UO, powder. The green pellet (T12 mmx¢ 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 UO, and activated carbon were heated at 1773 K under N,
atmosphere with a flow rate of 10 I/min for 8 hours to convert from UQ, to UN by the following

chemical reaction;

U02+ZC+%N2 —-UN+2COT.

Successively, the green pellet was heated at 1773 K under N,+5% H, atmosphere with a flow rate
of 10 I/min for 8 hours to remove the residual carbon as CH,. 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 x@ 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 |/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 O, and H,0 contents were

below 10 and 40 wt.ppm, respectively.

UpsZrggN pellet was fundamentally made by the same method of UN pellet, There are
some different points between the preparation of UN and Uy, ZrosN. The largest different point is

the direct conversion from the mixed powder of UO, and ZrO, to the solid solution (U, ZrysN) by

the carbothermic reduction. The other different points are summarized in

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 U, Zr (N powder. On the other hand, TiN powder
was prepared by heating of TiH, powder at 1673 K under N, atmosphere with a flow rate of 3 |/min
for 3 hours. TiH, powder was prepared by heating of metal Ti at 713 K in Ar+8%H, 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. [n this time, the molar ratio of TiN/(UN+TiN) decided to be 0.6. The other

different points are summarized i

The high density samples of TiN and ZrN could not be obtained by the atmospheric
pressure sintering used in the sintering of UN, Uy,Zr,sN 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
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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For all samples of UN, Uy,ZrysN, UN+60%TiN, ZrN, and TiN, the mechanical polishing was
performed using SiC polishing papers with 120, 240, 400 , 800 and 1200 grids and Al,O4 powders.

The grain sizes of Al,0, powder were 1.0, 0.3 and 0.05um. Finally, the mechano—chemical
polishing was performed using Al,O; powder with the grain size of 0.05um 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

s

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, BMX51M), SEM (Scanning Electron Microscope) (HITACHI,
S-2600H), FE-SEM (Field Emission' Scanning Electron Microscope) (JEOL, JSM6500F) SLM
(confocal Scanning Laser Microscope) (OLYMPUS, OLS3100). The surface roughness was
evaluated by an AFM (Atomic Force Microscope) (JEOL, JSPM-4210). By the EBSP (Electron

Backscattering Diffraction Pattern) (JEOL, OIM400), the Kikuchi pattern as shown in
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 (O, and N,) 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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represent a part of such equations;

A, = Agexp(-BP),

1-P
=A, —

A ®1+BP’

A, =A,(1-PY.

In these equations, A, and A, are the values of the Young’ s modulus, thermal conductivity with

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

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

3 shows the porosity dependence of Young’ s modulus of fused silica referred from

In this figure, the differences of the plot colors represent the differences of the
preparation method. From this figure, it is understood that the B is changed by the preparation
method, and that it is very important to evaluate the B. However, we can’t evaluate the B

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 B could be determined from the MSA (Minimum Solid Area)

as shown in |

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

The B 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, 37, 4t

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

24

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

referred from F

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 of the thermophysical properties. [n particular, when the various grains stack in the
samples, MSA equals to the average area function of the grain. [t is difficult to evaluate the MSA

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

height. Therefore only suggested the theory of the MSA and didn’ t implement

e

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 B to MSA for the first time.

Ultrasonic pulse—echo measurements were performed for the polished-bulk samples
using the echometer (NIHON MATECH, Echometer 1062) to evaluate the longitudinal and shear

sound velocities (V| and V). 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 (6,) by

L] V.2 -2v,?
2 VL2 _Vsz ’
G=pV?,

E =G2(1+V)],
B = El3(1-2v)],

1
g _[h ) 3N _V__3
P ke N4V, )| 12

AR

where p, h, kg, V,and N represent the sample density, Planck constant, Boltzmann

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

Vickers hardness was evaluated by Vickers 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

determined by JIS

The Vickers hardness is obtained by the following equation;

F
Hy =1.854—.

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

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 Z or Niihara equation

0.4 1.5
Ke = 0.057[5—) Hva°-5[%J (C > 2.5a),

v

-0.5
K =0.0181E%4H,*°a%* (%—1) (C <2.5a),

where E, H,, @ and Care 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.

ndentation measurement

An indentation test suggested b

] 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

_17_



Chapter 2: Thermophysical properties of UN, ZrN,  TiN, U;,ZrosN and UN+60mol%TiN

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 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

s

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, Uy ZrosN 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 Triboscope (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 b

A, =245h7+> Ch>
i=1

where A, h and C, are the contact area, contact depth and correction factor. C, 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 (E,) and the indentation hardness (H,) as followings.

After an indentation test, the load—displacement curve is obtained as shown in The

indentation hardness is defined by dividing the maximum load (F,_ ) by the contact area (A,) as

the following equation;
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The stiffness (S ) is equal to the slope of the unloading curve (dF/dh ) given by;

s=-¥_2¢cm.
dh

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

1 (1-v2) (1-v?
s 0 +
E | Es E

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

represent the sample and indenter. E and v,are respectively 1140 GPa and 0.07, and v, can

be measured by the ultrasonic pulse—echo measurement because v_ is not almost affected by

;[ Using this equation and the results of ultrasonic pulse—echo measurement, the

the porosity
author evaluated E_.

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 (o) and thermoelectric power (T.P.) of the samples were measured by using the

following equations;

A_ 1 Veas

o Opy V L'

P-4V
TB_TA
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Ores @nd Vi 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 AV is the voltage difference between the thermo

couples A with the temperature T, and B with the temperature T;.

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.

o

pecific hea

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 b

g

, 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

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 (107* Pa).
The technique is based on transiently heating the surface of the sample with an energy pulse from
aruby 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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2
D=1.37 l;t
T
%
where ty is the time to reach at the half of the maximum temperature near the surface of the
2

sample, and L is the thickness of sample.

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

x =CoDp/M,

i

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

thermal expansion data.

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

, it was found that the impurity oxygen and carbon contents of Uy ZrggN is about four times of
those of UN and UN+60mol%TiN because the conversion temperature, conversion time, crush time,
sintering time of Uy,Zr,sN were quite higher and longer than those of UN and UN+60mol%TiN (see

due to the high sintering resistivity of ZrN. The high impurity oxygen content may

influence the thermophysical properties of Uy Zry¢N and the influence is described at later.

| and so on evaluated the porosity dependences
of various thermophysical properties of UN prepared by the atmospheric pressure sintering. [f

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

values. Therefore, in the present study, it is assumed that B of UN suggested b

and so on is same to those of Uy, Zr,¢N 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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) and

3

were summarized in 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, Uy,ZrysN, 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 Uy,ZrygN, 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 i 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, UgZrogN, ZrN, UN+60mol%TiN and TiN were shown in 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 U, ,Zry¢N is the solid solution of UN and ZrN because the
lattice parameter of U,_,ZryN 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.

[n the SLM, SEM and EDX analysis, the segregations of particular elements and

precipitation could not be observed in case of UN, Uy,Zr N, 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

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

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 equalto 1. As shown in this figure, the value

of MSA was evaluated for the first time over the world in-the present study. In

points of UN, Uy ,ZreeN and UN+60mol%TiN could be fitted by the same equation. Therefore, the
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porosity dependences of the thermophysical properties of Uy ;ZrysN and UN+60mol%TiN would be

same to those of UN suggested by | Ross (198 | 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, Ug,Zr,cN 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, Uy,ZrysN, UN+60mol%TiN, ZrN and TiN are represented by the
following equations;

UN, UgZroeN, UN+60mol%TiN: A'=exp(~-0.90P)  (0<P<0.2),

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

TiN: A'=exp(-1.09P) (0<P<0.3),
where A’ isthe MSA and P is the porosity. In these equations, the constant (B ) at the front
of P is the coefficient of the porosity dependence of the MSA. In the present study, it is called
Busa - Busa 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 B, of ZrN and TiN. The author
thinks that B,,q, 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

The arithmetic average surface roughness of each sample is summarized in
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.

how the SEM image, IQ (Image Quality) map and CD (Crystal Direction)
map of each sample. Their [Q 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.

...23_.



Chapter 2: Thermophysical properties of UN, ZrN, TiN, U,;ZresN and UN+60mol%TiN

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

The descending order of the average grain sizes were TiN, UN, ZrN, U, Zry¢N 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 Ug,ZrogN, the grain growth would not finish because the sintering resistivity of ZrN is
higher than UN and TiN. In fact, the density of Uy,ZrosN sample (86.8%T.D.) is lower than the
other samples (>90%T.D.). On the other hand, the grain sizes of ZrN and TiN are larger than those
of Ug4ZrgeN 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
sizex8m (ZrN), 11um (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 Uy ZrosN 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 2 show the

number fraction of the misorientation angle of UN, Uy, Zry¢N, UN+60mol%TiN and TiN. In |

, the dot lines represents the average value of the misorientation angle of each
sample. The average misorientation angle of UN (=21.4°) was similar to that of Uy Zr, N (=24.3°),
and lower than those of ZrN (=38.6 °), UN+60mol%TiN (=30.6 °) and TiN (=33.2°). 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. [n 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 (3-10m) 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. [n 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

shows the indentation depth dependences of Young' s

hardness were evaluated.
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

2

the high depth region. The reason would be that the elastic deformation zone shown in Fig. 2.28

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

A3

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

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

estimated by |
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

) shows the porosity

i

echo measurements are summarized in

dependences of the Young' s modulus of UN, Uy ,Zro N, 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;

E.(GPa) = 259|(1- P)x100]** (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 of the Young’ s

modulus of UN based on the data of

.._25_



Chapter 2: Thermophysical properties of UN, ZrN, TiN, U,,Zr,¢N and UN+60mol%TiN

] and | by the following equation;
UN: E,(GPa) = 262exp(- 3.43P) (0<P <0.30).

If the values of B,,;, are same, itis assumed that the coefficient of the porosity dependence of

Young’ s modulus (B;) are also same. In . Busa ©Of UN, UgZrogN 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 Uy Zr N and UN+60mol%TiN would be
estimated by the following equations;

UosZrogN: E,(GPa) = 371exp(- 3.43P) (0< P <0.30),

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

In case of ZrN and TiN, the porosity dependences of the Young’ sk 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: E,(GPa) = 442exp(- 5.69P) (0<P <0.190),

TiN: E,(GPa) = 575exp(~ 4.11P) (0< P <0.284).

In the same way of UN, Young's modulus of Uy Zr,sN (=370+ 27 GPa) and ZrN

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

and

]

porosity—free Uy,ZrosN (=371 GPa) and ZrN (=442 GPa) estimated from

Young’s moduli of ZrN (| )} obtained in the present study are well

consistent with the data of Atam These results are

N

3 were prepared by the

reasonable because ZrN pellets in ) and TiN pellets in
hot—press and the porosity dependence of the SPS sample would be similar to that of the

hot-pressed sample. shows the relationship between B. and Byg.. [n this figure,

the linear relationship between B and B,s, 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.

Be =2.78x1072 +3.78B, e,

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

phase, and £, f,, E; and f are defined as

obtained from the indentation tests;

__fR
©OER+f Y

fﬁ
o ==t
f.R+f,

f=Q@ﬁ+R)

LR+
E, =2G (1+v,),

Ve =figVa +FosVs

Gs = -'__Guf—'
1+____pi__
1_f|357D
.~ G, -G, |
(G, -G,)1-7)+G,
_ 7-5v,
Y= 150-v,)
fR
fos =2,
f,R +1,
f
fro =——=—,
fR+1
R=d,/d,,

where f, G;, v, and d,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 (E. ;) and lower bound (E_, )

of the Young’ s modulus of UN+60mol%TiN were estimated from Hashin’ s equation

Ecy =26 (1 + Vc)'
Ec, =2G. (1 + Vc) '

where G. , G, and v, are defined by the following equations;

f
B., =8B,+ = .
v ,_ %h
B, -B, 3B, +4G,
G G f
N - o) A
G, -G, 5G,(3B, +4G,)
Go, =G, + fy
oL 1 6(B; +2G, ),

+
G, -G, 5G,(3B, +4G,)

show ZrN or TiN content dependences of Young' s modulus. It was

found that the Young’ s modulus of UyZ, 4N 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 OT5mmx @ 5mm) and the te’nsile test O100mmx Tmmx 5mm). Therefore, it is
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very difficult to evaluate Young’ s modulus of MA—containihg 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.

how the porosity dependences of the Vickers hardness at the load of

9.8N of UN, Uy ,ZrogN, ZrN, UN+60mol%TiN and TiN, together with the literature data

The porosity dependence of UN were evaluated by

as the following equations;

H, (GPa) = 9.334(1- 2.1P)exp(- 1.882x 10°T)
(0<P<0.26, 298< T <1673 K),

: H,(GPa)=4.778(1-2.1P) (0<P <0.26).

The Vickers hardness of UN obtained in the present study agreed with

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 Ug4ZresN and UN+60mol%TiN as the following equations;
UpsZrogN: H, (GPa) = 8.37(1-2.1P) (0<P <0.26),

UN+60mol%TiN: H, (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: H,(GPa)=11.4(1-3.8P) (0<P <0.20)
TiN: H,(GPa)=12.0(1-2.7P) (0<P<0.17)

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

Using this data, the author derived the following equation;

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

The Vickers hardness of porosity—free ZrN at 9.8 N estimated in =11.4 GPa) was slightly

lower than that at 4.9 N estimated in |

The reason is the differences on the load.

5 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
ZrN or TiN content dependences of the Vickers hardness of U;_yZryN and UN+60mol%TiN are

shown in E

In addition, ZrN or TiN content dependences of the fracture toughness of

U, _xZr«N and UN+60mol%TiN are shown in , together with the literature data In

the Vickers hardness of Uy ZrygN 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, [Q map and CD map around the crack generating from the vertex of the Vickers impression
of each sample. In case of UN, Uy, Zro¢N 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,

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, Uy, ZrysN, 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 (O2MPam®®) of UN, Uy4ZroeN, ZrN, UN+60mol%TiN and TiN were vastly larger than that

of the porosity—free UO, f
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.

shows the load dependences of the indentation hardness and Vickers hardness

of UN, together with the literature data of UO, | The Vickers hardness of UO, was larger
than that of UN in the region of P >4.9N. On the other hand, the indentation hardness of UO,
was smaller than that of UN in the region of P <10mN. 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 deformaticn, 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

o

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 NaCl structure

by the AFM observation. The author could observe the clear Kikuchi patter such as F
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 [SE is resulted from the strain hardening plasticity in the indentation process.

formulated the [ISE by the strain gradient plasticity | based on the

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 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 4, the contact radius to be a and the depth of indentation to be h. In this case, the
following equation is derived.

tan9=£=2
a S

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

A= j:cu - fzmi’s—’- = j:znb—r;dr ——

where 1 is the total length of the injected dislocation loops. From  and the volume of

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

equation;

A 3h 3

=—=—2=———tan29.
V  2ba® 2bh

P

To estimate the deformation resistance, Taylor relation f g was used to evaluate the
shear strength (7 );

7 =aGb,/p; =aGb.[p; +ps .

where the p. is the total dislocation density in the indentation, pg 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

g

flow rule [66] and that Tabor’ s factor of 3 [6

| can be used to convert the equivalent flow stress

(o ) to hardness;

H=35=33¢.

, the hardness existing the GNDs (H ) and not existing the GNDs (H,) are

From and

represented by the following equations;

H =337 =3.3aGb,[p, + ps .
H, = 337 = 34/3a6Gb,/p; .

