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Background 2/19

Thorium oxide (ThO2) fuel is a good candidate as a secure alternative fuel.

2/19

However, the basic fuel properties data are insufficient compared to those
for uranium oxide (UO2) system.

N mber of papers (b Scifinder)

Thorium oxide + fuel + thermal conductivity : 59 hits 
Uranium oxide + fuel + thermal conductivity : 463 hits

Number of papers (by Scifinder)

The physical properties data for ThO2 system, including effects of the 
Fission Products (FPs) are needed

Uranium oxide  fuel  thermal conductivity : 463 hits

Fission Products (FPs), are needed.

In the present study, high density samples of the ThO2 fuel system have
been prepared by Spark Plasma Sintering (SPS) technique, and the thermo-
mechanical properties are examinedmechanical properties are examined.
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1.  Densification by Spark Plasma Sintering, SPS  
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Application of SPS for ThO2
Porosity dependences of thermal conductivity and sound velocity.

2.  Thermo-mechanical properties of ThO2 system

2.2 FP elements-
added ThO2

Irradiation

2 1 Th U O
2.3 FP precipitate:
Pyrochlore oxide2.1 Th1-xUxO2 Pyrochlore oxide

In the reactor, multiple FP elements are generated. Some of them
di l t th ThO t i d th f t lli id

ThO2 SUMFUEL

dissolve to the ThO2 matrix, and others form metallic or oxide
precipitates. Both effects should be considered.



1.  Densification by SPS 4/19

Application of Spark Plasma Sintering (SPS)

4/19
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SPS temp vs ThO sample densitySpark Plasma Sintering

SPS is electric current-assisted hot-pressing. The concentrated electric current and 
voltage activate the powder surfaces which promotes sintering procedure

SPS temp. vs. ThO2 sample density.Spark Plasma Sintering. 

voltage activate the powder surfaces, which promotes sintering procedure. 
SPS with only 10 minutes at 1873 K can produce >95 %TD ThO2 samples. 
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(a) Porosity dependence and (b) comparison with approximation formula for thermal conductivity of ThO2
(f 7 l f 88 %T D 96 %T D )

200 400 600 800 1000 1200 1400
0

Temperature, T (K)

300 K < T < 1273 K 0 < P < 0 10

(from 7 samples of 88 %T.D.~96 %T.D.).

)1(100
nPa ⋅−⋅= κκ

fitti f l
)8881.31(4.6282 0007.10031.1 PT ⋅−⋅= −κ

300 K < T < 1273 K, 0 < P < 0.10:fitting formula

The approximation formula corresponds the porosity and temperature dependence.
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2.1  Fabrication of (Th,U)O2 7/19

-0.2

 

2

100
 

7/19

-0.6

-0.4

 

ac
em

en
t (

m
m

)

 ThO2

 Th0.9U0.1O2

 Th0.8U0.2O2

 Th0.7U0.3O2

 Th0.6U0.4O2

Th U O
90

95

%
T.

D
.)

SPS temp. :1873 K

-1.2

-1.0

-0.8

D
is

pl
a Th

0.5
U

0.5
O

2

 Th0.4U0.6O2

 Th0.3U0.7O2

 Th0.2U0.8O2

 Th0.1U0.9O2

 UO2
80

85  

tiv
e 

de
ns

ity
 (%

SPS temp. :1873 K
Time : 10 minutes

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
1.2

SPS Temperature (K)

SPS temp. vs. displacement of piston.
70

75

R
el

at

 SPS
 cold press & sintering

Sintering temp.: 1873 K
Time : 10 hours

x=0              x=0.1            x=0.2            x=0.3    

x=0.4           x=0.5            x=0.6            x=0.7    Sample density fabricated by SPS
and pressureless sintering

0.0 0.2 0.4 0.6 0.8 1.0
70

U content x for Th1-xUxO2

x=0.8           x=0.9            x=1.0    

and pressureless-sintering.

