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Crytstal Structure Analysis of Nuclear Fuel Materials in UQ, and Nonoxide Ceramic
Systems Utilizing Neutron Beam
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SUMMARY

. Title

Crystal structure Analysis of Nuclear Fuel Materials in UO, and Nonoxide ceramic

systems utilizing Neutron Beam

Il. Objective of Research

Uranium oxide has wide a single phase region of UOxyx at high Temperature and
oxigen content are related to diffusion coeff.,, thermal conductivity, and creep
behavior. Generally the defect structure should be analysed by using neutron
diffraction due to large scattering power difference between O and U under X-ray
beam. Crystal structure analysis work had beam pursued by Willis in mid—1960’;;
using neutron diffraction and proposed (2:2:2) cluster defect model. Later, several
cluster models, such as (2:1:2) cluster and 6uboctahedron, were proposed. The
(2:2:2) defet model by Wilis has been most frequently referred by. The crystal
structural work on the UQO; doped with CeO» has not been reported utilizing neutron
beam. The results in this study would be utilized as fundamental data base for
developing new oxide nuclear materials with dopant, carbide fuel material, and nitride

fuel materials

I, Content and Scope of Research Development

This study is mainly focused on the crystal structural analysis of UQO..x with varying
O/U ratio and (U, Ce)O». Crystal structural defect model, phase change, and phase
constitution with temperature and oxygen contents were critically analysed. The defect
structure, phase change with temperature, quantative analysis of phases were carried
out using Rietveld method for the samples of O/U ratio = 2.0, 203, 2.14, 2.19, 2.20,

2.26. Crystal structure and high temperature phases were analysed.



V. Result

The sample of 2.14<0/U<220 were composed of two phase, UOzxx and UsQq.
The proportions of UOz. increased with increasing temperature. But at 1000C the
UsOe disappeared completely. The calculated values of UOyUQO2x became
significantly diffrent from that expected from the phase diagram.
Based on the phase analysis calculations the boundary line between the UO..x single
phase and the two phase region (UO2i+UsOg) must be continuously declined than
the reported one. UO214 sample were best fitted by 2:2:2 clusted model, and the
UOz2 and UQO22 sample were mostly composed of space group -43d phase. But
no rhombohedral phase transition was found near room temperature for these
samples. The lattice parameters of UOzxCeO: decreased with x. The UO:-7.5at%
CeO. showed no anisotropic thermal displacement even at 1000'C contrarily to UO»
case. The reduction in lattice size is cor'nributed to the diffrence between the two

materials.

V. Expected Application field

The phase change behavior of UOa.x at high temperature should be utilized in the
area of fuel materials processing and prediction of the fuel oxide behavior inside
nuclear reactor. The doping of CeQ; to UQ; led to the difference of thermal vibration
behavior of oxygen in the structure. This results can provide a basic data for
developing new fuel material(lU, Py)O. The proper understanding of U-O phase
diagram could contribute to understanding of thermal and structural behavior. The
reasults from UOz and (U, Ce)O2 can provide a basic understanding of the defect
and structural change in new fuel materials, such as doped U-oxide, carbide, nitride

fuel materials.
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WA v oAy AFA-EH? AT 22 (Pellet-Cladding Interaction:
PCl)o] A3& ulx|vf, uwiely 22N FA R A7IF7hd LA
2] o/uejof] WE AL W 5L koY e AN {YHYE
sjobste o 2% g g Y |

£ dFdMe AP AxH o o/ AREe thel o/uv] W
2o wE F4ANASEY HAHE RABIAR, 7Eod AVEHAA A
T2 RAE o]&3}o] Rietveld FUYPL 2 A FIXRE F43Igith o
A AHE olA7A] ¢ 0/U el =} ulasigrt

O 12 U0AY Aeixolth. ojdeles E&, U0-Cel, L-EAoA A
2 9 oY AR TR HHE FAsla, ol U0 Ty iRt vz
st 3 Aol FE 45Tt

28 Ay
1. AjEAz

Aol AHgH U0 EUE F FFEA, NHsle 9F BNFL(British
Nuclear Fuel plc)ollA IDR FHLE AHRH Zog HFYx A7l o 2
m, 0/U H]= 2.14(IDR-U0; ih)ojgltt FHx= Zlucie] Eldorado
Resources limitedol]A ADU 2R L8 AHZRH U0, EUTA, HIFURIIAIE
0.9um, O/UBl= 2,12 o|¥it}, & o EUH S¢ESY 4L E 19 UE}
et o]& Bl zinc stearated ¢F 0.2wt {715l 3 ton/en’l B A
Fatdon, 2zt HHAME 1700TCoHAM 4A7 St He E9710N 223}
ZLHADU-UOz.00 £ZA), 1300TolA 4417t F<et Co: #2712 A3kt
(IDR-U02.20). He B CO» 7oA £2ZFH AZAQ] o/uvls 4z 2,0,
2.03, 2.14(BNFL), 2.19, 2.2, 2.260|glen, .d:?é‘gié 2% 10.60 g/cn’



