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Abstract  [Background] Inert matrix fuel (IMF) can efficiently convert plutonium and long-lived minor actinides
used for preventing the proliferation of nuclear weapons and improving spent fuel disposal, hence has been becoming
a hot research topic in recent years. The sol-gel method has the advantage of uniform elemental distribution of the
products and the wet operation process is less likely to produce radioactive dust, therefore, it has been used to prepare
zirconium-based IMF in the research. [Purpose] This study aims to prepare a colloidal solution with good dispersive
properties and to obtain IMF microspheres with good sphericity, uniform size, and homogeneous elemental
distribution. [Methods] First of all, Th Zr,_ O, inert matrix fuel was prepared by an external gelation process, and the
sol-gel viscosity was used as the main gelation index. Then, the variation tendency of sol viscosity with

¢(NH," )/c(NO;") was investigated for different metal ions concentrations and different temperatures. Finally, the
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statistical distributions of colloidal particle sizes were obtained for different metal ions and reaction temperatures by

laser particle sizing tests, and the X-ray diffraction (XRD) was used to study the structure of IMF after heat treatment

at different temperatures. [Results] The results showed that the complex gelation parameters and properties can be

categorized and quantified using gelation field diagrams. In addition, Th Zr,_ O, IMF kernels with uniform element

distribution, good sphericity, and integral appearance were obtained by optimizing the process parameters. Zirconia

showed low solubility behavior in the thorium-oxide system, leading to the generation of a biphasic structure.

[Conclusions] The results of this study indicate that zirconium-based spherical IMF microspheres with good

performance can be prepared by external gelation method.

Key words Thorium-based, Inert matrix fuel, Gelation behavior, Microstructure, External gelation process, Mixed-

oxide fuel
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Fig.3 Transmission electron micrograph of a thorium-
zirconium colloid at a 5% Zr molar ratio (a),
and under local magnification (b)

&4 N8 Zr BEIR EE 5% B4 8 B T IR 20 il oK
0.8 mol-L™". 1.0 mol-L™". 1.2 mol-L™". 1.4 mol-L™"
1.6 mol- L™ \TEEL#5 VA BT SRR VA H I N ZK e B
i B2 B ¢ (NH, D/ (NOO AR L 2R . 24 ¢(NH, )/
c(NO, D /NT- 80% I, FiT A A< JBE ¥ Y0 1Y) 88 55 08 B A
¢ (NH, /e (NO, ) 1) 3% Jin 1 22 12 3% hn s 72 A6 [H
c(NH,D/c(NO,)D T , & J& & 1 5 ik JE ik vy , 3% 5 e
Ko B c(NH,D/c(NODIEEIZ) 80% 2 )& » FT A
F) 5 B HRBE ¢ (NH, D /e (NO,™ Y38 I i 2 gl 3844 76
HALE B E R (0.8 mol'L ' A1 1.0 mol- L) & JE ik
Bl — 2 BUER , T AR RS BTN s 72 = 2 s
BEFWRE TN (1.2mol-L™D, B c(NH, D /c(NO, D
FESIE 0, 25 B 2 DU 3, ) TE v T R 2
{8, BRI e vt 1) T AR A4S

30

—a—0.8mol'L”
—e— 1.0mol-L.”"
—a— 1 2mol-L™!

v—1.4molL™

O |_o -1.6 mol 1!

Viscosity / mPa-s

==

A ';|:':=:-’——l’
0 20 40 60 80 100
(N1 )e(NO3T) / Yo

4 FZr BEIR L 5% WA RS 4 8 B IR TR
B c(NH, )/c(NO,) A5 4k
Fig.4 Variations in viscosity with ¢(NH,")/c(NO,") under
different total metal ion concentrations at a 5% Zr molar ratio
K5 NG Zr BEIREL 5% B &R B TIRE AN
1.4 mol' L™ I, 7E AN [F] e B I J& R % I & 52 Bl
¢ (NH, /e (NO, ) 34 I ) A2 4k #h 25 o e 2 It B2 N