In spite of the rapid sintering, high density 
ll t bt i d b SPS d t l

Th1-xUxO2 sample appearance.

pellets are obtained by SPS compared to usual 
pressureless sintering.
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2.2  FP elements added ThO2 9/192

Typical 6 elements: *
t i l t FP Y L Nd Gd

9/19

were added to ThO2.

trivalent FP：Y, La, Nd, Gd
tetravalent FP：Ce, U

Th1-xMxO2-d (M=Y, La, Ce, Gd, Nd, U)

Ball milling of each oxideg

Heat treatment at1873 K for 72 hours

*M. Ugajin, et al., JNM, 84 (1979) 26.Ball milling for 12 hours
0 05L

SPS (1873 K, 10 min)
0.05La

0.05Gd

Heat treatment* and measurement 
Sample appearance*All Ce, U and Y, La, Nd, Gd are assumed to be tetravalent and trivalent.
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)(559740018969094451 Δ )(55974.0018969.09445.1 nmyxra +−⋅Δ=
for Th1-xMxO2-y,  Δr：difference of Shannon’s ionic radii

Lattice parameter linearly changes with amount of FP elements.
From the data, lattice parameter can be predicted by only using Shannon’s ionic radii.



Thermal conductivity change by FP 11/19
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Thermal conductivity of FP-added ThO2
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ε = 18.3, ∆O = 1.49

12/19

Quantification of phonon scattering and estimated thermal conductivity κest

composition
Mass

difference
Ionic radius 
difference Oxygen defect

(×10-2)
A

(×10-43)
κest

(Wm-1K-1)
κexp

(Wm-1K-1)(×10-2) (×10-2) (×10 ) (×10 ) (Wm K ) (Wm K )

ThO2 - - - - - 17.8

Th Y O 7.93 0.295 7.45 44 4 5 1 5 0Th0.90Y0.10O1.95 (51 %) (1.9 %) (48 %) 44.4 5.1 5.0

Th0.90La0.10O1.95
3.36

(23 %)
3.78

(26 %)
7.45

(51 %) 41.3 5.8 5.7

Th C O 3 27 2 08 1 1 9 2 8Th0.90Ce0.10O2
3.27

(61 %)
2.08

(38.8 %) - 15.1 9.2 7.8

Th0.90Nd0.10O1.95
2.99

(26 %)
1.10

(9.6 %)
7.45

(65 %) 32.7 5.2 5.5

2 17 0 00292 7 45Th0.90Gd0.10O1.95
2.17

(23 %)
0.00292

(0%)
7.45

(77 %) 27.2 6.7 6.1

Th0.90U0.10O2
0.0139 
(1.6 %)

0.878
(98.4 %) - 2.53 12.8 13.3

Thermal conductivity of ThO2, including arbitrary amount of porosity, FP elements 
can be estimated from the results.



2.3  ThO2-SIMFUEL 13/192

ThO2-simfuel was prepared to estimate 
precipitates in ThO fuel

 

 

 1% H2-1200C
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FP composition: simulated APWR situation*
Y (Zr) La Ce Nd U

precipitates in ThO2 fuel.
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XRD pattern of ThO2-SIMFUEL

→ peaks from impurity phase were detected.

Sample appearance.
Darker samples are treated at ΔO=-310 kJ/mol.
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Zr
Zr + Nd

14/19

Nd

Th

Nd

Mo Nd – Zr oxide
10 μm

Ru Mo – Ru alloy
B M id

→ Nd2Zr2O7 pyrochlore oxide

Ba

Ba – Mo oxide
→ (Sr,Ba)MoOx perovskite

The pyrochlore oxide, which was 
Mo + Ru + Ba

ThO2-SIMFUEL (treated at 1773 K with 7 %H2 flow).

py ,
not precipitated in UO2 fuel, was 
observed in all ThO2-SIMFUEL.



Fabrication of pyrochlore oxide 15/19

RE2Zr2O7 (RE=La, Pr, Eu, Nd, Gd, Dy) and
 La2Zr2O7
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RE2Zr2O7 (RE La, Pr, Eu, Nd, Gd, Dy) and 
Nd2Ce2O7* were prepared by solid state 
reaction.

~94 %T D samples were obtained by SPS
 Nd2Zr2O7

 Pr2Zr2O7

 

94 %T.D. samples were obtained by SPS 
(sintered at 1773 K for 10 minutes).

 Gd2Zr2O7

 Eu2Zr2O7

 
 

te
ns

ity
, (

a.
u.

)

*Ugajin reported that Nd2(Zr,Ce)2O7 was observed.
M Ugajin K Shiba J Nucl Mater 91 (1980) 227

JCPDS Nd Zr O
 

 Dy2Zr2O7

 

In
t

1 08

1.09

 La2Zr2O7

 

This study

M. Ugajin, K. Shiba, J. Nucl. Mater., 91 (1980) 227.

20 40 60 80 100 120
 

  

JCPDS - Nd2Zr2O7

Diffraction angle,2θ (degree)   
1.06

1.07

1.08

 La2Zr2O7

Pr Zr O

Ref.