¢} 10.83 g/co’ Mgt BY % £HA9 0/Ud]= Thermo-Gravimetric 2
2 ¥(TGA)& ol &3le JAsigen, £dUEE 3 (imersion method)
o2 2Ast4crE  U0.xCelz A 8Y A9 x=7.5, 15, 25 at %] 3R ©j
3 w2 BAslgct. 0/U= 2.2, 2.14(BNFL), 2,26 pelleto]] cthgt DSC 24
& 3t4R, ol& F4A B4R vlasyt.

2. 347 HAMYE W 24

o] AEEe B¢ #$¢, o474 8w, WHZF 7.7mm, ZHo| 45mm
vanadium tubeo] 2.21 g &St AFL 3 7.2(250, 500, 750 W 1000C)
ol AAFR B Rietveld FUHE A3t H=AAHAF 4
U P2 AIE]S]  ST2-channel?] HRPD (high resolution  powder
diffractometer)& o]&stdct $42} ¥ A-L Ge331 monochromator& ¥zt
b chalalb( A=1.8348A), 0.05°/step scan, A& V-candl ¥dof HAAZY
o2 oM wiREE AASIAC #AAZ( scanning speed)2 Hth ¥
sl3e] AZE7} oF 10,000cps7t EA ZAstgch $42 ¥A dolEE
Full-prof Rietveld W2} 2 IYg ALgsto] EA43tdct. £FAY 7
2, A2 342 FLS £FAAE stackingdle] HH 2HMEY S A9, 2
2AYNME 2ZAAE AL XLOE UM T o]EE YUY B 2
o] Vanadium tubee] Z¢lste] HHAHE St
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7t 242 84 H™
(1) 22 33 o9

g2 U0A AlBoA] o/Ud] H2H2,0, 2.03, 2.14, 2,19)d] mE A2
#d wisie] wsjolth ofJ|M 2.14% BNFL UG UBEWE Zech U098
U198 H]281H 20=40°~55°}0] 8] M2 EL 2Az HFM Eojn, 2¢ 1
o] 4tejol JePDSUiolElSt MR uf o]§ XA AL UOALLERE Y
*& ¥adstgct o
23 3& O/UM]7} 2.0(U0,)oll A 2.67(Us0s) 2 Z7HY wie] A2 42 3
Tieie] W3o|th. ¥ 29 KAISHAl O/UHITL 2.20]Aboll M EE UOsAto] U
ER, o/UH7t o 2 2.26ARolNE UOE At E7EE ¥ 4 ch
0/U=2. 676l A= UsDsAto] BART}E 0/U=2,.6732} 0/U=2.26& u]la®gd of 2.26
A2 nlAae] U7t HAEEES B 4 oot

(2) & 542 ¥4 wd

27 4= U0, A8 A4H2, 250, 500, 750, 1000CoIA el 3 AHufeie] w2
olch, Atgold nezkx UYL HAMY Ao R FUsH, A
Zt 207} 2713 8 4 Atk Y 5% 0/U=2.148] BNFLEwe] AL 250
T, 1000Ce =fHogM, A2(25C)Y A$ AEE 27 F A2FE A7)
ZRA"E A AT vE APEY RS vepdcl 204 At k=&
H 2 F 20=40THZAN EEE(H24H)H AN art FyHeh AUz
EE&H o] AEE 250TE 7Hgste 39, 2A2HF2 E¢E)v 327 ¥
"rh 1000CE 718t 2% oiA] 23t glolA uoAlEet SdsiA =
Th ol oA ol&F F24o] E&H A& E¥rlh AL AN =&
H ARY 423 250ToMY ExE ¥IAEY 19 dghe E43 A3 o
E& a-U0;, a’-U0(31-1417, F-& 31-1425)91 Zoz zigisich 23ge