H, is equal to the hardness at the adequate large depth because the p, is vanishingly small

Nix and Gao model (

when the depth is close to the infinite value. and

) was derived.

tan?e

2
[iJ CqaPo 1,205 b
Ps h h
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hy = 3
2bps

tan?e =

H : 2
2b 0
3/3aGb

H, and h, are generally obtained by fitting of  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/h andH?. Therefore, the relationships of 1/h and H? of UN, Uy ZroeN,

and

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

and

| 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. | suggested that this assumption may not be correct at

i

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

radius. The spread—out effect was experimentally confirmed by

and improved Nix and Gao model as the following equation;

2
H =1+hs—°.
H, °h

formulated the form of function (f(h)) as

hi,
r

f=1+ae

 and was obtained;

where a and h, are the fitting parameters. From I

(5—]2 =1+ (1+ae™™)° % .

0

-

s shown in However,

The experimental data was adequately fitted by using |

but the author think that E is not

2 did not show the clear ground about

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

suggested on the repulsive force (o ), distance (r ) between dislocations, GNDs density ( o, ), and
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indentation depth (h).

ocxl1/rellp; <h

So, it is thought that f(h) is strongly relate to o 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 H? 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 o is uncertain. Therefore, the author thought that E

; n the present study.

reasonable, and the author fitted the experimental data of UN using! '

From fitting by the depth dependences of indentation hardness of UN was revealed as the

following equation;

UN: (—’1(34'::))2 =1+[1+1.550exp(- h(hmy35.52)]" 4(()87) (70< h <2100 nm).

In the same way, the dependences of the indentation hardness of Uy ,ZrygN and ZrN were

evaluated by usingi as the following equations.

H(GPa)
9.103

s 176.1

hfm)

rN: (—*:(f;’;)j =1+[1+0.3737exp(- h(1m)/26.04)] 22189) (70<h <1000 nm)

(60<h <1000 nm)

Ug4ZrogN: [ ) =1+ [1+1.735exp(- h(hm)22.89)]"

H, of UN (=4.948 GPa), Uy,Zr,;N(=9.103 GPa) and ZrN (14.77 GPa) in |

In addition, compared with UN, the overestimates by Nix and Gao model could not be
almost observed in case of ZrN and Uy Zro¢N.. Judging from the Debye temperature, the binding
force of ZrN and U,,Zr,¢N are larger than that of UN. Therefore, GNDs in ZrN and Uy Zry¢N
didn’ t spread out because the Piers stress of ZrN and Uy ,Zry¢N is larger than that of UN. This is

the reason that Nix and Gao model didn’ t almost overestimate in case of ZrN and Uy,Zro¢N.

, the relationship between H? and 1/h of UN phase in UN+60mol%TiN

pellet agrees with that of UN. In case of , 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)J _ 142295

="~ (50<h <400 nm),
15.65-

hipm)
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TiN: (H(Gpa))z 12313 50¢ h <700 nm),
h(hm)

10.32

From , it was found that the indentation hardness of TiN phase in UN+60mol%TiN pellet

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

UN-+60mol%TiN pellet. From | these differences were resulted from only the differences

of pg. Therefore, it was found that pg of TiN phase in UN+60mol%TiN peliet is about three time

of that of TiN.  This is also confirmed from the EBSP analysis of UN+60mol%TiN (¢ ) and

, too. In the SEM image (Fi ), UN phase and TiN phase in UN+60mol%TiN pellet

S ol

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

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

electrical conductivity (o ) of UN as the following equation:;

UN: o(P,T)(104Q"'m™")=139.9T*Zexp(- 2.14 x P)

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

2

In the same way of Young’ s modulus, the coefficients of the porosity dependences of the
electrical properties of Ug,ZrggN and UN+60mol% TiN were used with the same value of that of UN
(=2.14).
and ZrN, together with the data of UN (E

g =

shows the porosity dependences of the electrical conductivities at 473K of TiN

). 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, Ug,ZrogN, ZrN,

UN+60mol%TiN and TiN, together with the literature data [ The electrical

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

The

That of ZrN was within the variation of the literature data |
temperature and porosity dependences of the electrical conductivity of Ug,ZrygN, ZrN,
UN+60mol%TiN and TiN were evaluated as the following equation;

UgaZroaN: (P, T)10°Q"'m™") = 54.4 x102T 19" exp(~ 214 x P)

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

UN+60mol%TiN: (P, T)(10%Q"'m™") = 435 x 102 T 027" exp(— 2.14 x P)

(833<T K973 K, 0< P <0.20)

ZeN: (P, T)(10°Q'm™") = 2.34 10T 27 exp(- 2.31x P)

(833<T <723 K, 0KP<0.2)

TiN: (P, T){10%Q"'m™) = 4.99 x 10*T°*Sexp(~1.96 x P)

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

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

E

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

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

main career in UN is the hole. In , the electrical conductivity of Uy,Zr,¢N was smaller
than that of UN nevertheless that of ZrN was vastly larger than that of UN. This is because the

hole density of Uy,Zr,sN would be smaller than those of UN and ZrN due to the high content of the

impurity oxygen On the other hand, the electrical conductivity of UN+60mol%TiN was

vastly larger than that of UN. In |, the green dash line represents the estimated value of

) from Schulz’ s

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

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

material, first phase (FUN) 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.

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, Ug,ZryeN, ZrN,

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

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

evaluated by
a(nm)=0.4879 +3.264 x10°T +6.889x107°T?
(298< T <2523 K)

a(nm) = 0.45718 +2.107 x10°T +8.253 x107"° T2
(298<T <1423 K)

a(nm) = 0.42313 +2.338 x 107°T +1.0717 x107°T2

(298<T <1423 K)

2 were obtained from the high temperature XRD analysis. In

thermal expansion of UN, ZrN and TiN obtained in the present study corresponded to

Using the thermal expansion of Uy,ZrogN and UN+60mol%TiN were evaluated from

Vegard’ s law or Turner’ s equation

. - alin,aVaBu +a!in,BVBBB
e V,B, +V,B,

In this equation, «, is the linear thermal expansion coefficient (LTEC), B is the bulk modulus,

and V is the volume fraction. The thermal expansion of Uy ZrysN 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: AL/L(%)=6.745x10"*(T —298)+3.350x 107 (T — 298)’
(298< T <900 K),

UoaZrosN: AL/ L(%)=5.912x107*(T — 298)+3.207 x 1077 (T — 298)

(298< T <1023 K),

ZrN: AL/ L(%) = 6.401x107*(T — 298) +1.130 x 1077 (T ~ 298)?

(298< T <1423 K),

UN+60mol%TiN: AL/ L(%)=7.843 x107*(T —298)+1.945x 107 (T - 298)*

(298<T <973 K),

TiN: AL/ L(%)=8.516x107*(T —298)+7.684 x10~%(T — 298)*

(298< T <1473 K).

The specific heat capacity (C,) of UN, ZrN and TiN could be obtained from the SGTE

databases E;j as the following equation;

UN: C,(Jmol'K™")=55.73+4.979x 10T ~8.790x 10° T2 (298<T <1500 K)

TiN: C,(Imol"'K™")= 42.66 +2.922x 10T —2.349x 105 T2 ~1,085 x 10°T
(208< T <600 K)
Cp (UMoI"'K ") = 49.08 +1.582x 10°T +2.271x 105 T2 ~ 7.658 x 10° T2
(600< T <1600 K)
Cp (Mol 'K) = 40.89 +9.615x 10T + 4.673 x10°T2 +1.893 x 10°T 2

(1600< T <3200 K) |

ZrN: C,(Jmol™'K™") = 46.42 +7.056 x 1072T — 7.994 x 10°T2 — 7.168 x 105 T2

(298< T <2000K)

C. (Jmol"'K~") = 9.000 + 2.890 x 102T —3.474x 10°T2 +3.210x 107 T~
(2000< T <2600 K)

Cp (Mol ") = 41.31+9.390 x 10T — 3.049 x 107 T2 + 6.404 x 10° T2

(2600< T <3225 K) |

Using these data, the specific capacity of Uy,ZrggN and UN+680mol%TiN were estimated from

Neuman—Kopp' s law and sum of 0.4C,,, and 0.6C; . Generally, the specific heat capacity at

constant pressure (C, ) is the sum of lattice vibrational term (= specific heat capacity at constant
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volume) (C, ), lattice dilational term (C, ), electric term (C, ) and other term (Cqper ) such as
the effect of the lattice anharmonic and generation of the lattice defect. The C, can be

estimated by Debye mode when we know the Debye temperature (6, ).

T ° & x*e*
c, =3NR[¥J J’o mdx

In this equation, R, N and T are the molar gas constant, number of the atom in the chemical

3 using the thermal

formula, absolute temperature. The C, can be also estimated from

expansion (¢, ), bulk modulus (B ) and the molar volume (V).

CD = (Sa!in )2 VmTB

The data of «;,, B and V, was used the data obtained from the thermodilatometry, ultrasonic
pulse echo measurement and XRD measurement when the author estimated the C,. The C
can be estimated fromthe C, at the low temperature (about 0—-20K). However, there is no data

of the C, at the low temperature of UN, ZrN and TiN.

The temperature dependences of specific heat capacities of UN, Ug,Zr,sN, ZrN,

obtained in the present study.

UN: C,(Jmol"K™")=48.86 +1.207 x10°T = 1.422x 10°T2 (473<T <1273 K)

UpaZrosN: Cp(Umol'K") = 45.00 +1.084 x102T ~1.2919 x 105 T2
(473<T <1273 K)
ZrN: Cp(Jmol™'K™) = 43.78 + 9.992x10°T - 4.128 x105T2 (473<T <1273 K)

UN+60mol%TiN: C,, (JmolK") = 53.90 + 4.300 x 10T - 1.760 x 10°T 2

(473<T<1273 K)

TiN: Cp(Imol™'K™") = 35.25 + 2.477 x102T ~8.578x10°T2 + 5.830x10°T

(473<T <1273 K)

From these figures, it was confirmed that the experimental data of UN, ZrN and TiN obtained in the

| and the experimental data of UgaZrgsN

present study agreed with the literature data [
and UN+60mol%TiN agreed with the estimated data (0.4Cp +0.6C; 5,y and 0.4C;, +0.6C; 7y ).

From these results, it was found that there are no anomalous effects by the addition of ZrlN 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 C, and C,. The subtracts fromthe C, to the sum of
C, and C, at the high temperature (>800K) decreased with the UN, Ug,ZrogN, ZrN and TiN.

The differences are resulted from the C; and Cpper -

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

(=Alnx/ AT ) at each temperature shows the similar value at each temperature. The thermal

conductivity of UN was represented by as the following equation,

UN: & (Wm K-")= 1377940 122 (lo¢T <1923 K, 0< P <0.2).
P 1+P

the author also used Maxwell-Eucken’ s equation (| Z) to evaluate the porosity dependences

of ZrN and TiN. The coefficient of the porosity dependences of the thermal conductivity of ZrN

it o iicnd

and TiN were 5.31 and 2.03. .98 shows the coefficient of the porosity dependence of MSA

(Busa ) as the function of the coefficient (B, ) of porosity dependence of thermal conductivity of

UN, TiN and ZrN. In the same way of Young’ s modulus, the linear relationships (

be observed in 8.

B, =5.70+7.31B,q,

allows us to estimate the thermal conductivity at P =0 if MSA and the thermal

el

conductivity of the bulk sample with the porosity of P are known. [n the same way of Young’ s
modulus and electrical conductivity, the thermal conductivity of Ug,ZroeN (86.8%T.D.) and
UN+60mol%TiN (92.8%T.D) were corrected to those of the porosity—free UguZroeN and
UN+60mol%TiN using the same equation with UN.

and show the temperature dependences of the thermal conductivity of

porosity—free UN, Up4ZrogN, ZrN, UN+60mol%TiN and TiN, together with the literature data

In these figures, the solid lines represent the fitting results (

UN: (Wm™'K")= 2.087°% % (298<T <1273 K, 0< T <0.2),
-+

UgaZrogN: K(Wm“1K“1 ) = 8.94T07%® :_“g. (298< T <1273K, 0< T <0.2),
+
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1-P

ZN: fwirk-)=214727 =P (08T <1473 K, 0¢T <0.2),
1+5.31P

UN+60mol%TiN: x(Wm™'K™") = 1.357%4 1':',’;‘ (298<T <1473 K, 0T <0.2),
+

1-pP

——— (298<T <1473 K, 0<T <0.3).
1+2.03P

TiN: K(Wm‘1K“‘1) = 44.87-"1'20’(104

The thermal conductivities of ZrN and TiN obtained in the present study were vastly higher than

To discuss about the differences between the data obtained in the

the literature data

present study and literatures, the author noticed the career thermal conductivity. The thermal

conductivity (o) is represented by the sum of the electric contribution (=career thermal
conductivity: &g ), lattice contribution (=lattice thermal conductivity: x,; ) and the other

contribution (xgrer ) The xg  can be estimated by Wiedemann—Franz law

2 2
R ke Te (Ko )y Lot
3m 3 e

C : Specific heat at unit volume, /: Mean free path, v: Velocity of electron
n : Density of electron, kj: Boltzmann constant (=102 JK™),
7 : Mean collision time of electron, m: Atomic weight,
L: Lorenz number (= 2.45x10° WK2Q), o : Electrical conductivity
The xg of ZrN and TiN estimated using the o obtained in the preseht study were 32.5 Wm™'K™!

(ZrN) and 38.7 Wm™K™" (TiN) at room temperature and showed the similar value estimated using

the literature data of the electrical conductivity These values were higher than the

=]

In addition, the data evaluated by . which is not published yet, in

KroraL iN
JAEA shows the similar value of that obtained in the present study. Therefore, the author thinks

the thermal conductivities of ZrN and TiN was underestimated since the

that in

were low (<82%T.D.) and the values were below the P

densities of the sample used in
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 Nevertheless that of UN was quite lower than that of ZrN, that of
Uy4ZrygN 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

Uy 4Zry¢N 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 Uy Zry¢N is quite low.
As the author described above, the electrical conductivity of Uy,ZrysN was smaller than those of
UN and ZrN due to the high impurity oxygen content in Uy ZrysN.  So, the xy of UyuZryeN 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 <1100K,
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. [n addition, to
understand the interaction between actinide nitrides and inert matrix, the simulated ADS target

fuel (Ug4ZroeN and UN+60mol%TiN) was measured in terms of the thermophysical properties.

UN, Uy4ZrggN and UN+60mol%TiN were prepared by the carbothermic reduction and
atmospheric pressure sintering. The impurity oxygen and carbon contents of Uy,Zr,N were
about four times of those of UN and UN+60mol%TiN due to the high sintering resistivity of ZrN. [n
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 U;_xZrN 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
UoaZrygN 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. [n 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 (B, ) of the porosity dependence of MSA of UN agreed with those of Uy,Zry¢N 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 proberties such as the thermal conductivity,
electrical conductivity and elastic properties of Uy ZrggN 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 U, Zr,¢N 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
Uy4ZrogN and UN+60mol%TiN because the grain size of the starting powder of ZrN and TiN were
larger than those of Ug4Zr N 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 B,c.. 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, Ug,Zr,¢N 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. [t was
found that Young' s modulus of U;_yZryN 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 U,_ ZryN 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, Ug,Zrg¢N,
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 U,_xZryN 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 (ISE), 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 Uy,Zr,¢N 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 Uy,Zr,gN 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 C, of UN, ZrN and TiN were higher than the sum C, of
C, estimated from Debye model. Their difference in UN was quit larger than those of ZrN and

TiN.  Those of UgyZrggN 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 B,s, . 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 Uy,Zr N was lower than those of UN
and ZrN due to the degradation of x 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 Puy_yMA,Zr,_«+N as the
actual fuel because the prediction of the thermophysical properties of Puy (MA,Zr,«N is very
difficult in the different way of (PuMAN+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 (PuMAIN+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,MAIN+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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UN, Uy, ZroeN and UN+60mol%TiN

ifferent point in the preparation conditions of the bulk sample of

P
repared UN | UpeZresN | UN+60mol%TiN
sample name
Specific surface P )
area of UO, 5 m*/g 8.0 9.1 8.2
0/M of UO, powder - 214 2.08 2.08
Holding temperat-ure in two sa’gep of K 1773 1973 1773
the conversion process '
Holding temperatu.lre in two step of — 8 24 8
the conversion process :
Time of ball milling . 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 CH, in the carbothermic reduction.

