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_ ABSTRACT
The crystal and defect structures of UQ, (x=2.0, 2.03, 2.14, 2.19, 2.20 and 2.26) were analysed by rietveld refinement and the results

were compared to the U-O phase diagram. Neutron diffraction data were collected in the temperature range of RT ~1000°C. The
specimens of x=2.14, 2.19, and 2.20 consisted of two phases: UO,,(F m3m, a=5.4 A) and U405 143d, a=21.8 A). The proportion
of the UO, . (F m3m) phase increased with increasing the temperature. The varation of the proportions of the two phases with
temperature in the UO, 5 and UO, ;4 samples showed some deviation from the expected values from the phase diagram especially at

the high temperature range. The phase transitions y—>B—ot of U0 were discussed in relation with the phase separation.
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2. AlgahH

Aol AH-E U0, BEL F FREA, AdAE 959
BNFL(British Nuclear Fuel Limited)oll4] IDR(Integrated
Dry Route) 3422 AxH Aoz, 79zt 2ls < 2
um, O/U ¥& 2.14(IDR-UQ, oIt FHAlE 7l
t}e] Eldorado Resources Limitedol]*] ADU(Ammonium
Diuranate) 3402 =@ ELTEA, HFUYa 271E
0.9 um, O/UB]E 2.12(ADU-UO, E)e|ct. F B
FoH BaEo] kS Table 19 VRS o]E EE
zinc stearate® F 0.2 wt% H7F5k 3 on/em’O 2 A5
e, 22k FFAE 1700°CAM M7 B Hy 29
7194 BN HADU-UO, o9 £28A), 1300°CoIA 4A17E
B¢ CO, #9712 £2FFATHIDR-UO, ). Hy B CO,
9715 8] 27402 HIAAAM 223 2EAES O/
Ud)E 242 2.0, 2.03, 2.14, 219, 2.2, 22601901, &7
Uss 2% 1060 glem’? 10.83 gem® HYTH £ &
2749 /M= 2% H(thermo-gravimetric) 4 HS- o]
Bate] FA AT _

o] AEES 229 A, 97 8mm, WE 7.7 mm,
Zo] 45mm® vanadium wbeol] 2.21¢ HFYstd Fe

Table 1. Impurity Contents of IDR-UO, and ADU-UQ, Raw

Materials
Content (Ug/g)
Element
IDR-UO, ADU-UO,

F 7.0 <5
C 30 90
Fe 15 25
B <(.03 <0.1
Ca <10 <5
Cl <3
Mg <3 <]
Zn 4
Dy <0.001 <0.15
Gd <0.001 <0.1
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o) @I 7=} ¢F 10,000 cps7t FA =4S
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Fig. 1. Neutron diffraction patterns of UO,,, (x=0, 0.14, 0.2,

0.26, 0.67) at room temperature ( O : UyOq, % : U;0g).
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Fig. 2, Diffraction patterns of UO, with varying temperature.
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Fig. 3. Diffraction patterns of UQ,, with varying temperature.
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Fig. 4, Uranium-oxygen phase diagram encompassing U,Q.
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Fig. 5. Diffraction patterns of UQ, 5 with varying temperature.
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Fig. 6. Lattice parameter change with O/U ratio at room
temperature,

Table 2. Rietveld Refinement Result of UO,;, at Room

Temperature
Atom X y z Occup. B
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)

Fm3m, _ a=b=c=5.4668
Ry=8.02, R,=109, Ry=292, R=287
UOmaOmoOmon
MO0=1.823, MO'=0.144, MG"=0.192

(major phase)22 &k A3, U0, U0y T
U0, & 902 393} ANtk U0, A2 O/U 1)
F7Yl wel AxpPdart ghsidn ol U048 FE
[ 43d(a=21.8 A), UOyi= B2 Fmdm@a=54 A)eE
a5t ~ ‘

Table 29 UO,,4 NESE Fmd3m ZHEOE retveld &
D33 A3 goFsigch dejo] A Bevanstd
Willis> 9] =Eold @u®E Wz T4 AR, &
<110>F <111>9] Weke g ¥l @z Mo MO"
o x5k, U0, TZolA 2] g 4A9Re U v)o)d
UeE E 4 AUk ojn el Ak AR (MO), MO' ¢
A, MO" #lRol] SAeHe Atk YAk ZAE Table 29
23, o] 7he Murraye} Willis®7F AAI& (2:2:2) cluster
=9} Aot fAlsiT). Table 3 ol U0, A8
A4z} BN AFE Jepdc), o] of ThEE 1434, FA4
A a=21.754 AR AYsEIH).

