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High Burnup Performance of Mg, Mg-Nb and Ti Doped UO, Fuels

Tetsuo SHIRATORI, Hiroyuki SERIZAWA, Kousaku FUKUDA
Takeo FUJINO", Nobuaki SATO" and Kohta YAMADA'

Department of Nuclear Energy System
Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gunn, Ibaraki-ken
(Received September 7, 2000 )

In order to control irradiation performance of fuel swelling and FP gas release etc. at high
burnups of light water reactor fuels, doped UO, pellet fuels were prepared and their irradiation
behavior was examined. The UQO, pellets doped 2.5 to 15mol%Mg , Smol%Mg - Smol%Nb,
and 3.5mol%Ti and undoped UO, pellets as a reference fuel were loaded together in a capsule
and irradiated to the maximum burnups of 94GWd/t(U) below temperature of 1000°C in the
JRR-3M reactor of JAERI.

As results of post-irradiation examinations such as visual inspection, dimensional and
density change measurements, thermal diffusivity and ceramography with optical microscope
and EPMA , no difference was observed between the doped and the reference UQ, fuels. And
valuable results were obtained on high burnup properties for swelling rates, thermal conducti-

vities, structure changes and so on.

Keywords : UO, , Doped UQO, , Magnecium , Niobium , Titanium , High Burnup Fuel ,
Irradiation Behavior , Swelling , Thermal Conductivity , Rim Structure ,
FP Release
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Table 2.1 Composition of the doped UO, specimens for the irradiation test.

Composition U Enrichment ( % ) Aditives ( mol % )
uo, 6, 10, 20 —

(U,Mg) O, 6, 10, 20 Mg:25, 50r 10,15

(U,Mg,Nb ) O, 6, 10, 20 Mb:5+Nb: 5

(U, Ti)O, 20 35

Table 2.2 Grain sizes of the doped U0, specimens.

Composition of Specimen Average Grain Size ( pm )
10% enriched U 20% enriched U
Undoped U0, " 30 20
2.5% Mg doped U0, " 47 28
5% Mg doped U0, " 50 31
15% Mg doped U0, " 71 50
5% Mg+5%Nb doped U0, 2 26 (717) 26 (68 ")
3.5% Ti doped UO, ¥ — ~150

Sintering conditions : 1) 1710C-5h in He-4%H, .
2) 1500°C—0.5h in He-4%H, .
3) 1550°C-10 or 20h in He-4%H, .




Table 2.3 Densities of the Mg doped UO, specimens.

JAERI-Research 2000-045

Composition Density (g/cm’)
6% enriched U 10% enriched U 20% enriched U
Undoped U0, 10.54 (96.2%TD) 10.51 (95.9%TD) 10.32 (94.2%TD)
2.5% Mg - U0, — 10.52 10. 38
5% Mg - U0, — 10.49 —
10% Mg - U0, 10.34 — —
15% Mg - U0, 10. 38 10.19 —
Table 2.4 Neutron exposures and burnups of the specimens
in BRF-13H capsule.
Location Specimen Max. Neutron Exposure (n/cm’) | Burnup(GWd/t)
in Capsule Thermal (x10°') | Fast (x10%)
20% enriched U 1.5 7.2 84 ~ 87
Upper Section | 10% enriched U 1.6 7.7 60 ~ 62
6% enriched U 1.7 8.1 32 ~ 34
20% enriched U 1.7 8.8 85 ~ 94
Middle Section [ 10% enriched U 1.7 8.8 51 ~ 55
6% enriched U 1.6 8.5 34 ~ 35
20% enriched U 1.2 7.5 60 ~ 66
Lower Section | 10% enriched U 1.1 7.3 32 ~ 34
6% enriched U 1.0 6.9 19 ~ 21
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Table 2.5 Burnups and irradiation tamperatures of the doped UO, specimens (1) .

| (Specimens) Upper Section in Capsule
Fuel Pin A Fuel Pin B Fuel PinC Irradiation
e Enrich. U Composition Burmup Enrich. U Composition Bumup Enrich. U Composition Burnup Temp' (OC )
(wt %) Additive - UO, (Gwdn) (wt %) Additive - UO, (GWd/) (wt %) Additive - UO, (GWdr)
17 20 3.5%Ti 84 20 3.5%Ti 84 20 3.5%Ti 84
16 84 84 84
15 84 84 84
14 5%Mg-5%Nb 84 15%Mg 84 84
13 2.5%Mg 84 5%Mg 85 85
12 87 8s 5%Mg-5%Nb 85 640 - 570
11 Undoped 87 Undoped 85 15%Mg 85
10 87 85 Undoped 85
9 87 86 85
8 87 10 5%Mg-5%Nb 62 85
7 10 5%Mg-5%Nb 61 15%Mg 61 87
6 15%Mg 61 2.5%Mg 61 87
5 Undoped 60 60 10 5%Mg 60
4 60 6 15%Mg 33 60 640 - 550
3 6 5%Mg-5%Nb 31 4 6 5%Mg-5%Nb 34
2 Undoped 34 2.5%Mg 34 10%Mg 34
1 34 34 34




Table 2.5 (Contnued)
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Burnups and irradiation temperatures of the doped UO, specimens (2) .

