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Crystal Structure Analysis of Nuclear Fuel Materials in
UO2 Systems Utilizing Neutron Beam
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SUMMARY

[ . Title

Crystal Structure Analysis of Nuclear Fuel Materials in UO2 Systems Utilizing
Neutron Beam

It. Objective of Research

Most nuclear reactors use sintered uranium oxides as the fuel
material. The information on the material characteristics and the high
temperature behavior contribute very important part of the processing
technology and the behavior of the fuel in the reacfor. And the
mechanism of the sinterability enhancement by the additives in the
UO2 and (U-Ce)O2 has not been known clearly. This study is focussed

on revealing the mechanism in terms of the crystal structural aspect.

Il. Contents and Scope of Research

Objectives contents and scope

B specimen compositions: UQuis, Uz, U022

Neutron diffraction analysis and|D> high temperature diffraction and structural refinement
comparison the U-O phase diagram ini> dopant addition and high temperature diffraction data
U2« and (U, Ce) and least square analysis

> comparison to the UO»-1,0q

As summarized in the table this study can be categorized into two
area. For the continuation of the last year study, the crystal structure
and high temperature phase analysis of UO2.x(x=0.18, 0.20) were analyzed

and compared to the phase diagram of U-O systent.  And the mechanism



of the sinterability enhancement by the additives such as Li2O, TazOs in
UO; and UO;-CeO2 were analysed in relation with crystal structure.
Neutron diffraction patterns of the specimens of x=0.18, 0.20 were carried

out with varying temperature. The crystal structural models were tested
using Rietveld refinement method. The phase analysis results were

compared to U-O phase diagram.

IV. Results

The structural analysis works on the UOgz«x and doped UOz.x systems
has been carried out. Further neutron diffraction data will be taken for
the specimens of larger amount of the additives during the remaining
period of this study. Using the neutron diffraction and Rietveld
refinement method,

(1) the phase constitution and crystal structure of the UO2.x(x=0.18, 0.2,
0.27) were analyzed and compared to the U-O phase diagram.

(2) high temperature crystal structure and defect structure of the next
four types of compositions with the additives of Li2O or Ta0s7} were
analysed. The effect of the types of additives and CeO. substitution on
the thermal expansion, defect structure, crystal stiucture were analysed.
UO0,-5wt%Ce02-0.1wt%Li2O(NDUCL)

U02-0.05wt%LizO(NDUL)

!

UO»-5wt%Ce02-0.1wt% Ta0s (NDUCL)
- U0y-0.3wt%Ta0s (NDUT)

V. Plan of Application
Accommodating the information on the crystal structure of nuclear fuel

provides the behavior of the fuel in the reactor and the manufacturing

._.‘v_



process. Practically this basic data can be utilized as the basis of the
projection and the control of the behavior of the nuclear fuel and for the

improve the life time and improving the nuclear characteristics.
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BEA AR g dAe)k wEA E AFE FA additive’t UO: &
< (U-Ce)Oz E&AWHS AAle] X stE ARE YWelwol 244 Fo¢
ANE F3taA gt
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ANEE A UO2A A& H7/IAE EFF A8E AxsJ. UO2A
ABY A9 A" U0, USETLS F FTHEHN, AMAT 459
BNFL(British Nuclear Fuel plc)olA] IDR #A o2 AZH AR HIAYA
A7l ¢ 2, O/U ¥lE 2140DR-UO; Eoldd. Fwse vt
Eldorado Resources limited®|A] ADU FAHLE AZH UO; BEEA, H
dxtA71E 09, O/UHI= 212 o). F £%9o) £3dE ET-EY & £ 1
o JeRh o]E B%e] zinc stearateE F 02wt H7Fstel 3 ton/cm’e
Z AYstgen, 449 HPAE 1700904 487 T4 Hy 297104 22
S AYHADU-UOz0 &2 A), 1300914 4A13F Tk CO; 91712 24834
(IDR-UOQz20). Ho ¥ COz #$7ldA &Z2"E &£ZAY O/UHE 47 20,
2.18, 22001120, 2AWEE BT 1060 g/em’et 1083 g/em’ WA
B 2 AAA el O/UMlE Thermo-Gravimetric 4 (TGA)E ©| &89

