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Background

Nuclear industry

Depleted, Natural and
Low-Enriched Uranium
(DNLEUV)

160,000 — 180,000 tu stock

in UK (tonnes of uranium) over
the period 2007-2013.
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Crystal chemical design strategy

Minerals: Nature’s wasteforms e Pyrochlore: (Y,Na,Ca,U),(Nb,Ta,Ti),0;
Retains actinides over geological %’;
timescales o
T
Parent formula: A,B,O-, e f«'
Coordination[ I »
Number= 8 6
dated > 1.4 billi

Stable under environmental conditions(t.2l

U,;04 adding into CaTiO;-TiO,-
ZrO, precursors;

Fe and Ni buffer to control
oxidation state and phase present.
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Experimental

1000°C
Air

35 and 45 wt%
U308

Oxide precursors

35 Wt% |_45 Wt%

-=>| 45 Wt%-Fe
1320°C

N, --=D| 45 Wt%-Ni

A § 4 A § 4
X X

Betafite ceramics

'@ Low Carbon Futur®

: U,O4/Buffer
Label Nominal Loading (wto%)
A Cap.06U0.482210.177 T12.20307 35/-
B Cap.s72U0.669210.161 T12.0107 45/-

C Cao_872Uoleegzro.161Ti2_0107-Fe 40.5/10
D | Caps72Uo0.669Zr0.161T12.0107-Ni 40.5/10

v' Phase assemblage

v" Chemical composition

v Quantitative phase analysis (QPA)
v Oxidation state of U

Quantitative analysis

OmS
< |

Composition
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Results and discussion

i All other reflections UTi,O4
- betafite. TiO
D - 45 Wt%/Ni are betafite N
. br b oy n r g _
n - nickel Fe,TiO,
g u - ulvospinel .
- | C- 45 wt%/Fe ) CaTiO,
= A P h — N
g br - brannerite
> |B-4owth r - rutile Tio,
‘w0 Lbr b Jbry e X UTi20
= T|C_)2
Par L T 4[;; ‘h T L X rr X CaT|03
e 440 CaO.92U1.08Ti1.9907 [Ref]
111 4004, .
#l 511 ‘531 | 444 800 662840
- | | . |l ! | A T o | ; D

10 20 30 40 50 60 70 80 90
2 theta (degree) Ref.: J. Solid State Chem., 82,146 (1989)

v Nearly single-phase with some minor phases;

v No free uranium oxide.
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QPA using Rietveld refinement

el

obs.
- calc.
— delta SiM:Vi
Wi= —————
| Bragg position of betafite Z SIMiV;

| Bragg position of rutile

» , wi. weight fraction
| Bragg position of brannerite

Rup = 9.49% R, = 6.41% x2= 4.45 Si: refined scale factor

Mi and Vi are the unit cell
mass and volume

Intensity
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Rietveld refinement of the XRD pattern for the as-sintered sample B.



Quantitative phase analysis

rutile

betafite 3.74

brannerite
5.68

Sample D

nickel
4.76

Sample C
“I | ulvospinel
Nl betafite | 6.80
or Sample B
°T . rutile brannerite
Ml betafite 2.34 3.29
84.80
r Sample A
40 rutile
10.64 4 56

betafite

Phase Amount (wt%o)
Betafite 85.82 +0.11
Ni 4.76 £ 0.46
Brannerite 5.68 + 0.68
Rutile 3.74 £ 0.63
Betafite 86.42 +0.11
Perovskite 6.78 £ 0.66
Ulvospinel 6.80 £ 1.02
Betafite 94.38 + 0.07
Rutile 2.34+1.20
Brannerite 3.29 + 0.86
Betafite 84.80% + 0.24
Rutile 10.64 + 0.65
Perovskite 456 £ 0.59
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SEM observation

Sample B

30 pm
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Chemical composition

Sample B

Intensity (a. _L.)