2 Sample characteristics and physical properties of UN, Uy Zr,¢N and UN+60mol%TiN

Compound UN UgaZrgeN UN+60mol%TiN
Structure type NaCl NaCl NaCl
Theoretical density | g/cm® 14.32 10.51 7.28
Molecular Weight i - 252 163.9 105.2
Mass density g/cm?® 13.21 9.12 6.77
Relative density % T.D. 92.2 86.8 92.8
Lattice parameter nm | 04889 | 0.4697 gjgig g::l))
Arithmetic roughness E nm 28 1.0 2.2
Average grain size gm 104 5.2 3.6 (UN), 4.4 (TiN)
Maximum grain size | pm 1.1 0.7 0.4 (UN), 0.5 (TiN)
Minimum grain size 3 Hm 225 7.2 5.3 (UN), 6.5 (TiN)
N/M? D - 0.97 1.06 1.02
0, content L wt% 0.246 0873 0.207
C content bowt% 0.094 0.238 0.082

a) Ratio of nitrogen for metal (U, Ti and Zr)
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, Sample characteristics and physical properties of UN, Ug4Zrg¢N and UN+60mol%TiN

Compounds ZrN TiN
SPS temperature , K 1773 , 1873 | 2073 | 1648 , 1788 , 1873 , 1973 , 2073
Structure type : - NaCl NaCl
Theoretical density |, g/cm® 7.28 5.44
Molecular Weight 1 - 105.2 61.89
N/M - 0.935 0.96
Mass density 1« g/cm’ | 6.01 1 6597 1 6.81 | 3.89 1 458 1 4.89 1 476 1 5.1
Relative density + %T.D. | 825 1 905 1 935 | 716 1 841 1 898 1 875 1 94
Lattice parameter 1 nm 0.4580 1 0.4580 1 0.4579 | 0.4242 1 0.4242 1 0.4242 1 0.4242 1 0.4243
Arithmetic roughness | nm - 1 - 1 20 - 1 - 4 = a4 - 1 24
Average grainsize 1 pm 93 1 88 1 90 | 138 ' 145 1 141 1 129 1 133
Maximum grain size ! Hm 1.1 1 09 ! 1 7 ' 1.9 ' 15 P18 ! 23
Minimum grain size | pm 235 | 208 | 226 202 | 208 | 214 | 225 ! 205

Result of ultrasonic pulse—echo method of UN, Uy ,ZrggN and UN+60mol%TiN

Compounds UN Ug4ZrgsN UN+60mol%TiN
Porosity, P ! 0079 | 0 0133 | 0 0069 | O
Longitudinal sound velocity, V, | m/sec | 4378 | 4802 | 5642 | 6600 | 6063 | 6582
Shear sound velocity, V, | m/sec | 2507 | 2750 | 3219 | 3766 | 3524 | 3825
Young’ s modulus, E : GPa 208 273 238 : 375 286 362
Shear modulus, G GPa | 830 ! 109 944 | 149 115 145
Poisson’ s ratio, v 0256 : 0256 | 0259 : 0259 | 0245 | 0245
Bulk modulus, B GPa 142 . 187 164 . 259 187 237
Debye temperature, 6, K 339 ! 373 453 531 - i -

_54_
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Results of the ultrasonic pulse echo method of ZrN

Compounds Zr
Porosity, P e 0.175% 0089 0065: O
Longitudinal d ! : : :
oneruicinal soun ' m/sec | 5561 | 7126 | 7196 | 8559
velocity, V| ! : ; ':
Shear sound velocity, V; !m/sec | 3333 | 4066 ; 4135 ; 4919
Young’ s modulus, E ' GPa | 162 i 275 | 288 ! 442
Shear modulus, G ' GPa | 664 : 109 : 115 176
Poison’ s ratio, v - 0.220: 0.259 | 0253 | 0.253
Bulk modulus, B , GPa | 963 : 1896 : 1949 : 299
Debye temperature, &, : K 479 587 597 711
In this table, the data at P =0 are the estimated data.
fg Results of the ultrasonic pulse echo method of TiN
Compounds TiN
Porosity, P i - |o0284: 0125 : 0102 ! 0060 : O
Longitudinal d : ! : : i
engttucinal soun ! m/sec | 7201 | 9090 | 9597 | 9851 : 10990
velocity, V| ': ': ':
Shear sound velocity, Vs | m/sec | 4326 i 5285 | 5800 | 5984 | 6581
Young’smodulus, E | GPa | 178 ! 331 | 399 : 442 | 575
Shear modulus, G GPa | 729 : 133 : 164 : 183 : 236
Poison’ s ratio, v - |0218: 0244 ! 0212 ! 0207 : 0221
Bulk modulus, B GPa | 105 ! 216 ! 231 | 252 | 343
Debye temperature, 6, | K | 574 { 703 | 770 | 793 | 1022

In this table, the data at P =0 are the estimated data.
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Graphite
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2.1 Schematic of the SPS

Fig. 22 Kikuchi pattern of ZrN
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Fig. 2.3 Porosity dependence of Young's modulus of fused silica referred from Ref. 11
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Fig. 2.4 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 (B) 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).
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MW

Fig.i?.S Shape of pores in the sample with the single grain stacking referred from Ref. 10
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Fig. 2.6 Schematic view of ultrasonic pulse echo measurement
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30 pm

Elg2i Impression image of UN
(a) Vickers hardness test at the load of 9800 mN (SLM image)

(b) Indentation test at the load of 4.0 mN (AFM image)

| |
Transducer | ------

= = < [ riboscope
Probe | o

Fig. 2.8 Appearance of the indentation system.
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Inclined face angle B 247°
apex angle ¥ 77.1°

ratio of side length to depth s/h =75
Projected edge length a h/tanB

:g SEM image and characteristics of the Berkovich type diamond indenter
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Fig. 2.10 Load-displacement curve in indentation test
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Fig. 2.11 XRD pattern of UN, Uy ZrygN, ZrN, together with the JCPDS data [28-31]
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Fig. 2.13 Zr content dependence of lattice parameter of UN, U ,ZrosN and ZrN,

together with literature data [25 27]
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—
40um

Fig. 217 ZrN 91.1%T.D. (a) SLM image (b) MSA image (=Black zone)
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Elastic zone Plastic zone

Fig. 2.28 Schematic of elastic and plastic deformation zone on indentation test

referred from Ref. 21
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Fig. 2.29 Porosity dependence of Young's modulus of UN, U,,Zr,sN and ZrN,

together with the literature data of UN [24, 35-41]
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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. 243 and 2.44). The blue line represent the data estimated from Young's modulus of UN

pellet and TiN pellet using Fan's equation (Eq. 2.31).
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Fig. 2.33 Porosity dependence of Vickers hardness of UN, Uy,ZrysN and ZrN,
together with the literature data of UN [24, 39, 48-53]

_71_.



Chapter 2: Thermophysical properties of UN, ZrN, TiN, U,,ZrosN and UN+60mol%TiN

Vickers hardness at load=9.8 N, 4 (GPa)

Eq. 249 | [Eq. 250

T

20 el T T ==
] 1 [This work]
1o = UN

" 1 A UN+60mol% TiN
j 4 TiN

1 [Literature data])

UN [Hayes (1990)]

1= -~ UN [Godfrey (1965)]

]l = UN [Moore (1970)]

UN [Harrison (1968)]
UN [Endebrock (1968)]
UN [Godfrey (1965)]
UN [Godfrey (1965)]
TiN [Russias (2005)]
TiN [Kuwahara (2001)]
TiN [Moriyama (1991)]
TiN [Yamada (1980)]

Ookr4q ¢ o p

<

T

—
0.05

010 015 o020
Porosity, P (-)

0.25

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]

140 1— T T T T T

1 = This work ]
~ 135] m o Wheelar (2007) [
5 ]
S ] ]
> 13.0 H . ]
- ]
¢ ] ]
D 125 = ]
5 1 |
o ] 1
E ] j
o 120 ]
@ 1 1
5 1
-5
R ,
> 1154 .

1.0} . L ;
0 2 4 6 8 10
Load, F(N)

Fig. 2.35 Load dependence of Vickers hardness of porosity—free ZrN,

together with the literature data [53]

._72_



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uy,Zr;;N and UN+60mol%TiN

L L P N S . AR A SRR
= 1| & UN+Xmol % TiN [This work]
. 13 ' szr1—xN [This work] -
(=) ] 4
A
® =
03 11 -
] A
|, - 94 -
2 X | ]
& ]
a .
X Ly ]
] 1
= ]
Sla 5
A T T T T T . P 3 O T T R
0.0 02 04 06 08 10

Molar fruction of ZrN or TiN, X (-)

Fig. 2.36 Vickers hardness as the function of ZrN or TiN content

B 7T
5 ][ & UN+Xmol % TiN [This work] ]
=z = U/Zr N [This work] I
) | : . ]
= el | & TN [Russias (2005)]
# ][ o TiN [Kuwahara (2001)] J’
@ P |
8 §
n- -
B = 44 A
= 1 IT
2 & "
o .
2 1 A
e
o 2] 4 -
o ]
L
0 - | | A . T e G B S RS R S |
0.0 0.2 0.4 0.6 0.8 1.0

Molar fruction of ZrN or TiN, X (-)

Fig. 2.37 Fracture toughness as the function of ZrN or TiN content,

together with the literature data _[42, 43]

_73_



Chapter 2: Thermophysical properties of UN, ZrN, TiN, U,,Zr,sN and UN+60mol%TiN

10pum

ﬁg; -;3_8! The crack generating from the vertex of the Vickers impression of UN

(a) SEM image (b) IQ map (c) CD map

' The crack generating from the vertex of the Vickers impression of Uy ZrysN

(a) SEM image (b) IQ map (¢) CD map

> Ay

o3

Fig 240 The crack generating from the vertex of the Vickers impression of ZrN
(a) SEM image (b) [Q map (¢) CD map

_74_

CLT] 1



Chapter 2: Thermophysical properties of UN, ZrN, TiN, Uy Zr,sN and UN+60mol%TiN

4pm

42 The crack generating from the vertex of the Vickers impression of TiN

(a) SEM image (b) IQ map (c) CD map

_75_



Chapter 2: Thermophysical properties of UN, ZrN, TiN, UgysZrosN and UN+60mol%TiN

12 S — -
i (Indentation hardness] ' ]
] 2 UN (92.2 % TD.) [This work] ]
] % % U0, (95 % T.D.) [Kurosaki (2004)] ]
£ ] E % i i
A d ]
£ 55 ®
w 64 & il 5
E ; P oo
- |
T 4 L]
I‘1Is 1[Vickers hardness] c 0 E E—
] = UN(922%T.D.) [This work]
,] * UO, (93 % TD.) [Aybers (2006)] ]
1 * UO, (93 % T.D.) [Sengupta (2004)] 1
1 4 U0, (100 % T.D.) [Yamada (1998)] ]
0 e e e ———,
107 10° 10" 10° 10'
Load, F(N)
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Fig. 2.46 Square of indentation hardness vs. Inverse of indentation depth (UN)

350 T e
300 Nl
i .. r =" ¥ ]
— 1 | e 1
<o 250 Pk .
[a 4
&) ]
~ 2004 Eq.270| A
= ] i
150 -
SPEL Y :
b = UN ]
50 = U Zr N| ]
] ZrN ]
0 LT T L] (T A

0000 0012 0015 0018
1/h(1/nm)

—— T
0.000 0.003 0.006

Fig. 2.47 Square of indentation hardness vs. Inverse of indentation depth (UN, U, Zr,sN, ZrN)

The solid and dot lines represent the fitting results by Eq. 2.63 and Eq. 2.65.
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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

The MA—-containing MOX fuel for

s

use as the homogeneous mode is considered the most promising candidate of FBR in Japan L3]

Breeder Reactor) and ADS (Accelerate Driven System)

Nitride fuels are under consideration as advanced fuels of FBR [4] and good targets of ADS L

as described in 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)O,) and nitride fuels with inert
matrix ((UNp,Pu,Am)N and (Pu,Np,Am,Zr)N), but also actinide dioxide (AnO,: UO,, PuO,, NpO,,
AmO,) 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. [n addition, even in
case of PuO,, NpO,, AmO,, ThN, NpN, PuN and AmN, there are few reliable data. Espedcially, the
thermal conductivity of AmO, 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 AmO,_y changes at the high vacuum and

high temperature | It is difficult to handle AmN due to its high vapor pressure and hydrolysis

reaction z 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 positi’on 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.

%
imulation algorithm

To calculate the motion of a particle, the following equations must be solved.
t+d
R+ a6) =)+ [vile )y

vt + Af)=v,(t)+ J-:;(r)i T

where ri(t) 72 (t) and ai(t) are position, velocity and acceleration of i th particle at time of f,

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 Af is constant. The velocity
of each particle is described by the following equation.

Ar{t > t+At)-Ar(t—At > ¢
Vi(t)= /( )At 1( )=

Ar(t -t +At)=r(t+ At)-r,(t)

a,(t)At
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)=t~ ¢ >0+ P 1,

nlt+at)=r, )+ At >t +At)

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,

expressed the Helmholtz free energy (F ) using Plank constant (h) by E

The kinetic energy (Ek) of a system with the quantum correction is expressed as

3 h U
Ek =.§NkBT m<z4 >+O(h4)

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 h? 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 (LTEC: «y,) was calculated by the following

equation;

1 (a(T)—-a(ZQB)j
" 8(298) T-298 P:const '

where T is absolute temperature and a(T) is the lattice parameter of the unit cell at T .

The bulk modulus (B ) was calculated by the following equation;
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R I

where P is the pressure and Py is atmospheric pressure.

Generally speaking, the specific heat capacity at constant pressure (Cp ) is evaluated as
the sum of the contribution of lattice vibration (C,, ), lattice dilation (Cp ), electron (Cg, ) and the
other (Coryer ) such as generation of the lattice defect. However, in case of MD calculation,
only Cy and Cp can be calculated. So in the present study, Cp is evaluated as the sum of

Cy and C,. C, is equal to the specific heat capacity at constant volume. C, and Cp

are able to calculate using the following equations;

o, 2[9@] |
or V:const

o = B M)V, (BT -

Thermal conductivity ( ¥ ) has been calculated with Green-Kubo formula using autocorrelation

o
4

function of the energy current of a system < S(t)-S(O)) as shown in

[ (s s@)t.

3k T2

In this equation, S is the energy current given by the following equation;

St) = |:Ze it erufuvj}
i
where & is the surplus energy of jth particle expressed as the following equation;

o1 {3mv e ZUle) oo

l;ﬁj

€., : Average energy of particles in a given system.

From we could obtain the thermal conductivity as shown in 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.

_.88._



Chapter 3: MD studies of AnN, ADS target fuels, AnO, and MA—containing MOX

There are two ionic models in MD simulation. One is the FIM (Fully lonic Model) and
another is the PIM (Partially lonic 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, +4 and —2

electrical charge in FIM. [n PIM, the ratio of the ionic bonding in the crystal is not 100%. The

ratio (B,,) is roughly estimated by Pauling equation (E

equation;

Puo=1-exp{-(xy — 20)* 14},
where 'y isthe electronegativity and the subscript of M and O represent the metal and oxygen.
In the present study, the ionic bonding of 60 % was assumed for actinide dioxides in PIM. There
are two reasons for the ionicity of 60 %. One is that this value is favorable for ceria—based

s

materials (] 0]. Another reason is that an oxide material cannot generally be clearly categorized

51 was evaluated which potential model is the

i8 From this ﬁgﬁre. it was

L

found that the PIM was more suitable than the FIM in ca's;e' of UOzand PuO,. Therefore, in the

T r«;am% s

g] reported using the first prmclple

BT RS Ll v

calculation that :the'ionic’rty of UO, is 59%. This value is very close to the ionicity assumed in the

present study (=60%).