1

zA&9ow, 2495 E 439 (immersion method) 25 =431t}

A2ABZAZ EFE ANEY A9 A8 98 £%2 DR IAHLE Ax
H U0, ¢z #adx=ar] 9 g gdiye Z4zF 2249 2 m2/go| 3L

Aldrich Aol A Alz® CeOy ¥4 FdUAA7] R ¢t 6.66, 99.9%,
A2ZAZAA (additive) 2 H7HE L0 2 (Aldrich Al2)9] &E& 97% oA
th UO; B ¥ UO-5wt%CeOy ol LiOZ 2+ 0.05wt%, 0.1wtd% #
7}8ke] Turbula E3H7161A 30&7F 33 F attrition millol| A 30871 &4
sl o™, TaOs= U0z B UO:-5wt%CeQy Hell 72k 0.3wt%, 0.1wt%
A7 s o] Turbula E37]elA 3087 E8E & attrtion millell A 4560+ 7}

BAg9g, 28 24S zine stearate’} EXE pressol] AYs T 3

ton/em’2 A 8aQAn, 2 AFAE 1700014 4417 E9F Np-8%H, £ 712



AZAZAY. o7 WHoE AR} LZAAY AAYUEE Y& 2o
(1) UOz-0.05wt%Li20 : 10.78g/cm® (98.4%T.D.)
(2) UO2-5wt%Ce02-0.1wt%Liz0 : 10.40g/cm’ (97.4%T.D.)
(3) U02-0.3wt%Tax05 : 10.80g/cm’® (98.5%T.D.)
(4) UOy-5wt%CeO2-0.1wt%Tax0s : 10.44g/cm’(97.7%T.D.)

2. 347 HEAE 9 4

#19 2ZAEEES A 2 312(250, 500, 750 2 1000) A FAA A
AYE dHoem AFTE E4L Rietveld 3EFEE ALEaAT. SAA
AL AFAdAHATALS W STUIEAEY ST2-channel?] HRPD (high
resolution powder diffractometer)& ©]€3IHt. FAA AL Ge33l
monochromatorg £33 A3 (A=1.8348), 0.05°/step scan, A&E V-can
o ol AN EZN 4 WAL AASHUT. FHEAZ( scanning
speed)> HW A= A= oF 10000cps7t HAl ARt F4
2 34 volEE Full-prof Rietveld A28} T2aa8L A3t B48tg
o 22449 A AL FAAYALE 2AHAE stackingdle] 3 AHEF
& AT, A2AFAME LEAE FE 2H0E TS £
o] 799} 2¢] Vanadium tubed] sl 3AAYE AT

=0 H
O‘E'.a ‘11'.“??1:



38 BXAz
1. 3482 34 wji"

(1)Undoped- U0,A] AlE.

Fig. 28} 3& UOp Al AE(218, 22)¢ A&, 250, 500, 750 2 1000C
2 258 FVMAAN FEAINE 2FHE BAF A A2A 75
0C7AAE UO2 ZAA(Fm-3m, a=54A)Z%E ] 345 A (fundamental
lattice reflection)E ol ol UsOeAH(I-43d, a=218A)¢ HAE0] Ueltx
AL, 1000TCAAE U LEREHY gaE JojFE & F Ak 1000T
A FAAP F 250TE WA oA UOgel RS & & 9
olglgt I HAvIEY] W3 BIFL Fig. 19 AeH=¢ dXse 4o
U-ONHIEE HE Ul NEE o 800C7A U0 # UOzA(Fm-3m, a
=54A)0] 3ETE 4T & UL, Figs. 2, 39 AFAAME o5 24 F
z3he), 1000CAHE AEES 2o U UOE 1EEL o & ok
Fig. 49] UQO:xA B+ stoichiometric £A191 UsQgZAA XKt O/U¥ 7} 0.02
F Ak Fe~500CHele] AE o)A 20=381} e ZEoA drh}e
2709 3= Fig. 29 vlnd o UsOs AL E2HE YEIEE & 5 o 9
E U0l HaEL 7B0CHE HAaste 1000TAA s &4ds) Atehzlidh
Fig. 18] e EoA UsOsy F9(e,f,7y & E7NY 5 A3 AE A3
o2 YA ded, 213y Fig. 49 3lddyd ®se o] 959 A7AA
7 AR Hel ol meoN TEGGo] tha HolAE e FaTh

