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Abstract

It is important to get basic data to analysis physical properties, behavior
in reactor and performance of the DUPIC fuel because physical properties,
fission gas release, grain growth and et al. of the DUPIC fuel is different
from the commercial UO2 fuel. But what directly measures physical
properties et al. of DUPIC fuel being resinterred simulated spent fuel
through OREOX process is very difficult in laboratory owing to its high
level radiation. Then fabrication of simulated DUPIC fuel is needed to
measure its properties. In this study, processes on powder treatment,
OREOX, compaction and sintering to fabricate simulated DUPIC fuel using
simulated spent fuel are discribed. To fabricate simulated DUPIC fuel, the
powder from 3 times OREOX and 5 times attrition milling simulated spent
fuel is compacted with 1.3 ton/cm2. Pellets are sintered in 100% H2
atmosphere over 10 h at 1800 °C. Sintered densities of pellets are 10.2—10.5
g/cm3.
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50%CO2, 10%CO + 90%CO2, 4%H2
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Table 1. Composition of simulated spent fuel(ORIGEN-2, PWR, ZBU=3.42%)

Element

U

Ce

Nd

Cs

Rb

Ba

Sr

Zr

Mo

Ru

Rh

Pb

Ar

Cd

Sn

Te

Stand-in role

Pr, Pu, Np, Am,

Cm, La, Sm, Y,

Eu, Gd, Pm

Tc

Burnup(%FIMA*)

5
(mg/gU initial)

936.5

12.0

10.2

4.00

0.48

2.18

1.23

5.08

5.92

3.77

0.54

2.36

0.13

0.22

0.15

0.74

10
(mg/gU initial)

881.7

19.1

20.0

7.17

0.77

4.91

1.83

8092

11.1

8.46

0.62

7.02

0.25

0.86

0.34

1.61

Reagent

UO2

Ce(NO3)3 • 6H2O

Nd(NO3)3 • 6H2O

CsCl

RbCl

BaClz • 2H2O

Sr(NO3)2

ZrO(NO3)3 • 2H2O

(NH4)6MO7O24 •

4H2O

R11CI3 • 3H 2O

Rh(NO3)3 • 2H2O

PdCl2

AgNOs

CdCl2 • 2.5H2O

SnCk • 5H2O

TeCl4

* FIMA = -10,000 MWd/MTU



Table 2. ORIGEN Code calculations and measured composition of 3 and 6 at%

bumup SIMFUEL, as sintered.

Compound8'

UO2(Pu)

BaCO3

CeO2(Np)

La2O3(Am, Cm)

MoO3

SrO

Y2O3

ZrO2

RI12O3

PdO

RuO2(Tc)

Nd2O3(Pr,Pm,Sm)

Overall0'

compostion(wt%)

3 at%*

97.68

0.147

0.285

0.106

0.359

0.072

0.041

0.339

0.028

0.149

0.364

0.460

6 at%

95.31

0.311

0.526

0.194

0.730

0.11

0.061

0.601

0.031

0.440

0.764

0.912

Actual composition

ICPAES
3 at%

-

0.11

0.23

0.09

0.28

0.06

0.03

0.23

0.02

0.14

0.30

0.41

6 at%

-

0.39

0.53

0.15

0.64

0.12

0.07

0.58

0.03

0.37

0.69

0.87

WDXb)

3 at%

-

0.15

0.27

0.08

0.26

0.05

0.03

0.31

0.01

0.15

0.28

0.37

6 at%

-

0.26

0.58

0.20

0.62

0.13

0.06

0.60

0.04

0.42

0.71

0.85

UO2matrixc)

6at%

-

0.02

0.56

0.19

-

0.06

0.06

0.40

-

0.01

-

0.85

a) Concentration increased to account for the elements in parentheses.

b) Average determined by WDX scanning five different 200jMn x200(m areas.

c) Average determined by WDX on five UO2 matrix grains in spot mode showing

the dissolved additives.

d) ORIGEN Code - To calculate the fission-product compositions, a constant

linear power of 60 kW/m and an initial neutron flux of 5.5 X 1014 n/cm2s were

used with no subsequent cooling out of reactor. Idealized conditions were assumed;

constant power throughout the irradiation period and the same flux through fuel,

although, in practice, the linear power decreases with burnup and the flux is not

adequate for any reactor type at normal power ratings.