\gr‘ TR

otentia ifu nctmri

As the potential function used in MD calculation, Morse type potential with Busing-Ida
7) was used in the present study. R B '

_ez___.= . . +a ,
+f,lb + b, o M. TG 1
*eb . ,)ex_p[ b; + b J o rui

+sz,]{exP|_ 23;,(:, —1; *)- 2 |- By -y m

where r;; isthe d;stance between ith andj thions, z; is ﬂqe electnc charge ofith. f, and f,

are adjustable parameters and equal to 10° and (4.18x 10'%)/(6.02 x 10%°) when the units of U(rij)
and r; are erg ‘and AL a;, a;, b, b, ¢, c; Dy By and ;™ are potential parameters.

In this model, the first, second, third and fourth terms of the right side represent Coulomb force,

short range force, interatomic force, and covalent bond interactions, 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 The basic
cluster was 4x 4x 4 cluster for nitrides and dioxides as shown in | 3 It was
confirmed that the results obtained from 4x 4x 4 cluster adequately agreed with those obtained

from 5x 5x 5 cluster. ,

UN and ZrN were evaluated by

oot L

potential parameters fqr UN and ZrN were semi—empirically determined by fitting the experimental

data of the thermal expansion and bulk modulus. These parameters are summarized in
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 Uy ZrogN, Pug,ZrggN,
Pug,Npg,ZrogN and Pug,Amg,ZrgN.  The author chose these solid solutions by the following

reasons. The thermophysical properties of Uy ,Zr, ;N were experimentally evaluated in

After evaluation of the differences between the experimental data and MD results of Ug4ZrygN, the
differences between Pug,ZrggN and Uy ZrgcN were evaluated, To evaluate the influences of Np

and Am, Pug,Npy,ZrsN and Pug,Amg,Zr 5N were evaluated and their component was close to the

The temperature dependences of the lattice parameters of AnN (ThN, UN,:NpN, PuN and
AmN), ZrN, UgZresN, PugaZroeN, Pug,NpoaZroeN and Pug,Amg,ZresN were calculated by MD

method from room temperature to 2800 K. show the temperature dependences of the
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lattice parameters, together with the experimental data [ In the same way, their

temperature dependences of the LTEC were shown in | i1 S

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 LTEC of UyZrg N, PuMZrMN

PuyNpgaZrosN and Puy,Amg .21 N but the author estimated them by MD calculation. - In F
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 of ThN is probably that Th atom doesn’ t have the electron in
5f orbit and U, Np, Pu and Am have the electron in 5f orbit. However, the 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) and
In case of the LTEC of AnN,

XAFS (X-ray absorption fine structure) are recently performed [
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 LTEC is gen_era[iy 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 LTEC of Uu..;ZkD_BN, MD result

was well consistent with the experimental data of aﬁgg and the data estimated from
Vegard' s law. This. i;eeuit proved that there was no problem to evaluate the thermophysical
properties of the solid sclutions formed from AnN and ZrN. In case of the lattice parameter of
PuMZrosN MD result was |OWer than the data estimated from Vegard s [aw On the other hand

the LTEC obta:ned from MD calcuiatlon followed to Vegard s law The smtiar trend was reported

Vegard s law was that Pu atom became to have the electron in 6d orbit by the formatlon of the

solid so!utlon nevertheless Pu atom dldn t fundamentaily have the e!ectron in Bd orbit. The

author thinks that the same phenomenon occurs in F'uMZrDEN [n case of PuMNpMZrDSN and

Pua_zAmMZro.sN. such d|sagreements from Vegard' s law were not almost observed in E;

to the low content of PuN.
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The temperature dependences of the bulk-moduli of AnN, ZrN, Ug,ZrysN, PugZrggN,
Puy,NpgaZrs N and Pug,Amg ,Zr N were calculated by MD method from room temperature to 2800

K and were shown in

with the experimental -data
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 LTEC, 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 Ug,ZrssN at low temperature (<1800 K) and Pug,Zry¢N
indicated the intermediate value of ZrN and UN or PuN. ‘At high temperature (>1800K), the bulk

modulus of Uy ,Zr,sN 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

ol

decreased by the addition of Np and Am in Using the LTEC and bulk modulus obtained

from MD calculation, the author estimated the Cj; by

The' C, was evaluated as the sum of C,,andC,. The temperature dependences of the

specific heat capacity of AnN, ZrN, Uy, ZroeN, PugZrggN, Pug,Npg,ZrgsN and Puy,Amg,ZrggN are

shown in together with the experimental data The specific heat

capacity of ThN at low temperature (<20K) was reported b Using the data

, the author calculated the C_ of ThN as the following equation;

Ce (Imol K1) =3.12x10°T

In case of ThN’, the sum of MD result (C,,+C,)and C. was also shown in , and it almost

agreed with the experimental values This result indicates that other contributions such as

Frenkel defect are very smallk in case of ThN. MD results of UN and ZrN was well consistent with

C,+Cy obtained in

In the specific heat capacity of UN, the experimental data of

rapidly increased from about 1500K. In

) it was suggested that the
inéreasing is probably occurred from the anharmonic lattice vibration. The contribution of the
anharmonic lattice vibration could be included in C,, 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

result and C,+C_ obtained in ! 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 'CEL, decreased with the atomic number

from ThN to PuN. Judging from this tendency, MD result of AmN may show the similar value with

the C,, although there is no data of the C_, of AmN.

of the addition of Np and Am could not be almost observed. In the specific heat capacity of these
solid solutions, the rapid increasing at the high temperature could be observed in the same way of

ZrN,

. . 3 b ’ T
As the author explained in Gk gi éﬁsﬂ

, the thermal conductivity is represented as the

following equation;

Kror = KeL + Kiar + Komher
where ky,; is the fotal value of the thermal conductivity, indeed xqo; is the experimental

values, xy,;,kg and kgpzy are the lattice, electrical and other contributions. &« can be

1‘) from the electrical conductivity. However, in MD

evaluated by Wiedemann—Franz law (E

A

calculation, we Qan.’tucal_c.ulate g and Kgner . MD results represent only ;. In case of
AnN and ZrN, the main contribution in xpo; is kg and Koper. Therefore, all we can do using
MD simulation is only qualitative evaluation for the x,,. The temperature dependences of the
thermal conductivities of AnN, ZrN, Ug,ZroeN, PugZrygN, Pug,Npg,ZrysN and Pug,Amg,Zr, N are

s

57].  All of MD results followed to

=g

-3:21, the black lines represent the fitting result by 1/T law. There are

no remarkable differences between the thermal conductivities of ThN, UN, NpN, PuN and AmN.

LS)Z] at room:temperature,

e

confirmed by not only the: & (see Chapt w&ﬁ), but alse MD calculation,
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It was found that MD results of Uy Zr¢N and Pug,ZrggN 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 Uy ZrggN and Pugy,ZrogN. . -On the other hand, MD results of
Pug,Npg.ZrosN and Pug,Amg,Zrg N were similar to that of Pug,Zr,gN. 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 Np%*, Pu®* and
Am®. This is probably the reason that the effects of the addition of Np and Am were not almost

observed.

thermal expansion | and bulk modulus [58]. These parameters are summarized in

s e

By using these potential parameters, the thermal properties of AnO, (An: U, Np, Pu and Am),
MOX (UyPu;x0,), Np—containing MOX (Uy7.xNpxPuy30,) and Am-containing MOX

. (Ug7-xPug3Am,0,) were evaluated from MD simulation.

In these figures, MD results of AnO, 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 7s orbit. Therefore, the ionic radius in An
ion decreases with increasing the afomic number. This phenomenon is called “actinide
contraction”. In case of AnQ,, their lattice parameters decrease with increasing the atomic
number following to the actinide contraction because the main bond of AnO, is the ionic bond.

This trend could be reproduced by MD calculation as shown in 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

because the main bond is the covalent bond and metallic bond.

N PUOZ

AmQO, In these figures, MD results were well consistent with
the estimated data. So, it was found that U;_ Puy0,, Uy;_xNpxPuy30, and Ug;_«Puy;Am,0, are

the ideal solid solution in the different way of UyPu;«N and PuyZr;_yN. shows the

temperature dependences of the lattice parameters of Ug; (NpxPug;0, and Uy, Pug;Am;0,.
From these figures, it was confirmed that Uy;xNpyxPug;0, and Ug;4Pug;Am,O, followed to

Vegard’ s law at high temperature. The same tendency was observed in the bulk modulus.

) shows the temperature dependences of the specific heat capacities of AnO,

(An: U, Np, Pu and Am), together with the experimental data of

data

In case of MD result of UO,, the peak was observed around 2200 K.

have shown that the cation migration is assisted by an anion diffusive transition, which

phenomenon is called ‘Bredig transition’. suggested that Bredig transition
could happen in PuO,, too. However, by MD calculation, Bredig transition could not be observed.
For conformation of Bredig transition, the author evaluated the motion tracks of U*, Pu*, O% in

U0, and PuOQ, crystal structure at 2500 K as shown in In this figure, it was found that

the MD cell of UO, reproduced Bredig transition and became the oxygen super—ionic conductor at

This result indicates MD

2500 K, as suggested by the neutron scattering experiments
calculation using the potential parameters obtained in the present study gives a reasonable
description of atomic motions in UQ, at high temperatures. On the other hands, in case of PuO,,

the oxygen ion didn’t- become to be the super—ionic conductor and the MD cell hold CaF,

structure. In case of SGTE data [ Bredig transition could not be observed. From these
results, the author thinks that PuO, doesn’t have Bredig transition. In MD calculation, Bredig

shows . the

transition could not.be:observed in case of NpO, and AmO,, too.

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 UO, occurred at 2610 K (0.84 of melting temperature).: [ts 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,

f pointed out that the C, of UO, could be represented by the

<
following equation;

Cp =Cy +Cp +Cg, +Cgp + Cpregyg s

where the Cg,, Csp C are the contribution of the formation of Schottky, small polaron,

Bredig

defect and Bredig transition. However, in MD simulation, the Cg, and Cg, could not be

as the following

evaluated. The Cg, and Cg, was evaluated by
equations;

Coer (IMOI'K™) = 2.95x107°T

Csp.(Jmol'K™) =

259x10.79x10° 10.79x10°
3 expl —
T T

From

of UO, was well consistent with the experimental data

case of PuQ,, only the MD result agreed with the experimental data In case of NpO, and

AmO,, there are some variations in the experimental data | 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 AnO,, which

doesn’ t almost have the contribution of the electron.

shows the temperature dependences of specific heat capacities of U;_xPu,0,

(X=0, 0.2, 0.3, 1.0), together with the experimental data of UO, and PuO,

and the data of

using Neumann—Kopp’ s law. From

U 7Pug30, and U (3Pu,,0, estimated from the SGTE data
this figure, it was confirmed that MD results of Uy;Pug;0, and U 3Pu,,0, are well consistent with
their estimated data. In addition, Ug;Puy;0, and U (3Puy,0; had the peaks derived from Bredig

transition, in the same way of UO,. | shows the temperature dependences of the specific

heat capacity of Uy, xNpxPug30, and Uy;_xPugsAmyO,. In this figure, Bredig transition could be
observed in both Uy ;_xNpxPu,30, and Uy, xPugsAmyO,. The influence of the addition of Np and

Am was very small.
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Before the author calculates the thermal conductivity of AnO, by MD simulation, the
author. had predicted that MD results of AnO, would agree with the experimental data in the

different way of AnN because the «x_ is very small and the x ,; is the main contribution in

case of AnO,. To confirm the validation of the prediction, the author showed the temperature

dependences of the thermal conductivities of AnO, (An: U, Np, Pu and Am) in

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 at low temperature (T <700 K), MD results of AnO, (An: U, Np, Pu, Am)
were higher than the experimental data. MD results of UO, at middle temperature (800 <
T <2000 K), NpO, and PuO, 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 UO, crystal and this phenomenon increases the specific heat
capacity and thermal conductivity. So, MD result of U0, was lower than the experimental data at

high temperature (2000K <T), evaluated the small polaron contribution (kg )

as the following equation;

11} 6400 (—16.35
Ko (WK 1)=7§7§'(T)

The author plotted the sum of the MD result (=« ,; ) and x4, - as the red triangle points in

vz

and the sum of the MD result (Fx,;) and x5, agreed with the experimental data at the

whole temperature. MD result of AmO, waé higher than the experimental data, nevertheless MD
results of UO,, NpO, ’and PuO, showed the similar value with the experimental data. In addition,
the experimental data of UO,, NpO, and PuO, were close to each other. On the other hand, ohly
the experirﬁentaklkdaté of AmO, was duite lower than those of UO,, NpO, and PuO.,. There are
some reasons of this phénomenon; First reason is that the thermal conductivity is decreased by
the point defect scattering because Aanz is reduced and O/Am chénges during the measureme’nt
of the thermal conductivity. Second reason is the self-irradiation damage. Third reason is thé
density change by He bubble generated from the alpha decay of Am. Judging from these reasons,
the experimental data underestimates the thermal conductivity of AmO,. Therefore, the author

thinks that MD result of AmO, represents the intrinsic thermaluconductivity of AmO,. From MD
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calculation, it was found that there is no large deviation between the thermal conductivity of AnO,

(An: U, Np, Pu and Am).

and show the temperature and Pu:content dependences of the thermal

conductivity of U;_xPuy0,, with the experimental data MD' result: of UyzPuq,0,

was within the variation of the experimental data,;[ as convex downward and
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 UO, and
Pu0,, the author could precisely evaluate the thermal. conductivity .of U;.xPuyO,. . From this

result, it was thought that MD results of Uy;.x<NpxPug;0, and Ug;_«PugsAmyO, would indicate the

similar value with the experimental data,

shows the temperature dependences of the thermal conductivities of

St

Uo7-xNpxPuy,30, and Ug;_xPug ;Amy0,, with the experimental data From this figure, in
the same way of UO, PuO, and MOX, MD. results of Ugy; xNpxPu,30, and Uy; xPugsAm,O,
decreased with increasing the temperature following to 1/T law and indicated the similar value

shows Np or Am content

with the experimental data of Ugy;Pug;0, and UygPug,0,.

dependences of the thermal conductivities of Ug; xNpyxPug;0, and Ug;<Pug;AmyO,, with the

experimental data In both case of Uy ;.xNpxPuy;0, and U,;_xPugsAmyO,, the MD results
were well consistent with the experimental data. From this figure, it was found that the thermal
conductivities of Uy 7_xNpxPug 30, and Uy ;_xPugAm,0, didn’ t almost depend on Np or Am content.
The phdnonfimpurity scattering can be described by both mass and size distortion effects. In
case of Uy;.xNpxPuo30, and Ug;-xPug;Amy0,, the mass and size differences between U*, Np*,

Am*" have to be considered, because U* is substituted by Np* or Am*". The atomic mass of U,

Np and Am is 238, 238 and 241. The tetravalent eight-coordinate ionic radius of U*, Np** or Am**

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 Ug;.xNpyPu, 30, and Ug;_«Pug;AmyO,.  This would be
one of the reasons that the thermal conductivities of Uy; xNpxPu,30, and Ug;-xPug3AmyO, 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.