Fig. 72 UO,, ]ioﬂ ek A& ~1000°C B4 &™
HeEeA 80~98°0)Ere Fhek Zlolt}. 2071 85°9 95°
B2 H3Ee] )&—S—OWL =2 BaFo %lour 3
2072 ZE(750, 1000°C) dht2 AL < 4 9t}
U-0 =2 75 A2eM U0,, Alg+= U409-v]- U0,

#3Al e

- g - ol -

PN - 0]

Table 3. Positional and Thermal Parameters of UO, ,

Atom X y z Occup. B
UL | 0.0000( 0)| 0.0000( 0) [ 0.0000( 0) | 0.3330) [0.191( 8)
U2 | 0.2500( 0)| 0.0000( 0) | 0.2500( 0) | 0.500(0) [0.191( 8)
U3 | 0.1250( 0)( 0.1250( 0) | 0.2500( 0) | 1.000(0) |0.191( 8)
U4 | 0.0067(13)] 0.0000( 0) | 0.2500( 0) | 0.500(0) |0.191( 8)
U5 |-0.1208( 9)| 0.0045( 9) | 0.1244(11) | 1.000(0) |0.191( 8)
U6 (-0.0053(11)| 0.1177(13) | 03724(10) | 1.000(0) |0.191( &)
U7 |-0.0082(10)| 0.1250(10) | 0.1307( 8) | 1.000(0) [0.191( 8)
O1 |-0.0337(16)| 0.0890(15) | 02536(17) [ 1.000(0) |1.129(10)
02 |-0.0150(15)| -0.0097(16) | 03514(13) | 1.000(0) |1.129(10)
03 |-0.1062(12)| 0.0840(14) | 0.3296(15) | 1.000(0) |1.129(10)
04 |-0.0590(17)| 0.0590(17) | 0.0390(17) | 0.333(0) [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)
07 | 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) |L.129(10)
O11 |-0.0663( 0)| 0.1886( 0) | 0.3230(16) | 1.000(0) [1.129(10)
012 0.0686(17)| 0.0584(18) | 03075(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)
= a=21.8761 A|b=21.8761 A |c=21.8761 A
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Fig. 7. Diffraction patterns of UQ, , with varying temperature.

o]

o

‘4 B 3, TLAME U0, P‘é’a b
wehA olF PlEEY =4 nE 2 2 e o
Y] MEERE U2 AU F23 ‘* F 9,1«:} w}2}A]
2 AreMe olgt ool wE Uo,, 134 Hlo|ElE
U 05 U024 27 EFFoz Adsl 72248 st
Fig. 8& UO,,(0b5)8 UO,,5(Us00, 1439} UO,,, <)
ERNez Fds 24 A9 "ot Table 4%
U0y, A& AL deoleg U0, 314303 U0,
+U0,2] EFAT43d+ Fm3m)Q 2 548 A2 e
o, DAY 430) 02 BT A% EF Asun} A
= R ol FARA FLe 2 4 U mEpy

ﬂo] =]

i RO



Aeloere) 2HTE BA 971

2100 T -

1900 | 1,0, (Cale)
- U0,y (Calc )

1700 [~ - U0y 5 (Obs)

1500

Intensity (a.u.)
& = @
g2 8 8

80 82 84 36 38 0 ez 94 9 98 100
2Theta (deg )

Fig. 8. Observed and calculated diffraction patterns of UQO,,
with two phase model (UO, and U,Qq).

Table 4, Refinement Results of UO, ,
Single phase Two phases
(I434) (I43d +F m3m)

R,=5.11 Ry=6.60 x’=1.79
R=8.95 Ry;=124 | Re=7.95 Ry=6.75

‘R’ x*=6.28 (phase 1)
Rf=820 Rb=116 Rf:].61 Rb=239
(phase 2)

21.7927(3) A 143d)
5.4749(2) A m3m)

Lattice

constant, A 21.8012(5) A

U0, = T Aol TFFYLL BE3| & 4 AN V0,,
S U068 AT BEF 42 U0,224 U082 71E
BE9) F7hz 14342 FUst Stk a8y 7By 54
A B vle} 7248 y—foa AoRe] Aol B3] A
2o]4] 5% (thombohedral phase)®9] AFHo]*)e] wje
sld ¥A5e B 44 A e B2
7] edsit), 7)Bol RIH FadEe] Aol #4442 Figs.
7,804 EAE vkl 2 0,0 Aaria] A4} &
Hol oli= ZAo= Almdch