Table 3. ORIGEN code calculations and measured compositions of 3 and 6 at%

burnup SIMFUEL,as sintered

Compound

UO2(PU)

BaCO3

CeO2(Np)

La2O3(Am,Cm)

MoO3

SrO

Y2O3

ZrO2

Rh2O3

PdO

RuO2(Tc)

Nd2O3(Pr,Pm,Sm)

Overall composition(wt.%)

3 at%

97.68

0.147

0.285

0.106

0.359

0.072

0.041

0.339

0.028

0.149

0.364

0.460

6 at%

95.31

0.311

0.526

0.194

0.730

0.110

0.061

0.601

0.034

0.440

0.764

0.912
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A

S H

•iH (milling)

granulation)
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Fig. 1. Flow chart of manufaturing process of simulated DUPIC fuel
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Table 4. Contents of fission products added to UO2

Elements

Zr

Mo

Ru

Pd

Ba

La

Ce

Pr

Nd

Sm

Rb

Sr

Y

Rh

Te

91.22

96

101.07

106.4

137.33

138.9

140.12

140.91

144.24

150.36

85.47

87.62

88.9

102.9

127.6

g/lOOOg U

4.347

4.040

2.767

1.921

2.247

1.474

2.865

1.346

4.896

1.035

4.160

8.694

5.329

5.053

6.021

Oxides

Z1O2

MoOs

RuO2

PdO

BaCO3

La2O3

CeO2

Pr2O3

Nd2O3

S1T12O3

Rb2O3

SrO

Y2O3

Rh2O3

TeO2

127.22

144

137.07

122.4

197.33

162.9

176.12

164.91

168.24

174.36

109.47

103.62

112.9

126.9

163.6

Oxides ^

g/lOOOg U

6.060

6.060

3.753

2.210

3.229

1.729

3.601

(1.575)

5.711

(1.200)

(5.328)

1.028

6.768

6.231

7.720

oxide <&•§: NdS.
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s] « J 4 3 7 l f 2]-711 §1-71 3 * H ^ 400g^r attrition miller^l ^ U ^ ^ 150

arm S)^i#£S. ^ 15̂ -̂ > ^rifl^^A^, 5$ ^4*1"SI4. Bfl ^ ^ ^ ^ 4 ^ lOg-i:

l-e^l-fe ^^(agglomeration)

1 37l^Sf^ ZL^ 3 i ^H^lfl^Cf. ^7H1 f - ^ ^ H &£r ^r^^ °J £7> 3.28//

1.68//m, 5

^ , ^ 1 ton/cm2sl
O ^ ^ ^ . S oflu] AJ^*V ^ ^ ^ 1 1 - mor ta r i^ ^ M l ^ ^ ^ 35^1

Sj-(granulation)* ^ A

3) ^ ^ ^ i ^

371, ^-^34 ^^rfolo] p].^. ^ ^^-y-^^ol 014.

Zn
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- 11 -



1 time milling 2 times milling

3 times milling 4 times milling

5 times milling

Fig. 2. SEM morphologies of the powder after attrition milling.
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2 3
Milling Times

Fig. 3. Variation in particle size due to milling times.
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Lfe- Zn

stearatel-

|-§- 1.878, 2.086,

2.295 ton/cm2 A

4 . Table 5fe

9.8mm?1

Ar 7>i

* ^ £37]

stearatel- $

r€- ^ 700°C 5'CS. Zn

l^ .^ , 1700*0°fl

2f <£\Jf-°]

.7343 g/cm3)sl

fe 9.936 g/cm3

92.563 %

10.041 g/cm3

93.541 %

^014. n ^ 6^ l- tt

.714

3.714

71^-s] ^

44^4.
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Table 5. Variation in green density due to powder treatment

and compaction pressure.