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 (UO,,
NpO,, Pu0, and AmO,) were semi—empirically determined. Using these parameters, the author
evaluated the thermal expansion, bulk modulus, specific heat capacity and thermal conductivity of
not only AnO,, AnN and ZrN, but also MOX [U,Pu,0, (X=0.2, 0.3)], MA-containing MOX
[U, _xNpyPu,30, (X=0, 0.05, 0.10, 0.15, 0.12, 0.15), U,_xPumAmXO2 (X=0, 0.016, 0.03, 0.05, 0.10, 0.15)]

and nitride fuels with the inert matrix (Ug4ZrygN, Pug4Zro N, Pug,Npg,ZreeN and Pug,Amg,ZrysN).

The lattice parameters as the function of temperature and LTEC of AnO,, AnN and ZrN
calculated by MD simulation were well consistent with the experimental data. MD result of
Uo4ZrosN agreed with the experimental data obtained in Chapter 2 and Vegard' s law. . On the
other hand, the lattice parameter of Pug,Zr,¢N calculated by MD simulation was lower than
Vegard' s law in the same way of the experimental data of U, (PuyN. MOX, MA-containing MOX,

Pug;Npg,2ZresN and Pug,Amg,ZrgeN followed to Vegard’ s law.

The specific heat capacities of UN and ZrN calculated from MD simulation were well

consistent with the C,,+C_, of UN and ZrN obtained in Chapter 2, respectively. MD result of
UN was lower than the experimental data of C,, but MD result of ZrN was well consistent with
the experimental data of C,. In the same way of UN, MD result of ThN was lower than the
experimental data of C;, and the sum of MD result and C_ showed the similar value with the
experimental data of C,. On the other hand, only MD result of NpN and PuN weré close to the
experimental data of C, in the same way of ZrN. Judging from these tendency, MD result of
AmN may show the similar value with C;, although there are no experimental data of the kCP of
AmN. MD results of Uo‘,,Zro_gN and Pug,Zr, N were well consistent with the experiméntal data of
C, in Chapter 2 and the data estimated by Neumann—Kopp' s law. The’ influences of the
addition of Np ‘an\d’Am coﬁld not be almost observed. ’ ,
Bredig transiﬁpn was observed in the specific heat capacity of UO, calculated by MD
simulation. Bky the motion track evaluated by MD simulation, it was confirmed that 0% 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 (C, +C, +Cpedg» Csp. and Cg, of UO, was well consistent with the

experimental data of C,. Only MD result (C, +C) of PuO, agreed with the experimental data

of C,. MD results of NpO, and AmO, were within the variations of the experimental data of C, .

_99_



Chapter 3: MD studies of AnN, ADS target fuels; AnO, and MA—containing MOX

In case of the specific heat capacity of UygPuy,0, and Ugy;Pugs0, MD results followed to
Neumann—Kopp' s law and Bredig transition. could be .observed.  The specific heat capacity of
Uo7:xNpxPug 30, and Ug;.4PuysAm;0, obtained by MD simulation were almost independent on X

and indicated the peaks derived from Bredig transition:

ermal conductivity

By MD simulation, only the x;,; - could be evaluated. - In case of the nitride fuels, MD
results were vastly lower than the experimental data (= Kot ), because the main contribution in the
kior Of the nitride fuel is the x . 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 Uy, ZrysN and Pug,ZrysN were lower
than those of ZrN and UN or PuN due to the phonon—impurity scattering. In case of
Pug,Npg2ZroeN and Pug,Amy,Zro¢N, the influences of the addition of Np or Am were not almost
observed.

At low ‘temperature (T <700 K), the thermal conductivity of UOQ,, NpO, and PuO,
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 UO,, NpO, and Pu02 showed the close value with the experimental
data. MD result of AmO, 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 AmO,. So, it is thought that MD result of AmO, indicates the intrinsic thermal
conductivity. From MD calculation, it was found that there is no large deviation betWeen the
thermal conductivity of AnO, (An: U, Np, Pu and Am). MD results of UyzPug,0, and Ug;Pu,,0,
were well consistent with the experimental data. MD result of U, Pu,O, as the function of Pu
content showed the convex downward relationship due to the phonon—impurity scattering. MD

results of Uy ;.xNpxPug30, and Ug;-xPug3Amy0, 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 electroﬁ 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 U and Pu® because there is no material consisted from only U aﬁd Pu’*. Therefore, MD
calculation used in the present study could not evaluate the irradiated fuels. - On the other hand,
their potentiél 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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Chapter 4: FP effects on thermophysical properties of simulated high—burnup nitride fuels

As the author described at the pravious chapter, the nitride fuel is a good candidate of.

the advanced fuel for FBR [{!] and ADS E?m;,@fl It is necessary to evaluate the thermophysical
properties of nitride fuels under high—burnup because the thermophysical properties of the
high—burnup 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—burnup

[EMQ] has been often used.

7o

oxide fuels are evaluated, the simulated high-burnup fue! (SIMFUEL)
SIMFUEL is UO, pellet including the non-radioactive isotope elements. of FP-elements such as
129-Nd and 14—¢. The thermophysical properties of the non-radicactive isotope element are
almost same. to those: of the radioactive isotope element. Therefore. we can predict the
- thermophysical properties of the high—burnup fuels from those of SIMFUEL. ‘However, in case of
the nitride fuels, the SIMFUEL studies have not been performed. 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:
following sentences. The solid FP elements in the nitride fuels can be roughly divided into three
groups: first is the element which forms 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 elements of the. first, second and third group of FP elements, respectively.’ [t is the
reason that the author chose Pd, Nd and Mo. . [n 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 burnup of 50 and 200 GWd/tU. Briefly, the
eight kinds of the simulated high-burmup fuels were prepared in the present study, which
components are UN+2ﬁﬁql%Pd. UN+11.7mol%Pd, UN+2.7mol%Nd, UN+12 2mol%Nd, UN+1.6mol%Mo,
UN+7.1mol%Mo, UgsrsNdooyyN+1.5mol%Mo  Ugge;NdpysN+7.1mol%Mo.  Pd reacted with U and
precipitates in the gl.f-_aiﬁ_,boundary as UPd,;, 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 properties of Ma. On the other hand, there are few data of UPd; and NdN. In
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addition to the SIMFUEL, the author experimentally evaluated the mechanical properties of UPd;
and thermophysical properties of NdN. In oasd bt pure NdN, the thermal properties were also
evaluated by MD calculation beca_use it is difficult to___hangﬂe Nd_N_dué to the extremely low
oxidation resistivity. In c:ése; of. UPd,, only XRD. ;:at.tem and mechanical properties were
evaluated in the present study because the thermal properties and elastic properties of UPd, were

evaluated inouf previous work

- Basically, the preparation — UN+Pd, (U,Nd)N, UN+Mo ahd (U,Nd)N+Mo pellets
are fundamentally ‘same to that of UN.  In case of UN+Pd, UN+Mo and (UNd)N+Mo pellets, Pd
(99.95%) and Mo (99.8%) powders were added to UN powder after the conversion from UQ, to UN.
In éase of (UNdN and (UNdN+Mo pellats, Nd,O; powder was added to UQ, powder hefore the
conversion, * After the conversion process, the solid solutioni (U Nd)N) was obtained, The small

different points in the preparation conditions of UN, UN+Pd, UN+NdN, UN+Mo ‘and (U,Nd)N+Mo

pellets ‘are summarized in - By these methods, the eight samples, which are

UN+2 2mol%Pd, UN+11,7mol%Pd, - UggsNdggasN, UggreNdyszsN; ~UN+1.6mol%Mo, UN-+7.1mol%Mo,
Up.araNdg ppeN+1.5mal%Mo and UggeNdy;oN+7.1mol%Mo, were “prepared. - In the present study,
UN+2.2mol%Pd, UN+11.7mol%Pd, UggsNdgge:N, UO_BTBNJD_,ZZN, UN+1.6mal%Mo  UN+7.1mol%Mo,
UparaNdg0ssN+1.5mol%Mo - fand © Ugge NdgsN+7.1mol%Mo  are named as UN+Pd-L, UN+Pd-H,
(UNdN-L, (UNd)N-H, UN+Mo-L, UN+Mo~H; (UNd)N+Mo-L and (UNdN+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, {UNd)N-H, UN+Mo~H and
(UNd)N+Mo—H) is 200 GWd/tU.

The oxidation resistivity of NdN is very low. So, in case of the atmc;spheric
pressureless sintering, most of NdN pellets were oxidized because the sintering time was long.
The high—density -and high—purity sampies 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 Furutichi Chemical Co. Ltd. In the SPS process,
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the author used two graphite dices (T2mmx@ 20mm and T4mmx® 10mm) to minimize the time of
the polish and cut of the butk sample. The disk samples ( T2mm x ¢20 } of NdN were used in the

measurements of the thermal properties such as the thermal expansion, specific heat capacity and

thermal diffusivity, and the column samples (T4mmx@ 10mm) were used to evaluate the elaétic

properties and hardness,

The' button'—shap'ed sample of UPd, 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 107° Pa.

The experimental procedures of poiishing;' sample characterization, crystallographic

properties, mechanical properties, electrical pt‘bbé'rties and thermal properties used in this chapter

’ - y v G
were same with those used in §

]
e et

From the carbothermic reduction and atmospheric pressure sintering, the high—density
bulk: samples. (>85%T.D.) of UN, UN+Pd, (UNdN, UN+Mo and (UNd)N+Mo could be obtained.

From

with UN pefiet, in the different way of Uy ZrysN pellet. The highest density of NdN”"sé'rhples
prepared by the SPS was 88.2%TD. In the 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 UPd, preparéd

by high vacuufr indudtion melting method was 95.0 %T.D.

In' the same way of ‘Ug4ZrigN ‘and  UN+60mol%TiN, the -author assumed that the
coefficients { B) of the porosity dependences of the thermophysical properties of UN+Pd, (U,Nd)N,
UN+Mo and (U,Nd)N#MS are same to that of UN. The B of NdN was determined in the prééé’nt
study by :e'\a.rétlu=a'tio..irlcof?;hé' {herrﬁbphysical properﬁes of tﬁé.'{.siam'ﬁle' with Various"porosit'ies in the
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same way of ZrN and TiN.
XRD

XRD patterns of UN, UN+Pd-L, UN+Pd-H, (U,Nd)N"L,_(U,Nd)N—H, UN+Mo-L, UN+Mo—H,

data

UN [w3m]_ and the experimental data of UPd; agreed with the literature data of UPd, [ZQ]

UN+Pd-L and UN+Pd-H, the peaks of the precipitation were observed at about 43", By

], Pd reacts with UN and forms UPd, under the equilibrium 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

p

1, we cannot judge what the precipitation is. . When the XRD pattern between 60 and 80" is

o st

upsized as shown in the third peak of UPd, was confirmed and the second 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; phase could
not be evaluated because the peaks of UPd,; phase are very unclear and small. From these
results, it was found that Pd didn’ t resolve in UN phase. The lattice parameter of pure UPd,

were (a=0.5778 nm, c=0.9721 nm). -
2, (UNDN-L, (UNdN-H and NdN were single phase. By using these XRD

Judging from_[f gl 4.6

Wi

showed in |  together with the literature data [
found that the lattice parameter of NdN was within the variation of the literature data E;I
and those _of U,Nd,N fo_l‘l_c':wed to Vegard s law. From these results, it was confirmed that NdN

resolved in UN.

, most of peaks of UN+Mo~L and UN+Mo-H agreed with the JCPDS data of UN
[]J Except for the peak corresponding to the JCPDS data of UN, the peaks were observed at

about 40°and 73" and these peaks are consistent with the JPCDS data of Mo ﬁﬁ The lattice
| parameters of UN phase in UN+Mo—L pellet (=0.4889 nm) and UN+Mo—H pellet (=0.4889nm) were
perfectly agreed with that of UN pellet (=0.4889nm). The lattice parameters of Mo phase in
UN+Mo—H (=0.3115nm) were roughly consistent with that of the JCPDS data of Mo (=0.3147 nm)

gl

[18]. From these results, it was confirmed that UN didn’ t react with Mo and pure metal Mo

e

=182 =



Chapter 4: FP effects on thermophysical properties of simulated high—burnup nitride fuels

precipitated in UN phase.

From these results, it is predicted that NdN resolves and Mo precipitate as the pure
metal in (UNd)N+Mo pellets. Following this prediction, in Fig. 4.4, the peaks of (UNd)N and Mo
were observed. The lattice parameters of (UNd)N phase in (UNd)N+Mo-L pellet (=0.4897 nm)
and (UNd)+Mo—H pellet (=0.4910nm) were well consistent with those of (U Nd)N-L (=0.4896 nm)
and (UNd)N-H (=0.4911 nm), and that of Mo phase in (UNd)N+Mo-H (= 0.3105 nm) was roughly
consistent with the JCPDS data of Mo [18] (=0.3147nm). The lattice parameters obtained in the
present study were summarized in T,abla;4.2 and 4.3.

Surface observation and MSA (Minimum Solid Area)

[n the LSM, SEM and EDX analysis, the segregations of particular elements and
precipitation could not be observed in case of UN, (UNd)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. [n 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, (UNd)N, UN+Mo and (UNd)N+Mo were
evaluated, Their MSA were almost consistent with Eq. 2.21, which represents the porosity
dependences of the MSA of UN, Uy ZrygN, UN+TIN. Therefore, the author assumed that the
porosity dependences of the thermophysical properties of UN+Pd, (UNd)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 Table 4.2. Their values were lower than 4 nm and adequately lower than the
indentation depth (>50 nm).

Crystallographic propetties

The grain size and misorientation angle of UN, UN+Pd-L, UN+Pd-H, (UNd)N-L,
(UNd)N-H, UN+Mo—-L, UN+Mo-H, (UNd)N+Mo-L and (UNd)N+Mo—H obtained from the EBSP
analysis are summarized in Table 42. The grain size of UN, (UNd)N-L, (UNd)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. [tis 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 [238]. 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.

show the SEM image, [Q map, CD map of UN+Pd-L, UN+Pd-H, UN+Mo—H,

(UNdN+Mo—-H. As shown | UPd; 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 UPd; phase could be observed. This

orientation of UPd; 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

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, UPd,)

were evaluated by the indentation test. Inthe same way of the Young' s moduli of the

simulated high—burnup 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.

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 | j Young' s modulus of UN+Pd-L, UN+Pd, (U Nd)N, UN+Mo and

(UNd)N+Mo at P =0 were estimated from using the same correction factor of the

porosity dependence of UN (I ). 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: E,(GPa)= 261exp(- 3.90P) (0<P <0.16),

The Young' s modulus of NdN at P =0 was 261 GPa and very similar to that of UN (262 GPa).
The estimated Young' s modulus at P =0 of the simulated high—-burnup nitride fuels and NdN were

summarized in Table

shows Young' s modulus as the function of UPd,;, NdN or Mo content, with

the literature data These figures include the data estimated from Fan’ equation
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and Hashin equation ( Young’ s modulus of UPd, obtained from

the indentation test (=168 + 10 GPa) was well consistent with the literature data (

1) (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 UPd, phase in UN+Pd-L and UN+Pd-H were higher
than that of pure UPd;. 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 . 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 , the crystal

direction dependence of the Young’ s modulus of the hexagonal crystal structure is-generally small.
The author described that UPd, phase in UN+Pd orientates for the face from (1010) to (1011) in

Judging from the reports of

orientation of UPd, phase in UN+Pd would not almost influence the Young' s modulus. Therefore,
the difference between the Young' s modulus of UPd, phase in UN+Pd and pure UPd; 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 (UNd)N+Mo pellets agreed with that

of pure Mo
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 the Young' s moduli of (UNd)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 of (UNd)N-L and (UNd)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 and Mo
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 (UNd)N+Mo pellets, the Young’ s modulus of UN
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phase obtained from the indentation tests were close to those of UN and (UNdN 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 small: =+ . -

s
olightiess

HNess

(UNdN+Mo and Mo, together with the fiterature data [2
porosity dependence of Vickers hardness of NdN was evaluated by the following equation;

NdN: H, =7.5(1-3.7P) (0<P<0.186).