(2) Doped-UD, A&

Fig.b= Ta05% AAZAR A& gt U02-0.3wt2%6Tax0s 2
UO2-5wt%Ce02-0.1wt% Tax0s A|:e Z=olme 3ldafelo] wojr. &

-



Eome AA4r7t FHEE € Jo A HEe UO:d Hdvdys
Zow, F Agzte AAdREFe HEE Aol BFHA e Fig 6
Li:0& A7AZ & UO0z-0.05wt%6Liz0%t UOz-5wt%CeOz-0.1wt%Liz0s Al &
g exd wE Y W F A J™E U4 dsdxn 7
on, F AR AdsEde wse Acle #FFHA gen.

2. Rietveld A3} EA

(1) Undoped-U0,A| A&

Table 2 UOzis AES 2 HolHE Uy TEHI-43d)F Ul +
U029 EFH(I-43d + Fm-3m)e2 4% ZA3E vedrh Gd4(1-43d)
oF A3 A EFAY ALET AFYE R #ol BAHRA & £
F AT wEkA] UOse F Aol EFHASE HEs & ¢ Ao
UO2188 F2 U0 2X U0 71E £3Y T [-43de® st
HArk 2y 71EY A EaE wEe v - f - a Aore A
o], B3 A20)|A %W (rhombohedral phase)29 AAo)"?q] wlz 34
Hage F@de S42 32 Aol AZAHA @it 7]Eel B
H FRAREe gHe] AL Table 2% Fig. 20049 2L A8z d4ds
#dol e Adew AlsdEn. 4 Z2AT7x REEL] 439 Y A(atomic
parameters)E 19999 U2 FEE 1A UOpA 59 A9} FAFsI,

Table 3& Rietveld A3l 93] 78 UOnx(x=018) A &9 2% w
& Azp Aol wWgolt), Fig, 7% 8 O/U = 2189 228 Alge 1 &=

1



B A Ao BEL AR 2 WE Ao A3 REHoE x}o]
& Yetih Fig, 7(U0218)8 % &3 300°ClA e duoler 42
ol Al 2RE G328 ghol A3ty 500°Col Al RE AFol7t YELd
0. 2% F7tol we UOede &0 JHERT e 2LEdqARE &%
o ZAadti, Ed 9A GdNeE WEsE 2E%E ABERT 100°Col
A GA YeElwth Fig. 8(UOz2)e 7% Ao A oler 4279
AN E2HE F53 o] A 300°Co| Aol A FE o7t velde, A
HEY A% 600°CHAZFANA  UOo Aol H43 Fadte AR YUERIL,
AU R AS v Wslatth 9E 1000°Cel A A EE FA A
E UOodol ZF3HA dkout FEE AdoAes oF 13%9 U7t 273t
T AL® YEy

H4E 1000°CAA UOzs AEE AE33 Aot UOzse 1000°Ce]
UOzx ©Gdol Hi, o] uf AARFZ(AFTR)E UOwu(UO2) FAE
Aoz BeErh U0z A-$ MOy FEHoZ vYA i, FAt
g9l MO’ (Op <110> WaFwe] A9k MO''(0s <111> W3 4 =
2ol A AR At YA ok UOwue® BEFZ2E U029+ 1999
d AFRIA) 23 MOAEZE B Wol vj#A i, MO’ MO 944
o abhe) kol © FUHE FRo|G. AbAe AR A (MO), MO'HA,
MO 9 Xo EA5tE AR AFE ® 49 21, o]ge Matsui® Fo| Al
A8k vpel e (2:2:2) cluster 2o ZAatel H-ALsT

(2) Doped-U0.A] A& ‘
A7 3 UO-0.3wt%Ta0s A &2l A 3LEA]
A oo AAE F33 Ed(Model NI o &2 Aba7t gl UO2