40 °CH1 60 °CH , ¥ ¥ F BEFE ¢ (NH, D /e (NO, D Tfif 3
Tn s FEAE ¢ (NH, D /e (NO, ) AL 80% 2 )5 Kk A F K,
FHRE RN K M s R FE A 80 °CHN, ¥ i ¥ LI
B £ SE Bl ¢ (NH, D /e (NO, ) T 384 0, 7B ¢ (NH, D/
c(NOD I /) 5 1% AT A DR R ¥ s v 1 e Ao
SRRV iR =T VAm el 1) o | A 112 1 e NI ) VA
IR DURE , A2 BB R i CBEL S 3 D o
40 °CHH 60 °CHB AT LA 25 H £ € B R 40 °C
INF V28 JiE S B2 IS 18] 9 12 h, 1 60 °CHF R 75 5 h B AT A
FE R o

—a— 40 °C
30 |—e—gpecC e
—a— 80 °C
w
g 20F
: ]
£
g
2 10f
- 4!—‘——"—‘AIEA‘A
a
./. Formation of a Pasty Mass = ”
1 1 1 1
0 20 40 60 80 100

c¢(NH")/c(NO3) / %

E5 & Ze FEIREL 5% I, A8 [R] SR BE T 6 B
c(NH,)/c(NO,) 1251k
Fig.5 Variations in viscosity with ¢(NH,")/c(NO,") under

different reaction temperatures at a 5% Zr molar ratio

K 6 Dy il i e L B 93 5l 20 °C L 40 °C AN
60 °CI , B HE A I R4S 70 AT i 2k . BEAE S S0 B2
FRIE I, P X s RO 3B K. A R B A T
R AR T~ T 3R AT B 2 I RE B T AR A AN AR, IR
LY~ 22 TA)AH ELREARE , M S JEORE AN i A A AR K s 2
JEE T v B — s B, R 2 1) e A SRR I IR
iR, SEER R I, 4R FEIA 3 80 °CH , fiR A4 HIV i ¥
25 SRR 5 T 0 PR e AU B J o S N FE e 18 . 4
B IR T A 1 JB2 s M TH] 5 60 °C oA il i 1Y)
BB -

7 9 i) 12 <z J K B 43930 9 0.8 mol- L
1.0 mol-L™". 1.2 mol-L™'< 1.4 mol-L"' #1 1.6 mol-L"'
il 2 B LB VA I B REAR 0 AT 2. BB )R S Tk
FERISE I, ~F B RO RO ek s BoREAR RT3 A
R JRARKIIE o AT A AN B fEV
J S5 S BRI A F =24 R T XA AR B 1, JORE ) oK
W FE DT AR AT L, DRI 3 R B 3 2, T i
RLRSF N o

Kl 8 A fr Ze BEIRLE 5% Bk I I, gl 17
A ANE e B T IR L URE A2 AN [F] pH 2% 1 R e
AT N o FERELRIX SR, I 15 MR 5 2N A AR
VAR 5 273 BN 58 42 JO ik IR s A 25 10 X, T A5 IR

100605-4



T OEAE: SMIERE I Th Zr,

O, ML FTMAEHEBEAT Ty S s R 7

—a—20°C

80T |—a—g0°C
—e— 60 °C
40t A \
/\ :
\l- *-—o

Percent / %

20 F

\\
0 +J ._:\

> ) 6 s T0
D/nm
6 O ZrBEIREE 5% N, AN A SR B BB IR
FRVHL 5 73 AT

Fig.6 Particle size distribution of Th-Zr sols under different
reaction temperatures at a 5% Zr molar ratio

o0 | —a—0.8 mol-L™'
—=—1.0 mol-L™
—e— 1.2 mol-L!
—+—1 4 mol-L™'
< 40 —e—1.6 mol-L™'
z
2
P
A~ 201
0 |
0 4 8 12 16

D/nm

E7 & Ze BEIREL 5% I, AN F& 3 TR T
kB s S TR RE 5 o AT
Fig.7 Particle size distribution of Th-Zr sols under different
metal ion concentrations at a 5% Zr molar ratio