Using the data in |

-

P =0 were evaluated from the correction factor in I C

st

iy
€

xs

i

Vickers hardness of UN+Pd, (UNd)N, UN+Mo, (U NdIN+Mo at - P =0 and F =9.8N were shown as

the function of UPd;, NdN and Mo content in E

the addition match of UN and UPd;, NdN or Mo.. In case of UN+Pd and UN+Mo, the influgnce 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 (UNd)N
increased with increasing the NdN content, .. The Vickers hardness of (U Nd)N+Mo—L (4.91 GPa)
and (UNd)N+Mo—H (5.19 GPa)} were similar to those of (UNJdN-L (=4.72 GPa) and (U,Nd)N-H
(5.28 GPa). From these results, ‘it was found that the interaction between NdN and Mo is
vanishingly small.

- The fracture 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, (UNd)N and UN+Mo. The fracture
toughness of (UNdN 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 performed the EBSP measurements, The SEM, IQ map and CD map.of UN+Pd,

(U,Nd)N and UN+Meo around the crack generating from the vertex of the Vickers impression were

shown in |
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In the same way of UN, Ugy4ZresN and UN+G0mol%TiN , the crack

in (UNdN 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 UPd; distributed like the spider net along the grain boundary of UN
and the fracture toughness of UPd,; is high. From these results, it was found that Mo
precipitation in UN+Mo pellets didn’t almost influence the crack propagation and UPd,

precipitation along the grain boundary in UN+Pd pellets disturbed the crack propagation.

the indentation size effects were observed in case of

In the same way of

UN+Pd, (U,NdN, UN+Mo, (UNd)N+Mo and UPd,, too. ' To evaluate the indentation hardness, the

author used Nix and Gao model and ' show the square of the indentation

hardness of UN+Pd, UPd,, (U,Nd)N, UN+Mo and (U,Nd)N+Mo as the function of the inverse of the

L Nix and Gao model overestimated the indentation hardness of

indentation depth.” In |
UPd, at the low depth (h<200 nm). Therefore, the author used

, to evaluate the depth
dependence of the indentation hardness of UPd;. The depth dependence of the indentation

hardness of UPd; was evaluated as the following equation;

Pd;: (%L(;-:-g)) =1+[1+1 .465exp(- h/21.510° % (90< h <950 nm).

From this equation, the indentation hardness at the infinite load (H, ) of UPd, was 3.8 GPa and this

value was very close to the Vickers hardness at the load of 9.8 N. In
harnesses of the matrix (ZUN 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 UPd,

phases in UN+Pd-L and UN+Pd-H were higher than that of pure UPd,

This tendency
corresponds to the case of Young’ s modulus of UN+Pd and indicates that the strain concentrates
in UPd, 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. shows the
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temperature dependences of the electrical conductivities “of UN:ZUN+Pd, . (UNdN, UN+Mo and

(UNd)N+Mo, together with the literature data |

The experimental data of

UN+Mo-L and UN+Mo—H were well consistent with the:data:estimated from the literature data of

using Schulz’'s equation | 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, (UNd)N and (U NdN-+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 (UNd)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 UPd;. However, it is probably :one of the:reasons that the grain
boundary scattering of the electron is increased by UPd;, 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 (UNd)N+Mo with that

of (U,Nd)N.

The thermal expansions of UN, UN+Pd, (UNd)N, NdN, and UN+Mo were shown in

In the present study, the thermal

, together with the literature data [

expansion of NdN was measured for the first time as

NdN: AL/ L(%)=7.297 x107* (T — 298) + 2.665 x 10~ (T — 298)? (298<T <900 K)

)) and bulk modulus (

Using the thermal expansion (F ) of NdN, the potential

parameters of NdN in MD calculation were determined and summarized in ‘The thermal

expansion -of NdN, (UNd)-L and (UNd)-H obtained from MD calculation were also shown in

‘includes the thermal expansion of UN+Pd-L and UN+Pd-H estimated from

Turner’ s equation ( When the author estimated the thermal expansion from Turner’ s

equation, the author used the thermal expansion and bulk modulus of polycrystalline UN and UPd,

evaluated by and 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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From the

material is independent of the shape and size of the precipitation and matrix

indentation tests, it was found that the Young’ s modulus of UPd; phase in UN+Pd pellets was
higher than that of UPd, pellet. The author assumed that Poisson’s ratio of UPd, phase in
"UN+Pd pellets is same to that of pure UPd, (=0.340), and calculated the bulk modulus of UPd,

phase. eported the volume thermal expansion coefficient of UPd, and didn’ t report the

LTEC for a axis (a,,) and ¢ axis (o, ). There is no data of «;,,anda,,, of UPd, above room

1 (=16.2x 107 K™

temperature, but o, . from 0 K to 300 K was reported by
at room temperature). So, the author assumed that the ratio between o, and «;, . of UPd;at
room temperature equals to that at high temperature and calculated «;,,and «;,, of UPd, from
The author

the volume thermal expansion coefficient | and «;,, at room temperature

estimated the LTEC for (1010) of UPd,. Using these calculated data of UPd,, the author

re—estimated the thermal expansién' of UN+Pd by Turner's equation (%
re—estimated data was well consistent with the experimental data. This mkethod 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 (K1mmx Tmmx 1mm),
nevertheless thé large saly'nple' (O>4mmx 2mmx 2mm) is generally necessary to evaluate the thermal
expansion. k |

it was found that the thermal expansion of NdN is very close to that of

From
UN and that of (UNd)N follows to Vegard' s law. The thermal expansions of NdN and (U,NdN
calculated from the MD simulation were well consistent with the experifnéntal data. In the
different way of UN-+Pd pellets, the thermal expénsion of UN+Mo pellets followed to thrner’ s
equation. This result could be predicted ’from the results of the indentation test's’ of UN+M6
pellets because there was no interaction on the mechanical properties between UN phase and Mo
phase. In the preseht 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.

show the temperature dependences of the specific: heat capacity of UN,

UN+Pd, (UNdN; UN+Mo and (U,Nd)N+Mo, together with the literature data

and evaluated the specific heat capacity of UPd, as

the following equations;

UPd, ): CplImol'K")=99.69 +1.141x1072T,

- 139 -



Chapter 4: FP effects on thermophysical properties-of simulated high—burnup nitride fuels

(350< T <850 K)

UPd, C, (Jmol“1K")= 95.20 +1.141x1072T —1.5373 x 10T 2.

(298< T <1351 K)

The specific heat capacities of UN+Pd-L. and UN+Pd-H were estimated as the addition match of
that of UPd; (

and UN

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: C, (Jmol™'K™") = 53.29 +9.258 x 10T - 9.446 x10° T2 (400<T <1273 K).

6 and the experimental data of UN

the sumof C, and C, of NdN was calculated from the

using

of NdN were very close to those of UN.’ In the prese’nt study, it was found that NdN was similar
to UN oﬁ 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 heaf capacity and Gibbs free energy. As expected, the

differences between the experimental data of the specific capacity of (UNd)N and UN was very

small.

., 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 (%

Mo: Cp(Jmol"K™)=25.43 +3.393 x 10T ~ 5.871x 107 T2 —2.154 x10°T 2
(298< T <1000 K),
Cp (Umol'K ) =16.96 +6.920 x 10° T ~1.142x 102 T? ~2.995 x 10° T2
(1000< T <2100 K),
Co(Umol"K ") =7.616 x 102 - 0.4510T - 8.047 x10° T2 —5.827 x10° T2
| (2100< T <2500 K),
€, (Umol"K") = -3.509 x 10% — 0.15857 ~1.359 x 10572 +5.213 x 10° T2

(2500< T <2892 K)
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show the temperature dependences of the thermal conductivities of UN,

UN+Pd, (UNdN, NdN, UN+Mo and (UNd)N+Mo at P =0, together with the literature data

In these figures,.the thermal conductivity of UN, UN+Pd, (UNd)N, UN+Mo and

(UNd)N+Mo at P =0 were calculated using the same coefficient (B=1) of the porosity

dependence of the thermal conductivity of UN (

and

UPd,

1 using Schulz’ s equation Schulz’ s equation 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 (UPd,) 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. In 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 In UN+Pd pellets, the grain of UPd,; exists along that of

UN. So, it is thought that the contact area between UPd, 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 shows the porosity dependence of the thermal conductivity of NdN obtained in
the present study. It was confirmed that the oxidation in the measurement process doesn’t
effect because the thermal conductivity at the heaﬁng proéess agreed with that at the cooling
process. In each temperature, the thermal conductivity rapidly decreased with increasing the

porosity from around’ P >0.21.  From this result, it was found that the P, value exists around
P=021. The P. value represents the starting point where the thermal conductivity rapidly

decreases because the MSA reaches at the percolation limit. The author estimated the thermal
c‘oriductivity 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;

1-p

——— (298 <T <1473 K, 0<P<0.2). (4.115)
1+1.96P

NdN: (P, T)=115T %%
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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 x of NdN would be very small and the x,; is

predominant in the x;o; of NdN. The «x_,; 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 U;_yNdyN

decreased with increasing the X. 'In the electrical conductivities of the temperature

dependence of U, x\NdyN decreased with increasing the X. Indeed, the «_  decreased by the
addition of NdN. The «x,,; would decreased with increasing the X because the center of the
phononkécatterin’g would form in (UNd)N by the addition of NdN to UN. Since both x;,; and

kg of (UNAN decreased, x_,; of (UNd)N largely decreased with increasing the X.

includes the thermal conductivity of UN+M'o—L and UN+Mo—H estimated from

the experimental data of UN and Mo

The estimated data was well consistent to the experimental data. Their value was very close to

that of UN

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 (UNd)N-L and

The simulated high-burnup nitride fuel pellets (UN+Pd-L, UN+Pd-H, (U,NdN-L,
(UNd)N-H, UN+Mo-L, UN+Mo?H, (UNd)N+Mo-L, (UNd)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 UPd; pellet (95.0%T.D.) were prepared by the SPS and high vacuum induction
melting method.

From XRD analysis, it was founzd that Pd precipitates as UPd; 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 (UNd)N and (UNd)N+Mo, it was confirmed that UN and NdN forms the solid
solution because the lattice parameters of (UNdN pelle_ts follows to Vegard’ s law.

The surface observations were performed by the SLM, SEM-EDX and optical
microscope. UPd, 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 (UNd)N+Mo pellets. The MSA of UN+Pd,
(UNdIN, 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, (UNdN, 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. UPd,
precipitation in UN+Pd pellets orientated for the direction from (1010 ) to (1011).

i

The ultrasonic pulse echo measurement and iﬁdentation 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—freer UN+Pd,
(UNd)N, UN+Mo and (UNd)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 UPd; phase in UN+Pd-L and UN+Pd-H were higher than that of UPd; 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 NdN estimated in the present study was higher than
that of UN. So, Vickers hardness of U,_xNdN 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 (UNdN+Mo—-L and (UNd)N+Mo—H corresponded to those of (UNd)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 UPd, precipitation along the grain boundary in UN+Pd pellets
disturbed the crack propagation, The crack propagation in (UNd)N:was very similar to that of UN.
Therefore, the fracture toughness of (UNd)N and UN+Mo agreed with that of UN and that of
UN+Pd was higher than that of UN.

- 143 -



Chapter 4: FP effects on thermophysical properties: of .simulated high—burnup nitride fuels

By the indentation test, the indentation hardness of UPd, 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-burnup 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 UPd, phase in UN+Pd pellets was higher than that

of UPd, 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 (UNd)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 experimer)tal data
of UN+Pd were not consistent with the data estimated from the volume thermal expansion
coefficients and bulk modulus of UPd; 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 UPd,
phase obtained from the indentation tests and crystallographic properties of UPd; phase obtained
from the EBSP measurements, the estimated data corresponded to the experimental data.
Although the large bulk sample >5mmx 3mmx 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 (<Immx Tmmx 1mm). 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 (UNd)N-L and (UNd)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 contenfs. The specific heat capacity of NdN
showed the close value with that of UN. So, those of (UNdN-L and (UNd)N-H agreed with

those of UN and NdN. The sum of C, and C, 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 UPd,, 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 x,; and kg . So, those of (U;xNd)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, (UNd)N, UN+Mo and (U,Nd)N+Mo

UN | UN+Pd | (UNIN | UN+Mo | (UNdN+Mo
Specific surface mt/g | 80 8.0 82 8.0 8.2
area of UO,
0/M of UO, powder - 214 214 208 214 2,08
 Holding temperature K 2073 2073 2073 2073 2073
in the sintering process
H?Idlng time in the hr 4 8 4 15 10
sintering process

UN, UN+Pd-L, UN+Pd-H, UN+Mo-L and UN+Mo~H

Sample characteristics and crystallographic properties of

Sample name } UN | UN#PAHL | UN#PAH | UN#Mo-L | UNMo-H
Additioral material | - Pd 1 P Mo | Mo
Burnup Gwd/tU | o 50 1 200 50 1 200
Additioral quartity | mol% | - 22 1 112 16 | 7
Molecular Weight g 2620 | 2488 | 237 2507 | 2469
Theoretical density | g/em® | 1432 | 1429 | 1421 1427 | 1416
Mass density P g/em® | 1321 | 1219 | 1271 1311 I 1278
Relative density I 7D | 922 g2 | 894 918 | 903
Lattioe parameter of : k ! {
il chass | om | 04839 | 04885 | 04889 | 04889 | 04839
) i ¥ ]
Average grain size of | ] |
tride choss | wmo | 104 ] 44 | A8 68 | 6.1
Maximum grain size of } : :
irice chase | opm | 25 | 47 | 828 182 1123
1 1 I
Minimum grain size of ! ! [
nitride pl"ese } wm 1.1 23 : 317 12 l 0.7
Average misorientation : ! '
arddo of ritride shase | degree | 214 83 | 96 204 1181
Grainsize of Mophass | pm | - - 1 - 310 | 520
Arithmetic surface roughness | nm | 28 | 89 | 120 27 | 08
1) 1 ¥
N/U or N/(U+Nd) ! 097 104 1 107 099 | 10
0,, content | wik | 0246 | 037 | 0424 037 | 0424
C content I wt% | 0094 | 0.151 ! 0130 0151 | 0130
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UN, (UNd)N=-L; (UNdN-H, (UNd)N+Mo-L and (U,Nd)N+Mo—H

Sample characteristics and crystallographic properties of

Samgle name { UN [ (UNDN-L | (UNDN-H | (UNN#MoL | (UNSIN+Mo-H
Additioral material | - N | Nd NoMo 1 Nd Mo
Bumup L GWdAU | 0 50 1 200 50 | 200
1 i i
" . : _ | NE26 | Nd119
Additional quantity : mol.% 2.1 : 122 Mo 15 = Mo: 7.1
Molecular Weight ! 2520 | 2495 | 2406 2482 | oa42
Theorotical density | g/om® | 1432 | 1414 | 1353 1411 | 134
Mass density | e/em® | 1321 | 1826 | 1290 1294 | 1278
Relative density | $TD. | 922 | 98 | 953 M8 | 960
1 1 ]
Lattioe parameter of | | |
i ohass | m |04880 | 0% | 011 04897 | 04910
~ Average grain size of ! ! !
' I
sl | um | 104 67 | 88 98 145
; T ; T T
Maximum: grain size of | - ] |
e s | wm | 25 185 | 119 251 | 298
Minimum grain size of t ! '
e oo L pm 11 nooa 14 15
¥ i ]
Average misonentation | ] |
arde of rivide phace | SeEee | 214 27 | 208 201 | 183
Grain size of Mo phase | pum - - = 10 ! 520
Arithmetic surface roughness | 'nm 28 14 | 27 15 ! 22
N/U or N/(U+Nd) ! 097 | o098 | 101 12 | 100
0, content | wts | 0246 | 08710 | o043 0223 | 0251
C content | wi% | 0094 | o115 | o1s 0078 | 0065