Table 55 TaxOs& A4

PN

Z(Model D& BA43 AL vustdy, of&9 M442E ¥ Model 1Y
7kol Eee B 4 girh oo AlAE Table 49 AFF-E9 €Y 1/2
x x YAMO)N R EAsLAY. MO'=038¢ @72 o$ =& 3}
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o} U 929 thermal parameter’} &(-)¢ #%& YEUUL, ol & ZA
FzEd glo] MY X} Y&E BEY Ta Fo] vl o} 44

Fz BAdE nystx g3ty Fig 95 £ko wWE AR Wiz
AR eg ZadH, F2FIAA Fh APl EFAFELE E F Stk
Table 65 2% W& JEAAL(MO)S occupancy #< WH3E Yl
0 noE ZFE MO'Y #Ho FEE B F vk Fig. 102
UO2-5wt%Ce0z-0.1wt%Ta0s Al &9 LEojup& ARG Wl
CeOp7t H7FELZN AALT7E 9F 00034 #Hasou, dBFAF «
1.14x10°°CE NDUT Al&(a = 1.03x10°/°C)Rtt & & HAch

Table 72 UOz-5wt%Ce02-0.1wt%Ta0s& &9 MHAE EFAZ B
g (Model I3 o#9] 447t ¢l U0z FZModel DE B F AL
Atk B AAE ¥ Model 13 119 ‘R'# ol NDUT®E =X
dou TN AY Rl ¥ ¥ AL B F ok dE9 AdaE
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Table 1. IDR-UQOZ,

Table 2. Refinement results of U013

ADU-UOZ £%¢] 238 289 &
Content( x107°/g)
Element
IDR-UO; ADU-UO,
F 7.0 <5
C 30 90
Fe 15 25
B <0.03 <0.1
Ca <10 <5
Cl <3
Mg <3 <1
Zn 4
Dy <0.001 <0.15
Gd <0.001 <0.1

single phase (I-43d)

two phases(I-43d + Fm3m)

|R|

R;=9.25 R.,=12.8 x“=6.78
R=9.30 R:=12.3

R,,:5‘89 pr:7.49 X::2.18
R=10.6 R,=9.29 (phase 1)
R=2.60 R,=4.12 (phase 2)

Lattice

21.8002(4)

constant, A

21.7928(9) (I-43d)
5.4729(3)

(Fm3m)
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Table 3. Lattice parameter change of UQOgz1s with temperature.

Temp.C RT 250 500 750 1000
Lattice |Fm3m | 54729(3) | 54797(2) | 54906(4) | 5.4945(16) | 55174(2)
Const. Aty a4 | 21.7028(10) | 21.8071(7) | 21.8726(11) | 21.9285(15) -
Table 4. Refinement result of UOy1s at 1000°C.

atom X y Z occup. Biso

U 0.0000 0.0000 0.0000 0.021 1.791(11)

01 0.2500 0.2500 0.2500 0.027 1.893(10)

02 0.5000 0.4043(47) 0.4043(47) 0.008(0) 2.65(99)

03 0.3386(52) 0.3386(52) 0.3386(52) 0.011(0) 2.82(99)

Fm-3m, a= b = ¢ = 5.5174(3)A
R,=6.45, Rw,w=8.72, R,=2.31, R=2.10
UOmoOmoOmor
MO = 1.29, MQO' = 0.38, MO" = 0.52
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Table 5. Refinement results of NDUT at room temperature.

Model I Model I ]
X y Z B occup. X y z B occup.
U | 0 0 0 [-097(5)| 0.02(-)] © 0 0 -1.0 | 0.021(-)
Or | 1/4 | 1/4 | 1/4 | 0.74(0) |0.042(0)| 1/4 | 1/4 1/4 0.73 | 0.042(0)
O | - - - - ~ 1/2 10.308(3){0.308(3)| 0.73(0) | 0.008(0)
- Rp=105 Rwp=140 x°=4.45 R=085 Rwp =134 x* =407
Rb =114 Rf =891 Rb =9.81 Rf =8.93

Table 6. Variation of the occupancy of oxygen sites with temperature

of NDUT.
Temp.C RT 250 500 750 1000
O 0.042 0.042 0.042 0.042 0.042
O2 0.008 0.007 0.004 0.001 0

Oa(xyz) * 1/2 0.308 0.308

._.22_«



Table 7. Refinement results of NDUCT at room temperature .