A5 42 LI A, £870 UE 73 2 AR AR

(IR 5 £ 72 R IX SR A (1 T Z X 8], B T 15
BURSEANE W A AA , BEAT 70 BT SRAT BRI FE R 47

R G IR IRk » 7 R G X3, P A5 R A 236 P52
AR AR A 2 ik A 5 82 A RS [ A, B i 73 i, B
1T < B IR BE A R, 7R > IO R v Bk e T A
B g 2 KT A BT SR R K

4 F B Too Soft for Processing
XA Yicld Odd-shaped Microspheres
EZ Yield Defect-free Microsplieres

e
N 1 P .
0.6 0.8 1.0

1 L 1 L 1
1.2 14 16 1.8
Metal lon Concentration / mol-L™

8 5 ZrBERLL 5%, Th-Zr A R EER A7
Fig.8 Gelation field diagram of the Th-Zr system at a 5% Zr
molar ratio

22 RZIMNRFRAE

ML T E BT L BT A3 1 58 o 0 1
BRIEAEE A B o fran . Hod, B 9(a) M4y
BUBEV 5 I ThZe O, Bt 3k, 2E 068, HE A
(2 120500 pm, K [ 61, BiAE K /ANE 5T, TEIF
AT BT . K9(b) A 200 °CF-J8 5 ok
FOORE , B T8 HLAS N0 000350 43 4t Tk SRR 6, R
RIS, B W R . B 9(c) N1 350 °CF
AR e V1B K JE 10 ThZr, O, T ER , 2 I M
B BHREE 63, B0 SO R A s sk 3R TG B
R EEMIE RS BRI 4T, RiAR I 5]

*
b -

i PN

T«

9 Zr BRI 5% HUEEIER (a), 200 °CTHRBER(D), 1 350 °CHELL IR (c)
Fig.9 Gel spheres at a 5% Zr molar ratio (a), dried microspheres at 200 °C (b), and sintered microspheres at 1 350 °C (c)

K10 A1 Th,Zr, O, 15 11 55 Joi AR 2% 85 1 X 4
LGB, ek — D R, ROk P A B R 3L
BUEERR, LRI ERIE B AR 4 5 3@ 1 R0 FERLE 43
Bt BRIEFEAL T 0.95 [ FURL 2 T 95% G T Fiki # 52
KERZ LG, A2 b NG EOAZ S i 1 4 A
TR R, RO B R A R AN
—

2.3 RSHEEERIE

11 N 4AH ThO, ZrO, LA S A [l # 4 BRI B J
B 45 R ORI X G AT 59 ¥ . 4l ThO, v T /02 32T
S5 F- A M, & s e 45 10 ZeO, 2 IR ,
M5 24 5% M85 1 Th Zr, O, fER LB H XUF 45 .

Kl 11(a) 9200 °CTJEE =T i B, RA A
R FE BT 5 06, R B IOR N 38 dn A TF AR AR K s i — 28

100605-5



% AR

2023, 46: 100605

10 & Zr FE/REE 5% F Th Zr, O, &5k X 5 2% i 1% 181
Fe AR AR (P ED
Fig.10 X-ray image of a sintered Th Zr, O, microsphere at a
5% Zr molar ratio, and metallographic micrograph (inset)
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Fig.11 X-ray diffraction patterns of dried microspheres at a
5% Zr molar ratio (a), calcinated Th Zr,_ O, microspheres at
650 °C (b), sintered Th Zr, O, microspheres at 1 350 °C at a
5% Zr molar ratio (c), pure ThO, microspheres (d), and pure
ZrO, microspheres (e)
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Fig.12 Scanning electron microscopic images of the surfaces
of Th Zr,_ O, microspheres at a 5% Zr molar ratio (a),
cross-section of a Th Zr, O, microsphere at a 5% Zr molar
ratio (b), and cross-section of a pure ThO, microsphere sintered
at 1 350 °C in an air atmosphere (c)
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