Pr2Zr2O7

 Nd2Zr2O7

 Eu2Zr2O7

 Gd2Zr2O7

 Dy2Zr2O7  

pa
ra

m
et

er
 (n

m
)

La Pr Eu

Nd Gd Dy 1.04

1.05

1.06 Pr2Zr2O7

 Nd2Zr2O7

 Eu2Zr2O7

 Gd2Zr2O7

 Dy2Zr2O7

La
tti

ce
 

Nd Gd Dy
1.00 1.05 1.10 1.15 1.20

1.04

 Ionic radius (10-1nm)

XRD pattern and appearance of RE2Zr2O7. Ionic radii vs. lattice parameter.



Thermal conductivity of pyrochlore oxide 16/19

18
  

16/19

12

14

16 La2Zr2O7

Pr2Zr2O7

Nd2Zr2O7

Eu2Ce2O7

Gd2Zr2O7

Dy2Zr2O7

Nd2Ce2O7

κ 
(W

m
-1
K-1

)

2 5

3.0

(W
/m

/K
)

(a) (b)

8

10

ThO2

2 2 7

co
nd

uc
tiv

ity
, κ

 

2.0

2.5

co
nd

uc
tiv

ity
,κ

 

 La2Zr2O7

 Pr2Zr2O7

 

2

4

6

Th
er

m
al

 

1.5

Th
er

m
al

 

Nd2Zr2O7

 Eu2Zr2O7

 Gd2Zr2O7

 Dy2Zr2O7

( ) T t d d d (b) l ti t i i dii f RE f th l d ti it

200 400 600 800 1000 1200 1400

Temperature, T (K)

1.00 1.05 1.10 1.15 1.20

 
Ionic radius (10-1 nm)
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The values of thermal conductivity for pyrochlore oxide are 1~3 Wm-1K-1, 
significantly lower than those for ThO2.



Comparison of properties with ThO2 17/192

240

P
a)

 

(a) Young’s modulus (100%T.D.)

17/19

220s 
m

od
ul

us
 (G

P

 

 La2Zr2O7

 Pr2Zr2O7

Nd2Zr2O7

200

Y
ou

ng
's Nd2Zr2O7

 Eu2Zr2O7

 Gd2Zr2O7

 Dy2Zr2O7ThO2・・・232 GPa

Fluorite structure (ThO2) Pyrochlore structure (Nd2Zr2O7)

Sample Lattice 
parameter

Atom number in 
unit cell

540

)

 

1.00 1.05 1.10 1.15 1.20

Ionic radius (10-1nm)

(b) Debye temp.

pa a ete u t ce

ThO2 0.5598 nm 12 (3)

RE2Zr2O7 1.04~1.08 nm 88 (22)

500

520

em
pe

ra
tu

re
 (K

)

 

 La2Zr2O7

Pr Zr O

Slack’s thermal 
conductivity formula :

M
δ
θ
n

: Mean atomic mass 
: Mean atomic volume
: Debye temp.
: atom num. in unit cell

460

480

D
eb

ye
 te

Pr2Zr2O7

 Nd2Zr2O7

 Eu2Zr2O7

 Gd2Zr2O7

 Dy2Zr2O7ThO2・・・420 K
Pyrochlore oxides show similar Young’s 

modulus and Debye temp. with ThO2.

γ : Gruneisen parameter

1.00 1.05 1.10 1.15 1.20

Ionic radius (10-1nm)

2
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The low thermal conductivity attributes to 
the complex crystal structure.
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Evaluation of fuel properties : Matrix properties + Precipitate properties + Microstructure + ・・・

18/19

by FEM
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It is confirmed that high density samples of ThO2 based compounds
and pyrochlore oxide can be obtained by SPS technique.

Porosity dependence of thermal conductivity and sound velocity forPorosity dependence of thermal conductivity and sound velocity for
ThO2 is determined.

Thermo-mechanical properties of (Th,U)O2 are measured and some
f th f l t dof them are formulated.
FP element-dissolved ThO2 samples are fabricated. The effects of FP

element on thermal conductivity and lattice parameter are quantitativelyy p q y
formulated.

As a unique precipitate in ThO2 fuel, pyrochlore oxides are fabricated
and the thermo mechanical properties are measured The thermaland the thermo-mechanical properties are measured. The thermal
conductivity is significantly lower than that of ThO2 due to the complex
crystal structure.