1 (Specimens)

Middle Section in Capsule

Fuel Pin D Fuel Pin E Fuel Pin F Irradiation
No- Enrich, U Composition Burnup Enrich. U Composition Bumup Enrich. U | Composition Burnup Temp' (OC)
(Wt %) Additive - UO, (GWdn) (Wt %) Additive - UO, (GWdn) (wt %) Additive UQ, (Gwdn)

17 20 3.5%Ti 92 20 3.5%Ti 92 20 3.5%Ti 91
16 92 92 91

650 - 580
15 92 92 91
14 5%Mg-5%Nb 92 5%Mg-5%Nb 92 91

13 2.5%Mg 91 5%Mg 91 15%Mg 91 650 - 600
12 91 91 91

11 Undoped 92 Undoped 92 Undoped N 630 - 580
10 92 87 90
9 92 94 87
8 90 91 88
7 10 5%Mg-5%Nb 54 10 15%Mg 54 85

6 15%Mg 54 2.5%Mg s3 10 5%Mg-5%Nb 55 600 - 560
5 Undoped 52 53 5%Mg 54
4 51 6 15%Mg 35 53
3 6 5%Mg-5%Nb 35 35 6 5%Mg-5%Nb 35
2 Undoped 35 2.5%Mg 34 10%Mg 34
1 34 34 34




Table 2.5(Continued)
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Burnups and irradiation temperatures of the doped U0, specimens(3).

! (Specimens) Lower Section in Capsule
Fuel Pin G Fuel Pin H Fuel Pin 1 Irradiation
Ne- Enrich, U Composition Burnup Enrich. U Comp B p Enrich. U Composition Bumup Temp' ("C )
(Wt %) Additive-UO, | (GWdn | (wt%) Additive - UO, | (GWd) w%) | Additive-uo, | GWan)
17 20 3.5%Ti 66 20 3.5%Ti 66 20 3.5%Ti 66
16 66 66 66
15 66 66 65
14 5%Mg-5%Nb 66 66 65 930 - 820
13 2.5%Mg 65 5%Mg 65 65
12 64 64 64
1 Undoped 63 Undoped 64 15%Mg 64
10 63 63 63
9 62 62 Undoped 62
8 61 61 61
7 10 5%Mg-5%Nb 34 61 61
6 15%Mg 34 10 2.5%Mg 34 60
5 34 34 10 5%Mg 33 900 - 800
4 Undoped 33 6 15%Mg 21 32
3 32 21 6 5%Mg-5%Nb 21
2 6 Undoped 20 2.5%Mg 20 10%Mg 20
1 19 19 19
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Powder Preparation :
- UO, Powder — Ball Milling(>14h) — Milled UO, Powder (Tap Density: 3.0g/cm’)

* UO, Powder + MgO Powder — Milling and Mixing — Heat Treatment — MgUO, Powder

(Molar ratio 1:1) ( 850°C-24h in Air)
* UO, Powder + MgO Powder— Milling and Mixing — Heat Treatment — MgU,0,, Powder
(Molar ratio 3:1) ( 850°C-24h in Air)

- Ti (metal) Powder (<100 mesh) — Milling — Milled Ti Powder

UO, Pellet Fabrication :
Milled UO, Powder —  Pressing (<0.3 tons) —  Sintering (1710°C-5h in He-4%H,)
Green Pellet : Size Dia. 3 x Thich. 1 mm l
Density 6.0g/cm*(55%TD) Sintered Pellet

(UMg)O, Pellet Fabrication :
Milled UO, Powder
MgUO, Powder Milling and Mixing — Pressing — Sintering(1710°C-5h in He-—4%H2)
MgU,0,, Powder (<0.3 tons) |
Sintered Pellet

(U,Mg,Nb)O, Pellet Fabrication :

Milled UO, Powder

MgUO, Powder Milling and Mixing — Pressing — Sintering(1500°C-0.5h in He—4%H,)

Nb,O, Powder (<0.3 tons) [}
Sintered Pellet

(U.Ti)O, Pellet Fabrication :
Milled UO, Powder
Milling and Mixing—Pressing — Sintering (1550°C > 10h in He—4%H,)
Milled Ti Powder (<0.3 tons) |
Sintered Pellet

Fig. 2.1 Fabrication process of the doped UO, pellets for the irradiation test.
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SE Mgk,
(a) EPMA

| (b) SEM m1c:mgfaph

Fig. 2.4 EPMA and SEM of the 5%Mg doped U0, (20% enriched U) on polished surface.
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Ti-K,
() EPMA

(b) SEM micrograph (¢) Higher magnification of SEM micrograph (h).