Sample characteristics and cry‘stalylographic properties of NdN prepared by SPS

Molecular Weight | 1582
Theoretical density ; g/cmd 7879
|
Purpose : m,\gi:?or:np’eg;se:es Measurements of thermal properties
SPS temperature | K 147311573 | 1673 | 1673 | 1773 1473§ 1673 | 1673 | 1773 | 1873
Heating rateat 1, . | 400 1100 | 100 | 50 | 50 | 100 | 100 | 50 | 50 | 50
SPS process i 1 | | ! | |
Mass density | g/om®|5.22416047 6938 | 6304 | 6942 | 5603 | 6330 | 6708 | 6682 | 6906
Relative density |% T.D.| 663 1 768 1 881 | 801 | 882 | 715 | 804 | 861 | 849 | 877
Lattice parameter [ nm - : - : - - :0,5114 - i = - : = : -
Grainsize | pm [10-30]10-30}10-30 [10-30 | 10-30 | 10-30! 10-80 | 10-30 | 10-30 |10-30
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. UN UN+Pd-L UN+Pd-H
Porosity, # Lo- 0079 | © 0147 | O 0103 , 0
g LTS 11 ' 4 1 I. 1
L°"i"l‘;‘:;t’_‘yf'__ff‘z“”d : : m/sec | 4378 E 'ziao’zf._'_._ 3967 i 4716 | 4190 i 4769
Shearvelocity, V,' ~ | m/sec | 2507 | 2750 | 2301, 2736 | 2384 ; 2713
Young' s modulus, E 1+ GPa 208 4 273 | 161 1 267 181 | 264
Shearmodulus, G GPa | 830 , 109 | 645 107 | 719 , 105
Poisson’ s ratio, v 1 0256 1 0256 | 0246 . 0246 | 0261 . 0261
Bulk modulus, B 1 GPa 142 1+ 187 {106 1 175 126 1 184
Debye temperature, &, : K 339 : 373 = : = - : -

14 Results of ultrasonic pulls echo method of (UNdN-L and (UNd)N-H

UN  (UNdDN-L (UNdN-H

Porosity, P E = 0079 | O 0062 } O 0047 ! 0
Lm:f;f;’:;::' ‘:’/‘Z”"d E m/sec | 4378 i 4802 | 4461 ; 4782 | 4502 E 4765
Shear velocity, V; | m/sec | 2507 | 2750 | 2547 | 2730 | 2535 ! 2683
Young s modulus, £ , GPa 208 , 273 217 |, 265 210 , 247
Shear modulus, G, GPa 830 , 109 864 , 105 828 , 974
Poisson’ s ratio, v | 0.256 , 0256 | 0.258 , 0.258 | 0268 , 0.268
Bulk modulus, 8 1 GPa 142 | 187 150 . 183 151 1 177
Debye temperature, 6, 1 K 339 1 373 | 344 1 369 | 342 1 362

3 Results of ultrasonic pulls echo method of UN+Mo-L and UN+Mo-H

- _ - UN UN+Mo-L UN+Mo-H_
Porosity, 2 b - 0079 ' 0 0073 ' 0 0.100 ' 0
L"’Lg;f;‘:i'::' f/‘z”"d E m/sec | 4378 5 4802 | 4377 E 4770 | 4406 E 4952
Shear velocity, ¥ | m/sec 2507 : 2750 2475 : 2698 2507 | 2818
Young's modulus, £ |, GPa 208 | 273 205 | 263 202 , 283
Shear modulus, G, GPa 830 , 109 81.1 | 104 802 |, 112
Poisson’ s ratio, v, 0.256 , 0.256 | 0265 , 0.265 | 0260 , 0260
Bulk modulus, B ; GPa 142 , 187 145 , 186 141 |, 198
Debye temperature, 4, : K 333 | 373 o g o - oy =
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Results of ultrasonic pulls echo method of (U,Nd)N+Mo—L and (UNd)N+Mo-H

UN (UNAN +Mo-L | (UNAN +Mo—-H
Porosity, P .- 0079 | © 0083 , 0 | 0048 ; 0O
Longitudinal d ! ! ! !
ongrudinatsound - ssec | 4378 ' 4802 | 4404 ' 4862 | 4650 ' 4924
- velocity, V| : : : :
Shear velocity, Vs | m/sec | 2507 | 2750 | 2492 , 2751 | 2666 | 2823
Young’ s modulus, E 1 GPa 208 , 273 203 4 270 228 | 269
Shear modulus, G 1 GPa 830 , 109 80.3 . 107 90.8 , 107
Poisson’ s ratio, v 1 0.256 1 0.256 | 0.265 1 0.265 | 0.255 1 0.255
Bulk modulus, B i GPa 142 1 187 144 1 191 155 1 183
Debye temperature, &, i K 339 1 373 - 0 - - 0 -
] [] I I
Results of ultrasonic pulls echo method of UN+Mo—-L and UN+Mo—H
NdN
Porosity, P - 0.151 i 0139 : 0123 : 0109 : O
Longitudinal d : : : :
onertcinat sotn m/sec | 4566 | 4711 | 4930 | 4975 | 6186
velocity, V| : :

Shear velocity, Vs | m/sec | 2710 i 2822 | 2919 | 2946 | 3676
GPa 142 i 153 | 165 | 168 | 261
GPa | 578 | 627 | 671 | 683 | 106
0228 | 0220 | 023 : 023 | 0227
GPa | 870 | 911 | 102 | 104 | 159

K 349 | 363 | 376 | 379 | 473

Young' s modulus, E

Shear modulus, G

Poisson’ s ratio, v
Bulk modulus, B
Debye temperature, 6,

Potential parameters of U**, Nd** and N*"

lons z a b c D; Bi ri
N3~ -1.450 1.797 0.080 20

u* 1.450 1.228 0.080 0 U**-N* 7.00 1.25 2.364
Nd** 1.450 1.393 0.100 130 | Np®-N* 450 1.50 2.680

- 1583 -



Chapter 4: FP effects on thermophysical properties of simulated high—burnup nitride fuels

R M ] v rrr vy rrv—~

— UPd, [Yamanaka (1998)]
- Pd [JCPDS 5-681]

N1 T

— UPd, [This work

LI \ T I T Ll L l 1 il L] 1 1 1 1 L 1 1 1

— UN+Pd-H [This workl|

LQ_J JL& A M A

LBNNL N B B ' LI S B B BN QR S S S S S S S S S S ——

| — UN+Pd-L [This work]|

NI

T 1T r5rrwerrrrrrre oo

Intensity (arb. unit)

LA J\ |0 \_M\ U\

L L N SN B B NN B N S S S S S S S S
— UN [JCPDS 32-1397]
- U0, [JCPDS 5-0550]

“ |“l i hl'lL,_LlJ,_
SEE S SR U .
40 60

80 100 120

20
Diffraction angle, 20 (degree)

Fig. 4.100 XRD pattern of UN, UN+Pd-L, UN+Pd-H and UPd,,

together with the literature data [11, 13-15]
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— NdN [JCPDS 17-20]
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Fig. 4.101 XRD pattern of UN, (UNd)N-L, (UNd)N-H and NdN

together with the literature data [13, 14, 16, 17]
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T ' T T T T l T L} T T r T T T T
[ — Mo [JCPDS 42-1120]
| | | l ;
LI L LIS S SEL P S [ T (T S e (o (T
L— UN+Mo—H [This work]|
\
. T T 1'\¥[ T T lu T T L l L} T T L] l T L] T T
= | — UN+Mo-L [This work]|
4]
2 BTN,
‘® VAN Y
% 1 L) 1] T Vl T T L) I L] L] ) l L] T L] L} I L] T T Ll
£ | — UN [This work] |
I
T T I L] T Ll Ll I T T T T I T L] T T I L] T T L]
— UN [JCPDS 32-1397]
— U0, [JCPDS 5-550]
u |“| T | AT
T l T L) L) L} I L L) T I L L T ] 'l T T T T
20 40 60 80 100 120

Diffraction angle, 20 (degree)

Fig. 4.102 XRD pattern of UN, UN+Mo-L and UN+Mo—H, together with the literature data [13, 14,
18]
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Fig. 4.103 XRD pattern of UN, (UNd)N+Mo-L, (U,Nd)N+Mo—H and NdN

together with the literature data [13, 14, 16-18]
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~Upd, [Yamanaka (1998}]
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Fig. 4.104 XRD pattern of UN+Pd-H, together with the literature data [11, 13, 15]

05143 = U_Nd,N [This work]
g 0512 U _Nd,N [Vegard's law]
E 0510 o UN [JCPDS 32-1397] \.
ks T NdN [Ettmayer (1980)] T
a') 0_492_- NdN [Schobinger (1973)] ]
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“:-, 0491 - ]
o
8 ]
B 0.490 - .
= ]
— i
0.489 - .
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Fig. 4.105 Nd content dependence of U,_yNdyN, together with the literature data [13, 16, 21, 22]
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A —— (.

50 pm

Fig. 4.106 UN+Pd-H (a) SEM image (b) Distribution of N (c) Distribution of U (d) Distribution of Pd

50pm

Fig. '4.1(_]'_!,1 UN+Mo-H (a) SEM image (b) Distribution of U (¢) Distribution of Mo
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50 pm

Fig. 4.108 (UNd)N+Mo-H
(a) SEM image (b) Distribution of U (c) Distribution of Nd (d) Distribution of Mo

Fig. 4.109 UN+Pd-L (a) SEM image (b) IQ map (c) CD map of UN (d) CD map of UPd,
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30pm

Fig. 4110 UN+Pd—H (a) SEM image (b) IQ map (c) CD map of UN (d) CD map of UPd,

25pm

Fig. 4111 UN+Mo—H (a) SEM image (b) IQ map (c) CD map of UN (d) CD map of Mo
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Fig. 4.112 (UNd)N+Mo—H (a) SEM image (b) IQ map (c) CD map of (UNd)N-H (d) CD map of Mo

3505"'""""__r"’""'E[Thiswork]

3 UN
UN+Pd-L
UN+Pd-H
(U,NdIN-L
(U.Nd)N-H
NdN
UN+Mo-L
UN+Mo-H
(U,Nd)N+Mo-L
1+ (UNdN+Mo—H
1 [Literature data]
------ UN [Hayes (1990)]
] UN [Padel (1969)]

300 3 3

250

200 4

L2 -2 N 2N N |

150 -

Eq. 4.1

w-r————7———7—r—r—r—r—r—r——
0.00 0.05 0.10 0.15 020

Porosity, P (-)

A

x  UN [Honda (1968)]
o UN [Whaley (1968)]
o]
A

Young's modulus, £ (GPa)

UN [Speidel (1963)]
Mo [JIM]
UPd, [Yamanaka (1998)]

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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Young's modulus, £, (GPa)

[This work]
Pulse echo method
= UN 4 UN+Pd

] Indentation test

= UN
4  UN+Pd: UN phase
v UN+Pd: UPd, phase

* UPd,

1 [Lieterature data)

o UN [Hayes (1990)]
¢ UPd, [Yamanaka (1998)]

_: [Estimated data]

UN+Pd [Fan's Eq.]

] —— UN+Pd [Hashin's Eq.]

1 [This work]
1 Pulse echo method
= UN
A (UNJN
+ NdN
| Indentation test
= UN
4 (UNDN

[Lieterature data]
o UN [Hayes (1990)]
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Fig. 4.1 114: UPd, content dependence of Young’ s modulus of UN+Pd at P =0,
together with literature data [1 124J
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Fig. 4.115 NdN content dependence of Young’ s modulus of (UNd)N at P =0,

together with the literature data [24]
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360 : : : ol o
] 1[This work]

W 1 Pulse echo method

% i 4 '-<>: x UN

~_ 3004 i 1 & UN+Mo

W ] A 1Indentation test

a : 1 = UN

_g it _7_:-_ o 71 4 UN+Mo: UN phase

3 1 | 1 + UN+Mo: Mo phase

E 240 J[Literature data]

2 ] ©  UN [Hayes]

e i ] ¢ Mo[UM]

3 ] { [Estimated data]

> : ; UN+Mo [Fan's Eq.]
1] {—— UN+Mo [Hashin's Eq.]
150 b

0 2 4 6 100
Mo content, X (mol%)

Fig. 4.116 Mo content dependence of Young' s modulus of UN+Mo at P =0,

together with the literature data [23, 29]

"] [This work]
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Fig. 4.117 Porosity dependence of Vickers hardness of UN, UN+Pd, UPd,, (UNd)N,
NdN, UN+Mo, (UNd)N+Mo and Mo, together with the literature data [24, 29, 34-38]
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Fig. 4118 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 [11, 24, 29 34]

In this figure, the straight lines represent the addition match of UN and UPd,, NdN or Mo.
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Fig. 4.119 Fracture toughness of UN+Pd, (U Nd)N, and UN+Mo

as the function of UPd;, NdN and Mo content
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Spm

Fi_g;‘ 412(1 Crack generating from vertex of Vickers impression of UN+Pd—H
(a) SEM image (b) IQ map (c) CD map of UPd, (c) CD map of UN

Fig. 4.121 Crack generating from vertex of Vickers impression of (UNd)N-H
(a) SEM image (b) IQ 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) IQ map (c) CD map of UN and Mo
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Eq. 4.3 * UN+Pd-L: UPd, phase
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Fig. 4123 Square of indentation hardness vs. inverse of depth (UN+Pd and UPd,)
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Fig. 4124 Square of indentation hardness vs. inverse of depth ((U,Nd)N)
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Fig. 4.125 Square of indentation hardness vs. inverse of depth (UN+Mo)
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Fig. 4.126 Square of indentation hardness vs. inverse of depth ((U Nd)N+Mo)
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(UNd)N+Mo, together with the literature data of UN [28, 29, 35, 40-45]
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Fig. 4.128 Thermal expansion of UN, UN+Pd-L and UN+Pd-H,

together with the literature data [11, 47-51]
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Fig. 4.130 Thermal expansion of UN and UN+Mo, together with the literature data [19, 47-51]
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Fig._4.131; Temperature dependence of specific heat capacity of UN and UN+Pd,
together with the literature data [54, 55]
In this figure, the dot lines represent the data estimated from
the experimental data of UN [Chapter 2] and UPd, [57].
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Fig. 4.132 Temperature dependence of specific heat capacity of UN, (UNd)N and NdN,

together with the literature data [54—56]
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Fig. 4.133 Temperature dependence of specific heat capacity of UN, UN+Mo

together with the literature data [54, 55]:
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Fig. 4.135 Temperature dependence of thermal conductivity of UN, UN+Pd
together with the literature data [12, 40, 59, 60]
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Fig. 4.136 Temperature dependence of thermal conductivity of UN, (UNd)N, NdN,
together with the literature data [40, 59, 60]
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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 particular, it is remarkable in case of the

nitride fuel because it was written in hat 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. [n fact, ACTINET constructed by ITU at German, CEA at France, KTH at

1, in which a

P

Sweden, C. Thermo at Sweden and so on is promoting FUELBASE project
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 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-0-C, Pu-0-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 iéj 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 [4], which had been developed by the Royal

Institute of Technology of Sweden, was used as the thermodynamics equilibrium calculation

program baséd on the CALPHAD method. The phases, which exist in U-N and Pu—N binary

systems, are summarized in ‘The Gibbs energy of U-N system was basically

4 and |
modeled by 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

The details of the determination of various

system, which was modeled by

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 @ is expressed using the enthalpy (H) and entropy (S) as

follows:

GL®(T) - Hx%FR(298.15K)= Hi™(T) - H>™(298.15K)- T[sjg’(r) - S:55R(298.1 5K)]

where H;%%(298.15K) and S;°"(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 (C, ) by Eq. 5.2.
: Sent S
HE®(T) - HSER(298.15K) = J‘ CodT
" 29815 '

: : : T ‘
Si2(T) - 87557 (298.15K) = j(%)dT

298.15,

The specific heat is generally given the empirical following equation:

C.=a+bT+cT?+dT?

where a, b, c and d are the constants. Therefore, the molar Gibbs energy is given by the following

equation,

T T
GLO(T) = H:SER(298.15K) = ijdT—T j'Cp T

T
298.15 298,15,
T T
={aT+ET2+ET3 -3} —T[aInT+bT+£T2—iz}
2 3 298.15 2 298.15

=a+b'T +cTInT +d'T* +e'T% + T

where a’,b’,¢’,d’, e’ andf are the constants estimated from a, b, ¢ and d.