Figs. 9, 10, 1191 O/U=2.189} 22%] A &Ee] 2%
wE Az} st AE W U0 U0, 8 74 &
&2 Rietveld FEg} 249 ZAaje} A== FE A4S
g 87 VehIAT). Figs. 99} 1094 %7} Z718k|
Wt U0, o] ZHss, 1000°CE U0, 9Y 4L
=2 H3ghe & & Utk AR ERA ) 28] dojF A}
e #H3lel Asl=z 5y A4k g5 dHE o Hil
o] AAFh} FEA oz 2olE el Fig. 9(UO0, )
o] 73§ A& 300°ColAM 9] FddelE 4 F et e
T2 HE 555 gl AT 500°C ool BE A
o7} vt = F7H wel U048 E-&0) HH=
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Fig. 9. Phase proportions of UQ,,, and UyOq in the UQ, g
specimens.
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Fig. 11. Lattice parameter change of the UQ,,, and U0,
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Table 5. Refinement Result of UQ, , at 1000°C

Atom X y z Occup. B

U ]0.0000 0.0000 0.0000 0.021 1L.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 10.3386(52) | 0.3386(52) | 0.3386(52) | 0.006(0) | 2.023( 0)

F m3m, a=b=c=5.5161(3) A
R=452, Ryp=590, Ry=142, R=2.29
UOw00moOmor
MO=152, MO=037, MO"=0.32

U0, 4ol 23] Zasis Ae® veida, st £4
9] 7 &ere) WskslAt). v 1000°CAA AEE) #
Ao U,0480] ARsA @ekort ez Adolrs ok
13%9) U057t ZHF-38le 202 vhebgtc).

Table 5 1000°CIX U0,, ANES AU Atolc).
UOQ, = 1000°CollA UO,,, ©dide] Ha, o] u) 2F+=
EET2)E U0, 14U0, 0 A Aoz HAddETh
U02_1494 7% Table 29t Z| MO(OOO] FEHoZ HY
A QL A J2e MO0, <110> 3kl =pel)et
MO"(0,, <111> ¥k WY &)l 24 AAZE A7t A
AR 9tk U0,,0] ATF2E U0, 8 FABRY: MO9S
MO" 9IX|] o3 4ke] o] ZA FrEE B 4 At

4.8 E

1. Stoichiometric Z4¢l U,0, BT} O/UEIZ} 0.02 B&
U0, ABE 2 ~500°CIAE U0, 43 Us05 Ao)
FEIRE, U048 750°C o) dell A Zhaakal 1000°Col A
= 5] ARG dE=eA Ao 2 vellizl U,0,
A F(a, B, v B71E F9)e] 5 RAE A8
2 2N FHAze] oldg dgFo=m Wy

2. U/O ¥)7} 214, 219 € 2208 AEdME U0,
U002 F Ao] &I, 571 S71ge mg Uo,,,2
%ko] Z7151c}. 1000°CME U0, 247 3dAe] 5
AR U0, /302 Halstg .

3. TR AR o doi AEE WHIls YU
of A2 2 A3} Ade] dXsht FRHF ez AolE 1}
BRIt} UOQ, 5 ZANAE 500°C o4RH U0, AE-e
o] FeisolA o=l Rt BE3] 724, & &
Yo Z WEEH 2k AHE K 100°C o) wA U
ERdT}. U0, = A2 Al2gh g deie} oF 20%
ZEo) FJEE AolE vJehNYT). 1000°Co)A HEE} B
e U0, Aol JAF8HA dgkot HE= Adofre <F
13%9] U,057F 3tF3hs 2oz veht & AolE Eqrt.

4. U0y, % A2olr FE& U024 71E9

EEREEEE R

LN - oS

2:2:2 cluster 23 LASHCE oM7) SrHgel wet
el Abh 2:2:2 cluster 22 FEIE §X31H A7)
A g 2AES ST U0,,% U0, 62 ¢
2 U,0,0.82 U060 718 B3 F7hE 14348 4
2= 2t 71E A B yofoa AR
o] o], 53] AollMe] THA (thombohedral phase)Z
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