ID

1

2

3

4

5

6

41

51

61

Diameter(mm)

10.044

10.041

10.047

10.046

10.043

10.047

10.048

10.052

10.048

Length(mm)

11.707

11.740

11.628

11.906

11.710

11.769

11.565

11.442

11.442

Mass(g)

5.01

5.00

4.995

5.009

4.991

5.017

4.999

4.997

4.993

Density(g/cm3)

5.401

5.378

5.418

5.308

5.380

5.377

5.451

5.432

5.503

ID 1,2,3 : Zn stearate mixed and granulated

4,5,6 : no Zn stearate mixed and no granulated

41,51,61 : no Zn stearate mixed and granulated

1,4,41 : 1.878 ton/cm2

2,5,51 : 2.086 ton/cm2

3,6,61 : 2.295 ton/cm2
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400 800
Time(min.)

1200

Fig. 4. Variation of sintering temperature with time
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IU.UO

- . 10.04

r(g
/c

m
3

^\

1 10-00
Q
•a

1
6 5 9.96

Q 09

1 1 '
—Q— Zn stearate *• granulation

—§1— no Zn + no granulation

— • — no Zn stearate + granulation

1 , 1 ,

i

-

1

94.00

1.8 1.9 2.0 2.1 2.2
Compaction Pressure,(ton/cm2)

93.60

93.20 Q

CU

- 92.80

92.40
2.3

Fig. 5. Sintered density due to compaction pressure
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Compaction pressure : 1.878 ton/cm2

Compaction pressure : 2.086 ton/cm'

Compaction pressure : 2.295 ton/cm2

Fig. 6. Pore structure of pellet mixing Zn stearate and granulating
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\,\ ^<v>>v

Compaction pressure '• 1.878 ton/cm2

Compaction pressure : 2.086 ton/cm

Compaction pressure : 2.295 ton/cm

Fig. 7. Pore structure of pellet granulating and no mixing Zn stearate
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Compaction pressure : 1.878 ton/cm2

Compaction pressure : 2.086 ton/cm2

Compaction pressure : 2.295 ton/cm2

Fig. 8. Pore structure of pellet no granulating and no mixing Zn stearate
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1.725 ton/cm2°iH 3.22

. Table 6 4

13.23mm

lol 4 10pm

9.804, 9.891, 9.881 g/cm35.S

4. °lfe

fe Afl^o.^ 4°14

4

104

4 4

^^-s 44^:4.

4 4 i o t 4 . ID 31, 33, 354

^-^ ID 51, 532] ^ f e 9.894, 9.981

40101x1^

l̂ ID 1,2,34 £ £
, 21, 31)4 2 4 ^ ^ ^ ^ ^ ! ^ ^ ^ t b ID 32, 34, 36, 52, 54, 56 ^ ^ ^ 1 « °l-

. ID 11, 21, 313 4^*11 fe 3^o] 1, 24 ^̂ <H1 «ltrfl 3.711
^ .4 ID 32 - 564 £^*HTT 3 .^O] §̂1-711 ^ # S ) ^ 4 .

40I0} ^^=0.5. ^ 4 ^ 4 . n ^ 12^ ^*g<*H 4 * i

^ ^ H 4 4 \ S 5lo14. i ^ S f e 9.999 - 10.059 g/cm3^-S

44^4. n^ 13-8- i^^sl 4^4 ^ '̂S-i: 44^ 3H4.
4 §0} c]^o] ^ o . ^ o

44^4.
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Table 6. Dimensions and densities of green pellets

ID

31

32

33

34

35

36

51

52

53

54

55

56

Diameter(m

m)

13.306

13.307

13.312

13.313

13.318

13.320

13.288

13.295

13.305

13.308

13.310

13.310

Length(mm)

14.675

14.386

14.185

14.024

13.731

13.498

14.259

13.848

13.576

13.442

13.412

13.034

Mass(g)