U0z Al 28 AH2, 250, 500, 750, 1000CE 22t 7He¥ ¥dviel& d2
Zlolt},

AR50 CHEA] UOp7] 24 23] A 9] A ( fundamental lattice reflection)$]e]
UQs] 2& 0] UER}IL Ql3L, 1000THAE ©]E Ul §loldE & + 3l
tlh 1000C7FE¥ c}r] 250CE YZsts 3¢ thi] Uledol BEHE ¢
4 oltt, 2% 18] Aei=dlA U0 AlEx ¢F 800TZHA] Ue%2} UDzn’dol
ZEYES gAY 4 ¢l3, 3§ 6T o]E 24t FEdn, ez ¥
o] 800Co] AN THUA UDl T ZELHES ¢ 4 dlth 2% 72 U024l
BE2A UOR4RTh 0/Uel7} 2F Atk 25T 500TAolollA 28=35°0] 1
2718 22 MIAE2 Ul(1¥ 3)Ye2RE Yelds ¢ 4 gl 750°9]
Aol A Us038] T3 Eo] A3t 1000TCHHE Aleld e & 4 gt o=
R AHE(2ADN UoRdds SHAAL L2 ozt 289490
Tl Holxle Ao michHch

(3) U0s-xCe0; ¥ A3

23188 U02-xCelz(x=0, 7.5, 15, 25 at¥)A|e] ZAo] mE AL ZF4=z|
Y dzfedoltt. Celal-&%e F7iol mel HAsfA2 A FUsi, 20%kel
£¥ AL (FAYFAL) S B+ At
2% 9+ U02-7.5Ce0x(at%) Al&9 i A sfes 2% F 7o) oiel ¥
A 2 2 0 gro] &% A3t AE & 4 Ut

L}, Rietveld 33 4

(1) 42 3d o

2% 102 Rietveld FWBto] 23] 73 UOui(x=0~0.67) A|E2] 0/U H]
of WE Z=z} 44 Hijolrl

a3 1 Aeixso] Uepd uiel o] 0/U < 2.25 Aol U0 2F Ug0go]



RE3M= 24 ddolt}, 0/U=2.20~2.26 YoM FH AL UG E AlE
oy, weld 2§ 108 FAAAF= UlE F4H major phase) 22 Al4t31a]
2, U0, U021 52 U0 FA2E A4tst4Th U0 42 0/U Bl F7te]
el Pzpdert pastgct, o] wf Uy FtE 1-43d(a=21.8A), Uz
£ Z7HE Fo-3m(a=5.4A) 22 A4bsigct

¥ 2= AoANe oMo 0/U u](2.0,2.03, 2.14, 2.188, 2.2,
2.26)0] wle H=pa4=] WAE Uehiiddoh E 3E U AEE Fo-3no F
L2 O 2 Rietveld FUSR FAAE 2stsicth
o8] stALE J|E Bevan, Willis 52 =EoA UEH 2 T A=}
ZHzbe], & Q100 QA11>9] ware s W H ¢|x (2 Mo’} Mo ) &
Asta, Hef U TFROIMS BaHNE Y¥ wolAseS B4adTh ol
o def At A=HA(MO), MO'HIR], MO'IRlol ERfshe Atd Wzt
Mg E 3¢ Uehduiel g3, olghe  Matsui® Fol A uigtge
(2:2:2) cluster de] Azpel {-Alsich

E 4= U0z A2 AR AU 4 @2 vehdch o] of F4ES
I-43d, a=21754A22 AW3}stoc]

I 112 U0z2 AlEY A2~1000C Zi¥lS 20-80~98°7HA] Hrigt Zo]
th IglellA U0zz(obs, )2 FAH Zio] #HA wmiddo|tt. ATt Ad20lA
t Folge] gl olg A 12 Z4F(750, 1000T) SHIE A
A& ¢ 4 Aok, 28 19 HelzolA U022 U2}t U0 24 F9Lo=
A ol F ¥3E o] & FALERE UL AT F&HTL EI AEfxd
A f 800T o]dollA= U027} Ul Bt 4 S HL2E W¥SlI= AE & +
i, 27 108 &= Frtel wE Fel=Ed™ ¥ whastel x|yt
mietd 2 Ao ME U0 AL AR HolB & U} U0Y 24 EYes
st £4& shych

3% 12= UOz2(obs)E UDz252t U028 ¥ Ao® AU FA% Ao
si=lolct.