Fig. 2.6 EPMA and SEM of the 3.5%Ti doped UO, on polished surface.
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3 Cannels for 9 Fuel Pins

C
] NAT
2 B
S i
—
5 o \ “i_ Plenum(He-5%Ar)
S -
5 . £ C
.
5 £
= &TC3 @
e 2
£ TC2 8 Cap (o)
= Specimen
— - ?
ol ] b2 ﬁ
E =5 ! 1T 2 -
é 5 G (\/ Vessels (Mo)
O
3 § 198 H For Specimen
'8 —
o &
R e TC10 Pienum(He-5%Ar)
e BN LT R
/C/N \D\ Fuel Pins

\C_j’// (No-1%Zr Cladding Tube)

Mo Blocks for y-Heater

Fig. 2.7 Schematic Drawing of the BRF-13H capsule for Irradiation of the doped UO,



JAERI-Research 2000-045

I H 6 F E D C B A
For Lower For Middle For Upper
Section Section Section

Fig. 2.8 Appearances of the nine fuel pins.
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AR 2 AA%, Zhud, BIECRAIE R E OREFHIT OmRE & /47‘—(In-Sb?F7)L
AR 2SN E#EP | Rk~ 1800°C)DEIRITIMDIFEMRFAOLEL TWT, ERBEIZ
THLI EIZhWwEHEEINS,

—F. BEZIZIZ, MgiRMOFEZ 20D & TEREEEASE D 12 L7225 TEILEL
LI KE IET L, 60GWd/t O EBREERE O R/ INUORE D4, 0.0139 (18T)
- 0.0060cm?¥/sec (1384C) & 72 - 72, FFEE DBRGHERE THEREEEA'E X £ 15 (35GWd/t)
D15%MgiR MU0, b . EiREHIBIZ D7z » TERIMUOKHOELIZEA LR L TH
%o 5%MgiRMUO, X, LD BELREVEILBEROEZ R LT,
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ERBERE DU B OB HCE 2 SR TE T 5 &, AEOMEIZ X - THAILH
Fr T S TWBAREAREL T, BEORILFEROWE TIE, 20 b HIE
LT BIEDPHMORTWANO 1400C T TORIFEDIEE % A L2012, EBBEE
DERIMUO,AFHZ DV T 2R DBPEZIT - 720 FOFER, Figl.6lllonb L )iz
FimTIE RIEEE O D42%(5E 1 MITE) D 5 50%(55 2 M), AR £1400
CTTlE, 80% 75 84% (ZHIFH L 72,

3.4.2 BULEEROME
BALFCEOWMEM % I L TRIBEEO R e ATz, (BILHEED 7 — ¥ 25§
CHFCERE [C] Tl -l e %75, BEEE LT > Tl OB T — 5 £ o)
P & MEAHRIE (K] THRETT )
BUZEA, T Wiem-K) OfEIE. B3R« : cm¥sec) DM % > TROAD 5
K7z,
A=a * p, + Cp

i EOLEDOREIZB T 2B OER (p,: glem’)ix, UO, & MgOD MBI R
AIFIZFE L(1400C T 1.6% )"0 TH B Z &9 5, MgilRIIUO, 122 T b UO,D kR
CCHkE) % BV, Table 3.4 1SR L2 BEOEMMEGEEE) ¥ ML L TERICBIT 2%
BEORIEZIT o720 720 MgilvuO, D F H L7 5(Cp: cal/g-K) DI BEL 72
ABD T = PAMETH 572D AEBOWE I BT 5 KM DOMgO £ UO,DZ #
FROE 25 3 v 7 ORI Cp=yCp(Mg0) +(1- y)Cp(UONZ L 72h > TENHDIR
GEIGTROLGIEMEZ o 72, BURERDOHERII, BILFERD T — & L3I Table
3402HFFC L. Fig. 371278y P LTRL7Zz, BB, @ED LWRD BREXL v b D #h
{LERD 7 — ¥ (MA- TPRO95%T.D UQ,) @& i L TR L7z, AL 0l
TEDE I AHTHBARI2L I, In-ShRVMHRIRER I 2F DB TERICBI A EHMEH
Wbzl R OEmROMEIZ, BEF AT & AR OFE & b BIniiRilElic L %
FHEE T VY, TRTHE L 7o,