10.993

11.001

11.000

11.004

11.009

10.999

10.997

11.001

11.004

11.003

11.007

11.005

Density (g/cma)

5.387

5.498

5.572

5.637

5.755

5.848

5.561

5.722

5.830

5.885

5.898

6.068

ID : 31 - 36 : 3 times milled powder

51 - 56 : 5 times milled powder

2nd number 1 : 1.725 ton/cm2

2 : 2.070 ton/cm2

3 : 2.300 ton/cm2

4 : 2.530 ton/cm2

5 : 2.875 ton/cm2

6 : 3.220 ton/cm2
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6.20

6.00

CO

O

"DJ 5.80

c

Q
c 5.60

5.40

5.20

3 times milled]

5 times milled

2 3
Compaction Pressure(ton/cm2)

Fig. 9. Variation of green density due to the compaction pressure
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Compaction pressure : 1.725 ton/cm

Compaction pressure : 2.300 ton/cm2

Compaction pressure : 2.875 ton/cm

Fig. 10. Pore and grain morphology of sintered pellet with 3 times milled

powder.(1700°C, lOhr)
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Compaction pressure : 1.725 ton/cm2

••-'. a ' ' v • • ' - . ; •

* T a* » • -" *'** •*"• '

Compaction pressure : 2.300 ton/cm2

Fig. 11. Pore and grain morphology of sintered pellet with 5 times milled

powder.(1700°C, lOhr)
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10.08

10.04

o

5 10.00

•a
£

55 9.96

9.92

I —
>— ID 1, 2, 3(1700 C,4hr)

|— ID 11,21,31(1750 C, 4hr)

_L I
1.8 1.9 2.0 2.1 2.2

Compaction Pressure,(ton/cm2)

94.00

93.60

93.20 Q

CO

92.80

92.40
2.3

Fig. 12. Variation of sintered densities due to compaction pressure
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Compaction pressure : 1.878 ton/cm2

K'

w

a. t

Compaction pressure : 2.086 ton/cm

Compaction pressure '• 2. 295 ton/cm2

Fig. 13. Pore morphology of sintered pellet due to compaction pressure
(1750t, 4hr)
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- 4*}

15.43

ton/cm2^

^ 1800°C,

5S]

2 - 3

GD = 0.2517P + 5.1134 (2.244< P <2.9529)

density, g/cm3) , PT=

a]

0.083P" + 0.517P + 9.575

SD^ ^ ^ ^ ^ ( s i n t e r e d density, g/cm3)

10.315 - 10.381 g/cm

1 mm a° l^

nfl

^(ton/cm2)-§-2)-§-

5°C/min.-2l

4.
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Table 7. Dimension and green pellet density due to

compaction pressure 98.11.23

ID

11

12

21

22

31

32

41

51

Diameter(mm)

15.492

15.490

15.492

15.496

15.496

15.499

15.520

15.491

Length(mm)

11.175

11.133

12.057

11.973

11.900

11.822

11.762

11.749

Mass(g)

12.008

12.006

13.015

13.009

13.010

13.015

13.019

13.019

Density(g/cmd)

5.700

5.720

5.720

5.760

5.800

5.840

5.850

5.880

ID : 11, 12 : 2.244 ton/cm2

21, 22 : 2.480 ton/cm2

31, 32 : 2.717 ton/cm2

41 : 2.835 ton/cm2

51 : 2.953 ton/cm2

- 29 -



6.00
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Fig. 14. Variation of green density due to compaction pressure
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Fig. 15. Variation of sintered density due to compaction pressure
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Compaction pressure : 2.244 ton/cm2

Compaction pressure : 2.480 ton/cm2

Compaction pressure : 2.717 ton/cm2

Fig. 16. Microstructiure of simulated spent fuel due to compaction

pressure (1800 °C, lOhr)
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Table 8. Green density and sintered density of simulated spent fuel

and simulated DUPIC fuel due to compaction pressure
98.12.21

ID

235

1100

235

1400

235

1700

OR

1100

OR

1400

OR

1700

Diameter
(mm)