For a compound C with the chemical formula of A, B, ,the molar Gibbs energy is

expressed as follows;

Gno(T) = (1aGITER(T)+ 2aGE R (T))+ @b T +CTINT +d T2 +& T2 +£T7,
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where G.°(T) and G;°R(T) are the Gibbs energies defined by and the coefficients

Za and yg are the stoichiometric ratio of A and B in the compound C, respectively.

These coefficients have the following relation;

Za+2s =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 E expresses a phase which
is impossible to be described as a simple ideal solution. This modeIVgives 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
[AL[B,Val,, where Va - denotes the vacancy and the ratio of b/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-U,N, are hypothesized as [N,Va],[U], and

Then the molar

[N];[UVal,, respectively, based on the sub-lattices by

Gibbs energies of these phases are expressed as the sum of the three terms;

Go(T)- D 2 H*(298.15 K)=G™® +G™* +G™°.

i=AB

The left side in

s the Gibbs energy for the phase @ with the references of the enthalpies

consisted from the pure elements. The ﬁrst term of the right side in is expressed as

follows;

mix, 1 ° o
Gm™® :m[y\‘}a(Gﬂ,ﬁ(T)-aHA'SER(298.15 K)
B

+yX(G2(T)-aH;5R (298.15 K)-bH SR (298.15 K))].

This term.is the simple mixture of the_Gibbs energies for the components of [AL[B,VaL. The

y,N is the site fraction of the element j in the sub-lattice N. The second term is expressed as

follows;

e
G ="“"i{b Zyinlnyin}.

a+byg| i%5va
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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;

1
G™® = m(ygy \I/IaL(X:B,Va) ’

where L is called as the interaction parameter and expressed as Muggianu’ s Redlich—Kister

Lq/i:B,Va = Z qu;:B,Va [yéI - y\I/Ia]n '

Li:Va,Va = z Li:Va.Va [yéI - Y\]/Ia]“ .

£

The Gibbs energies for these phases are also expressed by and the Gibbs energy

parameters of condensed pure elements and stoichiometric compounds in the N-U and Pu—N

and 6 shows the Gibbs energy

binary systems are summarized in

parameters of condensed solutions in the U-N binary system.

Using the Scientific Group Thermodata Europe (SGTE) databas [al the author

calculated the Gibbs free energy of al, BU yU, 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
reported that the

work by and

nitrogen could not be found in pure U (<100 ppm or 0.01 wt.% over the entire range 8231173 K).
The melting point of UN was determined as 2923+ 100 K by |

2753+ 50 K by 3123+ 30 K by |

I using XRD,

The U-N partial phase diagram was determined by
metallographic, chemical and thermal analyses of phases edquilibrated with N, (up to 5atm), at
tehperatures 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, ‘
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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

[Ups[Valys which is the fictive pure U metal with NaCl type structure, was 50000 J. = The author

reformed the entropy at room temperature (S°f,g, ) (62.42528 Jmol™'K™) and specific heat

capacity evaluated by

UN [17] C, =54.15+22.81x107*T +4.372x107°T% -6.813x10° T2

The heat of formation (H*fyg,,5) of UN evaluated by was referred in the

present study.

The phase relations of aU,N; and B U,N; were experimentally studied by

0l In these literatures, the transition
temperature from aU,N; to BU,N; was 1393 K and B U,N; decomposed to UN and N, gas, at
1623 K. The mean value content of a U,N; and B U,N; were 1.645 and 1.425. The

non—stoichiometry range of aU,N; was UN, .55 and B U,N; was near the line compound. . The

author referred the S°f,g .5 (64.76832 Jmol™'K™), specific heat capacity and

H fyq15¢ (24509.034 Jmol™) evaluated by (

a U,N,

: Cp =26.11+0.75873 x1072T —6.61746 x 10°T 2

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. 1 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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show the phase diagram of -U-N .and Pu—N binary systemé, 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

shows the partial phase diagram of U-N binary system, together with
9]

it was found that the calculated phase boundary of UN’faithfully‘ reproduced the experimental data

experimental data.

the experimental data t focuses on the non—stoichiometry part of UN. From this figure,

In addition, the transition temperature from aU,N, to B U,N; and
decomposition temperature of P U,N; calculated by CALPHAD method was well consistent with

the experimental data edited by

The calculated specific heat capacity of the stoichiometric compound UN and PuN are

shown in comparison with the experimental data From this figure, the

vl

calculated results are within the variation of the experimental data | 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 aU,N; by a
non—ideal two—sublattice model. PuN and P U,N; 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.

From

Ternary compound doesn’ t exist in U-Pu-N ternary system as shown in |

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 51, we would model U-Pu~N ternary system.

However, 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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Binary systems evaluated in FUELBASE project

Andersson | PURE Sundman | Grobner | Dumitrescu | GChevalier Guillermet
SGTE | SGTE | (2005) (1996) (1998) (2001) ~(1995)
Bygden | Dupin Liu Chung Dupin Jerlerud
(1985) | (2005) (2005) (1999) (In progress) | (2002)
PURE [ Sundman |~ Hillert Jonsson Chevalier - Ma
(2005) (1992) (1996) (2000) (2004)
Gueneau | Hallstedt | Sundman Gueneau Liang
(20086) (1993) (2005) (2002) (1997)
Dupin In brogress Leibowitz Kurata
(2005) progr (1991) (1999)
Seifert Gueheau Gueneau
(2000) (1996) (1994)
Rado Kumar
(1994)
Chevalier
(2004)

Phase species in U-N binary system

Solid phase
Phase au BU yu UN a-U,N, B -U,N,
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 Cmem P4,/mnm Im3m Fm3m la3 P3m1
Prototype au BU w NaCl Mn,0, La,0;4
Sfagg15x  (J/mol/K) 50.20 61.906 61.67
Hfoge 15 (J/mob 0 ~-2790 -4757 -294352 -352540 -350680
Liquid phase
Phase u(L) N(L)
S°f298.15K (J/mol/K) 199.79 153.30
Hfy05.15¢  (J/mol) 535000 472687
Gas phase
Phase N,(G)
S*fags.45x  (J/mol/K) 191.61
H'foog. 15« (J/mol) 0
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Phase species.in Pu=N binary system

Solid phase
Phase aPu ~ BPu yPu o Pu 5'Pu € Pu PuN
Composition, at.%N 0 0 / 0 0 o 0 50
Temperature range (K) 1 0-398 | 398-488 1488-593 ! 593-736 | 736756 ! 756-913 | 0-3103
Space group P2,1/m C2/m Fddd | Fm3m ! 14/mmm ! Im3m 4 Fm3m
Prototype .. . . aPu BPu yPu - Cu In w NaCl |
S'frn1ec (J/mol/K) | 54.461 72.383
Hfy0515¢ (J/mol) 0 3706 478 736.4 1841 2824 1-299156
Liquid phase
" Phase . Pu(L) N(L)
S (J/mol/K) | 177.16 | 15330
Hfoga15¢ (J/mol) 1 348000 1 472687
Gas phase
Phase N,(G)
S°frg1sx (J/mol/K) 1 191.61
Hfg545¢  (J/mol) 0
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Gibbs energy parameters of pure elements compounds in U-N binary system.

G® (T) - HiSR (298.15K) = @+b' T+ ¢ TInT +d' T2 + & T2 + T for T, ST<T,

ToobTe | ax10° i b o dx10% &'x 10 | £ 10¢
298.15{ 700 | -8.381 |-0.7071:-2855! 6.974
N, (G) 700 | 1700 §
1700 | 4100 ;
4100 | 7400
298.15 | 2700 .
N|(G) """""" E‘ """""""""""
2700 | 5100 :
208.15 | 955
au e oo
955 6000
208.15 | 9415
BU e bemesood
9415 | 6000
298.15 | 1049 | -0. . 1315 |
yu e VU IR pomeneees .
1049 | 6000 | -4.698  202.7
BU,N, 298.15 | 6000 | -151.9 | 1729 |-2928  -8.285 | ~45.20 L 41.75
UN 298.15 | 6000 | —3135 | 314.1 |-5553| -0.7583 | -77.68 | 38.38
UL)-a U 208,15 | 6000 | 1236 | -10.32
N(L)-N,(G) 298.15 6000 | 2995 | 59.02
BUN;-N,(G)-yU |298.15 6000 | -760.6 | 6327 |-49.45 0886 | ~316.1 L 172.7
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Gibbs energy parameters of pure elements and compounds in Pu—N binary system.

G (T) - H,;55(298.15K) = a'+b' T+ ¢ TInT +d' T2 + ' T3 + T for T =T<T,

T, Te | ax100 i b i oo w10 e'x 107 i fx10¢
a Pu
BPu
yPu
O Pu
O5'Pu :
29815 | 745 | -1350 | 1166 | -27.09 | 9105 | 2062 | 2086
€ Pu
PuN
Pu(L)
N(L) 950 | 3350 | 2259 | 7622 | -1637 { -6511 | 3010 | 56.31
3350 | 6000 1356 | 109.3 | -20.47 2398 | -0.8333 | 459.6
298.15 | 950 3751 | -9454 | -1278 | -1767 | 02681 | -3.237
N,(L) 950 | 3350 | -7.359 : 1720 | -1637 : -6511 | 3010 | 56.31
3350 | 6000 | -1639 | 5026 | —2047 | 2398 | -0.8333 | 4596
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Gibbs energy parameters of condensed solution in the N-U binary system

Ly, = ZL?,k:l (,Vi -y k)nL?,k:l = ajr?k:l +bjT

Phase Formula Excess interaction parameters
Name E g E Bl
LINNUIKL> @+ 0 ¢+ 0
Liquid [N,.N, U U] <> LINJUI<L> 0 0 ! 0
PN 0 0
_FeeB1 | INyVal[Ut], | LINg Val,[U], ;2687859 , 0
L[N,J;[U, Val, 1 —-52537.9 i 87.72937
= N U ,V [ ]
a-N;U, [N:JsLUy.vel, L'[NJ{U,Val, ' 1281367 0
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Chapter 6: Conclusion

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—burhup nifride 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, Uy ,Zr,sN 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 Puy_yMA,Zr, 4N as the
actual fuel because the prediction of the thermophysical properties of Puy yMA,Zr, N is very
difficult in the different way of (PuMAN+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 componeht. 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 (PuMAN+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 (UO,, NpO,,
PuO, and AmO,) were semi—empirically determined. Using these parameters, the author
evaluated the thermal expansion, bulk modulus, specific heat capacity and thermal conductivity of
not only AnO,, AnN and ZrN, but also MOX, MA—containing MOX, and nitride fuels with the inert
matrix.

The thermal expansion of Uy ,ZrygN by MD calculation agreed with the experimental data

obtained in nd Vegard s law. On the other hand, the thermal expansion of Puy,ZrysN
calculated by MD calculation was lower than Vegard's law. MOX, MA-containing MOX,
Pug,Npg,ZroeN and Pug,Amg,Zr sN followed to Vegard’ s law.

The specific heat capacity of actinide nitrides and actinide dioxides by MD calculation
were similar to the experimental data. MOX, UpsZreggN and PugZrggN  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 x,; were evaluated. In case of the nitride fuels, MD
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results were vastly lower than the experimental data (= k1 ), because the main contribution in the
kror of the nitride fuel is the « . In case of Puy;Npg,Zry N and Puy,Amg,ZrgsN, the influences

of the addition of Np or Am were not almost observed.

MD results of Uo,, NpO, and PuO, showed the close value with the experimental data.
MD result of AmO, 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 AmO,. So, it is thought that MD result of AmO, indicates the intrinsic thermal
conductivity. MD results of UggPu,,0; and Uy ;Puy;0, were well consistent with the experimental
data. MD results of Uy; 4 NpxPuy;0, and Uy;xPug,AmyO, didn’t almost depend on Np or Am
content. ‘

From these results, it was found fhat the thermobhysical properties MA-—conféining MOX
fuels are very close to those of MOX fuels. Therefore, it is thohght that the fuel behavior of
MA-—containing MOX fuel in the reactor cofe 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 th’at ’MD
sirhulation is very useful when we evaluate the thermophysical properﬁies of the fuels with the
complex component such as MA—cohtaining MOX fuels and nitride fuels with the inért rﬁatrix.

In the present study, it is confirmed that the therméphysical properties of the
non—irradiated oxide fuels could be precisely evaluated by MD simulation. ’In MD simulaﬁon, itis
possible to insert the point defect, dislocation and lattice strain in fhe simulation cell in order to
reproduce the irradiated fuel. In fhis case, the elegtron valence 6f‘a part ion of U, Pu and MAs
would change. However, it is difficult to detefmine the potential barameters of actinide ions such
as U and Pu® because there is no material consisted from only U** and Pu®. 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.

The simulated high-burnup nitride fuel pellets (UN+Pd, (UNdN, UN+Mo, (UNd)N+Mo)

were prepared by the carbothermic reduction and atmospheric pressure sintering. NdN pellets

with various porosities and UPd, 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 UPd; along
the grain boundary of UN, Mo precipitates as the pure metal, ?!’“d Nd solves in UN phase. By the
EBSP measurements, UPd; precipitation in UN+Pd bellets orientéted for the direction from (1010)
to (1071), | o o
' Yong' 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
UPRd, phase in UN+Pd-L-and UN+Pd-H were higher than that of UPd, pellet. - The fracture
toughness improved by UPd, precipitation because UPd; 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

da{a éstifnated from the volume thermal expansion’coefﬁcients and bulk modulus of UPd; 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 UPd, phase in UN+Pd pellets obtained from the
indentation tests and crystallographic properties of UPd; phase obtained from the EBSP
measurements. This method WOuld allow us to evaluate'the thermal conductivity of fhe
high-burnup fuels by the small specimen. The thermal expansion of (UNd)N and UN+Mo,
(U',Nd)N+Mko followed to Vegérd’ s law and Turner’ s equation.

The experimental data of thek thermal conductivity of UN+Pd were lowér than the data
estimated from Schulz’ s equation. Those of (U;_xNdyN decreased witH increasing the X . In
the case of UN+M6, the experimental data were well consistent with the daté estimated from

Schulz’ s equatioﬁ. The effect of the addition of Mo in UN and (U,Nd)N pellets were véry small.

In the results 6f chapter 2—4, the thermal conductivity and mechanical properties of the
high—bumdp nitride fuels and nitride fuels with the inert matrix were vastly higher than those of
U0, 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 fhe thermodynamics propetties, 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 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.

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 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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