i

1
L wﬁw‘“&w.w“ﬂ«w by

2

1 1 1
4 6 8 10

¥ Energy (keV)
U . u .
4 brannerite n  betafite
1 1 /T \
'|U -i;i UTI206 ;; ) |‘|UCia ||
M |‘ E ||
’ F ” lf | \,F TI
] Mw,v‘-m “fh P Tln | W' Vil W e remsoccnsa)
—————————— 0 2 s 6 8 10 0 2 m 8 10

30 um
Composition of betafite phase by EDS

Energy (keV)

Energy (keV)

Nominal composition

Cau.135)Uo.55(4)Zr0.17(2) T12.15(8)O7

Cay.094)U0.67(4)Zr0.153) Ti2.10(7)O7

Cao.o05)U0.71(5)Z10.15(2) Tl1.97(6)F€0.28(6)O7

0O W >

Ca.0312)U0.643)Zr0.14(2) Ti2.17(5)07

A | CagosUop.482210.177Ti2.20307
B | Caps72Uo0.669Zr0.161T12.0107
Ref.

single-phase Caj 55U 751,04

single-phase Ca; 4Ug 7T1; 9O

Ref. J. Am. Ceram. Soc., 93 3464 (2010)



QPA using image analyses




Comparison

Sample B
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betafite rutile brannerite

Sample D

Synthesis in high yield at
1320°C, compared to the
reported values (<75 % at
1450°C).

6.78 6.19 6.80

| o OO
betafite ulvospinel  betafite rutile brannerite N



Checking calculation

The contents of the starting oxides were checked and

compared.
B ma'::‘r"i’als Rietveld SEM
co 173 3BE 9T
Tio, 3850 4°f§6i 41;:5
2o, am  GOLE 3877
wo, eso0 VT T Close!
Sample B Raw materials Rietveld SEM
CaO 11.73 13.33 = 0.03 12.94 £ 0.38
TiO, 38.50 40.00 == 1.56 41.50 * 2.88
ZrO, 4.77 4.01 =+ 0.00 3.87 = 0.10
U,0, 45.00 42.66 = 0.52 42.92 = 2.30
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Densification

Density (g cm™)

100} 86.91

99.51 98.76

Relative density (%)

Near fully-densification.
Note: theoretical density Is calculated by Rietveld method

95.57

f DISTINCTIVE



Oxidation state of U

Normalised absorption (arbitrary units)

Normalised absorption (arbitrary uni

1 1 1
17170 17180 17190

17160
El\ergy (eV)
! I ' I ' |
B l 35 wt%
45 wt%

45 wt% + Fe
45 wt% + Ni

1
17150

CauQ,
. SAd

17164 l 17166
Energy (eV)

Average
Sample oxidation state | % U®* £ 5
(vu) = 0.1
U,0, 5.2 60
A 4.3 15
B 4.4 20
C 4.5 25
D 4.5 25

All 4 samples showed an average
oxidation state of 4.4 = 0.1.
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Radius ratio

Chemical composition in Betafite phase

Sample A

4 6
Cay 13U 47U 008Zr017 T

, 1505

Sample B

4 6
Cay 09U 054U% 0.13Z4r0 15T

, 1005

Sample C

4 6 '
Cag 90U 553U% 0182001511 .97F€0 2807

Sample D

4 6 '
Cay 03U 548U°% 01621014 1151707

1.46

. B
ONornlnab D. .. &
B A Tested A C

\thi§ work

.

1] )

1.78

. J. Am. Ceram. Soc., 93 3464 (2010)
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v Nearly-pure betafite pyrochlore ceramics with the high
relative density were prepared in this work.

v We demonstrated the synthesis of betafite pyrochlores in
high yield at relatively low temperature (>85% at 1320°C)
compared to previous studies (<75% at 1450°C).

v’ Starting from the nominal composition with the deficient Ca,
the content of Ca increased in the betafite phase, resulting
In a higher radius ratio favoured by pyrochlore structure.
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Phase diagram study, e.g. increase Ca content.

v’ Stability study using ion beam.

Thanks for your attention!
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