E 55 U0z AL Ulole]& U0 T AHI-443d)2} Ug0e+U022| R4
(1-43d+Fn-3m) 2.2 BA% A28 yvehdch @ AH(1-43d)22 Mt 7
S zyate] Aeurt AFE R Zo] BAA &S € 4 Ut el
A U0 2= F A EYo]l B3] £M=ATh

[ Eolld "R- factors” &} ,? FES thEt #o] Fedrh

12

2 yo- o | Ewitl Toi- 1)
pattern R-factor Rp=-— weighted pattern R-factor Re= |-“t—g——
21 o 511l
SI ]:._ IA“I i (N=P+(0) i 164

Bragg R factor Rb = —T expected R-factor Reg = ’ z} il Tl

-y

i 2 = Rup :
goodness of fit g 1 (W

where, Yo and Y. are the observed and calculated intensities at the ith step
respectively, , i is the weight factor (Yor™), N is the total number of points, and P

and C are the number of refined and constraint parameters. [./. are observed

and calculated intensity of kj -th reflection peak, ]

62 U0y, UOzis AlE LES Uet U028 Zj ulE Rietveld U £
A%t Aztolth W02 o8 SEoM EABIAR Upist A2olMT 24
stgch. Ao A U0y 29 U0z 19 22 Uzt 12 wt%, 17.6 wtsEA] 0/U Y]
o] Z7toll wie} UDed] oFol F7hstaicl.
3R 13 F 39 00248 FAFTZE B4 FAAUE 7L B E UER
Zolr}h, U08] APz wlmste] Uehfgith U@ B¢ o2 44
F £ A= =gl & 11003} 111> HEge s AW AX(HYY)ZE EX)
ste A& 47 Jepiglch

N

(2) 22 33 &4
¥ 29} ¥ 60 0/U=2, 2.19, 2.2, 2.26 & 2% wE ZHz} A2 2
Buo] Ex5t= AHF, Uy, Ulsx)e] &&oll th¥t Rietveld ¥U3} &4
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Table 1. IDR-UOz, ADU-UO; £l ZHH E¢EY

Content(ug/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

ok

[e]
o O/UL 99 2.03 2.14 2.188 2.2 2.26
U4Os - - - 91.7660(4) | 21.7779(4) | 21.7541(2)
RT .................. B TR UUTTRTUTUUURRUTRUIITY RUTUTETOTORUTRRRUTTTTRRI SECRTUUTPTCORTORRTRIRUN SURURIIIROUNTSPUIPPNIRT: FOPPISTIPRRRRTP AP
UOsexl 5.4716(2) | 5.4699(1) | 5.4656(1) | 5.4656(2) | 5.4678(2) -
UsOo - 21.7926(3)| 21.792
250 - TN SOU O RSP
UOgsx| 5.4819(2) 5.4749(2) -
UsOo - 21.8580(4)| 21.854
500 .............. | OO TR RO
UOss,| 5.4959(2) 5.4854(2) -
UsOs - 21.9361(9)| 21.923
50 b e
UOgs| 5.5109(2) 5.4977(2) -
U4Og - - 22.010
1000 .................. eeereesenneaaasasnsonsnsrs]eereiearanstnneesttincarnrrvadhaertanatterioncanraresrnssstechereeiearnrarasnsnaseerasrsaersfuriiiirercenriineiiiiiesereanforiniinireeiiieiee
UOzex| 5.5263(2) 5.5160(4) -

Table 2. Lattice Constant Change with 0/U Ratio
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atom X y z occup. Biso
U 0.0000 0.0000 0.0000 0.021 0.537(0)
01 0.2500 0.2500 0.2500 0.038 0.719(0)
02 0.5000 0.3897(0) 0.3897(0) 0.003(0) 0.731(0)
03 0.3102(0) 0.3102(0) 0.3102(0) 0.004(0) 0.734(0)
Fm-3m, a=b=c=5.4668
R,=8.02, Rwy=10.9, Ry=2.92, R=2.87
UOmoOmoOmo
MO = 1.823, MO' =0.144, MO" = 0.192
Table 3. Refinement Result of U0z 14(RT)
aom X y z 00Cup. Biso
Ul 0.0000(0) 0.0000(0) 0.0000(0) 0.333(0) 0.191(8)
U2 0.2500(0) 0.0000(0) 0.2500(0) 0.500(0) 0.1910)
U3 0.1250(0) 0.1250(0) 0.2500(0) 1.000(0) 0.191®)
1] 0.0067(13) 0.0000) 0.2500(0) 0.500(0) 0.1918)
U5 -0.1208(9 0.0045(9) 0.1244(11) 1.000(0) 0.191(8)
U6 -0.0053(11) 0117713 0.3124(10) 1.000(0) 0.1918)
u7 -0.0082(10) 0.1250(10) 0.13076) 1.000@ 0.191@
01 ~0.0337(16) 0.0890(15) 0.2536(17) 1.000(0) 1.129(10)
02 =0.0150(15) -0.0097(16) 0.3514(13) 1.000(0) 1.129(10)
03 -0.1062(12) 0.0840(14) 0.3296(15) 1.000(0) 1.129(10)
o -0.0590(17) 0.05%0(17) 0.0590(17) 03330 1.129(10)
05 0.1812(16) 0.1812(16) 0.1812(16) 0.333(0) 1.129(10)
06 0.0563(20) 0.1848(16) 0.1853(16) 1.000(0) 1.129(10)
o 0.0712(16) 0.0637(18) 0.1926(19) 1.000(0) 1.129(10)
08 -0.0577(17) 0.0643(19) 0.0576(17) 1.000(0) 1.129(10)
09 -0.0614(16) 0.0600(17) 0.4470(16) 1.000¢0) 1.129(10)
010 -0.0660(15) 0.1999(15) 0.1885(0) 1.000(0) 1.129(10)
011 -0.0663(0) 0.1886(0) 0.3230(16) 1.000(0) 1.129(10)
012 0.0686(17) 0.0584(18) 0.3075(15) 1.000(0) 1.129(10)
013 -0.0648(17) 0.1961(0) 0.4436(0) 1.000(0) 1.129(10)
014 -0.1250(0) 0.0000(0) 0.2500(0) 0.250(0) 1.129(10)
L% a=21.8761 b=21.8761 ¢=21.8761
Rp=T7.16 Rwp=9.43 Rb=6.11 RF=6.04