15.475

15.474

15.478

15.462

15.432

15.463

Length
(mm)

13.324

12.956

12.837

10.977

10.976

10.860

Mass
(g)

13.003

13.001

12.997

13.007

12.990

12.998

Green Density
(g/cm3)

5.19

5.34

5.38

6.31

6.33

6.37

Sintered Density
(g/cm3)

10.057

10.125

10.149

10.037

10.222

10.142

ID : 235 : simulated spent fuel

OR : simulated DUPIC fuel

1100 : 1.3 ton/cm2

1400 : 1.65 ton/cm2

1700 : 2.0 ton/cm2
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Fig. 18. Sintered density of simulated spent fuel and

simulated DUPIC fuel due to compaction pressure
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DUPIC SIMFUEL 1.3 ton/cm2

DUPIC SIMFUEL 2. 0 ton/cnf

SIMFUEL 1.65 ton/cm2

Fig. 19. Crack shapes of simulated spent fuel and simulated DUPIC fuel
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i ^ ^ S - ^§7] <^«H 0RE0X*

*fl HM°ll Zn-stearitel- 7l^s] °<H ^ 2^ ^>fl ^-^ £S«j -^4 . 1.3-1.65

ton/cm2^ «a-^^-S. ^ ^ * > ^ A ^ , 1800°C, H2(100%)

1.3-1.65 ton/cm2s1

i ^ S f e 10.37-10.40 g/cm3^-^ ^ § ^ £ ^ 1 ^ 96.
tilsfl EL7\\ M-Bj-̂ tl-. ^ ^ ^ r ^ ^o]tiov^^S ^ 1 5 7 % >
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^ ^ ^ ^ r 1.18 ton/cm2 <>l§h i ^ ^ l ^ ^ 12-̂ 1 ?V o]#o.
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Table 9. Green density and sintered density of simulated DUPIC fuel
due to compaction pressure

ID

OR

1100

OR

1200

OR

1300

OR

1400

Green Pellet

Diameter
(mm)

15.437

15.466

15.470

15.462

Length
(mm)

11.376

11.307

11.273

11.148

Mass
(g)

13.005

12.995

12.997

12.996

Green
Density
(g/cwft

6.108

6.118

6.134

6.209

Sintered Pellet

Diameter
(mm)

12.775

12.808

12.811

12.824

Length
(mm)

9.560

9.454

9.459

9.434

Sintered
Density
(g/cir?)

10.365

10.370

10.389

10.398

Shrinkage

42.45

42.66

42.46

41.79

ID : OR : simulated DUPIC fuel

1100 : 1.30 ton/cm2

1200 : 1.42 ton/cm2

1300 : 1.54 ton/cm2

1400 : 1.65 ton/cm2
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Fig. 20. Sintered density of simulated DUPIC fuel due to
compaction pressure
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Compaction Pressure : 1.30 ton/cm2

Compaction Pressure : 1.54 ton/cm2

Fig. 21. Microstructure of simulated DUPIC fuel
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^j-g- simulated DUPIC fuel
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> A l ^ ^ - 2Lfi] D U P I C
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0.71% ^ ^ - f e f ^ - 4 3.17%
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. OREOX-g- -g-7lfe =̂ 100 g

DUPIC

. s g s 6.21

6.05 g/cm3^

D U p I C

14*1

l- OREOX ^f^- i :
13 g o | ^ ^ ^ 77H
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10.47

^ 1 mm°iH 10 mm
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4.

DUPIC

1. £-^*)eH-q attrition milling ^ 5S]

2.

3.

4.

5. ^

6. 3*3 ^ S ^ ^^<y- 1.2 ton/cm2, i ^ ^ £ 1800°C,

7. *Hs] i ^ ^ £ ^ 10.3 - 10.5 g/cm3 ^ ^ ^ ^ 4.4 - 4.8
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