Model I Model I
X | v | z B occup. X y z B occup.
U/Cel 0] 0 | 0 {0.23(4)(0.019/0.002 0 0 0 0.19(4) 10.019/0.002
01 111/411/41/410.53(4)! 0.042(-) 1/4 1/4 1/4 0.62(6) | 0.042(-)
O | -1 -1 - - - 172 0.3309(73)[ 0.3309(73) } 0.54(0) | 0.003(0)
Os | - |~ | - - - 0.697(29)| 0.697(29) | 0.697(29) | 1.44(0) 0(-)
g | Bp820 Rwp=1ll 2220 R=791 Rwp =109 x%=212
Rb=4.87 Rf=2.76 Rb=3.80 Rf=2.78

Table 8. Variation of the occupancy of oxygen sites with
temperature of NDUCT.

Temp.C RT 250 500 750 1000

O 0.042(-) | 0.042(-) | 0.042(-) 0.042(-) 0.041(0)

Oz 0.003(0) | 0.003(0) 0.003(0) 0.002(0) 0.003(0)
i O3 0 0 0 0 0.002(0)

Oq(xyz) * 1/2  0.330 0.330
Os(xyz) : 0.697 0.697 0.697
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Table 9. Refinement results of NDUL at RT.

Model 1 Model II
X N z B occup. X N Z B oceup.
U 0 0 0 |-1.01(1)]0.021(0) 0 0 0 -0.96(6) | 0.021(-)
O | 174 | 174 | 1/4 | 0.72(0) {0.042(0)] 1/4 1/4 1/4 0.67(0) | 0.037(0)
o)) - - - - - 0.3484 | 0.3484 0.3484 |0.61101| 0(0)
O3 - - - - - 1/2  |0.8125(38)| 0.8125(38) | 0.66(0) | 0.007(0)
R Rp =103 Rwp =137 X*=3.99 R=878 Rwp =131 X° =367
Rb =946 Rf =835 Rb =577 Rf =822
Table 10. Refinement results of NDUCL at RT.
X y VA B occup.
U/Ce 0 0 0 0.17(4) 0.019/0.002
O1 1/4 1/4 1/4 0.39(4) 0.042
Os - - _ _ _
Os - - - - -
‘R’ Rp=8.45 Rwp=119 =229 Rb=506 Rf=2.66
Table 11 Refinement results of NDUCL at 1000°C.
Model I Model 1T |
x|y | z B occup. X y Z B i occup. !
U/Ce| 01 0§ 0 ]1.03(4)]0.019/0.002 0 0 0 1.01(6) 10.019 0.002
O |1/4]1/4]1/412.08(5)] 0.042(0) 1/4 1/4 1/4  {2.06(6) ] 0.041(-)
O - |- |- - - 12 (03220/032201| 1340 | 0002001 |
O3 | - | ~ | - - - 0.309(12)]0.309(12)]0.309(12) 1.34(O)i 0.002(O t
o | B2 Rwp=975  X'=163 Rp=7.14 Rwp=967 X'=161 |
Rb=1.85 Rf=1.14 Rb=1.15 Rf=0.893
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Fig 1. Portion of the uranium-oxygen phase diagram lving between

O/U = 2.00 and 2.35.
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(b)

Fig. 11 Crystal structurte of NDUCT(UO2-5wt%CeO>-0.1wt%Ta:0s) at (a)
room temperature and (b) 750°C. (small filled circle : MO’ (<110

direction displacement, small white circle : MO’ <111> direction)
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Fig. 16 Crystal structurte of NDUL(UO:-0.05wt%Li-0O) at (a) room
temperature and (b) 750°C. (small filled circle : MO’ (<110> direction
displacement, small white circle : MO’ <111> direction)
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