Table 4. Positional and thermal parameters of UOsz.:
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[-43d

[-43d+ Fm3m

R,=8.95 Rup=12.4 x°=6.28

R=8.20 Ry=11.6

Ry=5.11 Rup=6.60 x°=1.79
R=7.95 Rp=6.75 (phase 1)
Re=1.61 Rp=2.39 (phase 2)

21.7927(3)
Lattice Constant, A 21.8012(5)
5.4749(2)
Table 5. Refinement Results of U022
T
RT 250 500 750 1000
U4Og 88.0 84.1 79.6 70.6 o
Wt% ......... tenrteracmnrnssnasnnnnnfenreranerrnsasanraniiareranseefuecarisitrierireriarseians
UOs2+x 12.0 15.9 20.4 29.4 100
2.2 ,
Lattice | U,0s | 21.7779(4) | 21.7926(3) | 21.8589(4) | 21.9361(9) -
const- ------------- e s B S L LI L R T LTI TET YRR TP PN
A UOz+x | 5.4678(2) 5.4749(2) 5.4854(2) | 5.4977(2) 5.5160
U40g 82.4 RT - - -
Wt% ............................................................... TSN O TUPISUUTUUTTOUURPTITY FPTPUCTORRNSRRRRTY RS
UQzex 17.6 2.14/ - - -
2.19 : a=5.4656(1)
Lattice | y,0, [21.76660(4) : - - -
const. e 203/ e
A | UO2ux | 5.4656(2) | a=5.4699(1) - - -
Table 6. Phase proportion/lattice constant of UOz 2, UOz a8, UOg
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atom X y z occup. Biso
U 0.0000 0.0000 0.0000 0.021 1.711(12)

01 0.2500 0.2500 0.2500 0.029 2.023(0)
02 0.5000 0.4043(47) 0.4043(47) 0.007(0) 2.023(0)
03 0.3386(52) | 0.3386(52) | 0.3386(52) 0.006(0) 2.023(0)

Fm-3m, a=b=c=5.5161(3)

Ry=4.52, Rup=5.90, Ry=1.42, R=2.29
UOmoOmoOmo

MO = 1.52, MO' = 0.37, MO" = 0.32

Table 7. Refinement Result of U0, 2(1000C)
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o/u

Fig 1. Portion of the uranium-oxygen phase diagram 1lying between
0/U = 2.00 and 2. 35.
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Fig 2. Diffraction patterns of UOz‘,(k =0, 0,03, 0.14, 0.19) at room
temperature
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Fig 10. Lattice parameter change with 0/U ratio at room temperature
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Fig 12. Observed pattern of U0;2 and calculated patterns of UO: and UQg

Fig 13. 2:2:2 cluster model used for UOz 1« sample
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Fig 14. Variation of lattice parameters (a) and proportions of

UO2.x/U409 phase (b) in UOz 2 sample with temperature
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(c)

Fig 15. Crystal structure of UO; (a) at room temperature

b) showing

anisotropic motion of oxygen in U0O2 at 500C looking down

(

b-axis and (C)diagonal axis.
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Fig 16. Relation of cuboctahedral cluster to the fluorite framework
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Fig 17. Lattice parameter change of UQz.26 with temperature
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