FSRTOHEHEZ. £ 3 MATPRO(95%TD UO,)D 7" — ¥ & HE_ THERNMUOL96%TD)
AEAD, BREFIRIIDL > TERL D B RIBADMEIZSR > 720 MgiIUO,IE, Mg
TIME DS 5%0 5 15% b % { 2 512 L7275 THYREHR MR INUO, L ) & X512
KEL L AHEAEZRL TS, THIZH LT, BEHEORE T 60GWdit O & #kbE
BEDERIMUO,EE DD DT 02 T AT T10.40g/cm*(95%TD) & % 1) |, ZEimh S
1673K £ TOH 1 RO BILHECEEREME D © 1% 5 N7 B3R (T 3.5(450K)-2.0 W/m-K
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(1660K) & F L (LT L7z, Shid, BMERBEFEICLLZbDEEFEL LN, SdiHEEN
FMEZTTIHRA TV T THEENODTH D, i E TORILBCEUE LT
L. COBREI HHEEMMT A L2 > THIET B, FHE OB E 8 H
Lo mER L, [MICRoNE LB Y KR T48W/m-K@450K) ¥ TRIE L 72,
BB TTOMEIZ/NE {, 21W/m-K(660KMEETH 5,

BEHEOMgIRMUO,ZEHI . W31 PRBERE A530-40Gwd/t DRI HR & 3818 & & ik
WEEBOZ 1O O0OMETH S5, 2B, TIN5 BEOBILECEORE* £if
Lo BYRERIZ, ERMUO, L ) b KEWHET, BREEE & BEHRE WG L
7AfIE Z 7R L 35 Gwd/t D 15%MgiR MU0, KL 5% D #FE10.13g/cm?) T3.7(450K) -
21W/m-K (1660K) T&H - 72, HYHROFED1500K 7 # 2 5 =i B D BA{rEF 5 1E | \»
TNDH2.0-23Wm-KOHFHIZH %,

U0, & MgODBLER % I#§ 4 &, MgOD JiM2%3 U0, & 1 b B & #4%5(300K) 2>
5 2£5(1800K)K & VMET, UO,NDOM NI BLERDS X K B2 HIIZERT 5 b
DEEZHLNL, FILOFERTIE, KEHFOHE TEOMEHE S N/zh, BEHE
DHEBHI DV TIE, MgiRinE & 0 b BRBEREE & BEHERE D8RI IS B L2 b
NDEEZIND,

B, FRBEE OUO, L MgiRIMUO,DBULERD 7 — 13T F TR (| IS,
60GWd/tIZ3E T 5 BN INMUO, D BUREZ L ik & 7 — & 15198 J6 2 @B O U0,
OYtkEME L TEELT— 5 Th b,

3.5 HfRZAL

I A D UO AR O BB OMMEE L & v b - 7 RIZB W TREHMEE L EPMA
(Shimadzu EPMA-810Q7) (12 & - TEIEI L /2o (& LT, ERIMUO, 20K o Wi i ML 4%
REEL.FNS B LSRN A D UO,DHIEEZEL & Y EE) % 2544 5,

BRMUO, AR OB (Fig. 3.8 /) !

Fig. 3.8(a) 2 ERMUO, B O K BFHAH OSEMBIREBE 4 /Ry (Z v F 72L& 5
FARBIZSAT RIZ Fig. 2.310R L 70)e 2B E (b.1) £ (b.2)IC1E, 51GWd/t (600-560TC)
TS S 72308 (B No.D@)D SEM BIStD#ER AR L7z, TOMEHE, MEHE
bEIND T & BT FAR ISR LR ERo Twic, BEEHZOKILED K
WHORKEDH TN 2DLOLWD, KL TRIEDHEESET L EEEH(b.2)D X ) 12,
HRALIZZR ) 22bBF PR ONL, BFH BEAKF T, BERL v MDA
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I 70 Y OWRIZRAT 2 BIRBEE OAHTE | FRk2S iR b L, HASIa»
L CRILEROBINC X A2 S UE B A TR T 5, ) LRISER L 72 2 o#&z
() L48] EIEATEY, MR LERIT) ZHKRICESZ - HEOHHELEEZ LN
2@ F i EPMAIZ L AZOHRBDOT MY v 7 AOHBE AN OER, L7
& & FPD 5 JL# (Mo, Tc, Ru,Rh, PA)A B 120/ L Tz, WTFRIZL TS,
BRI e B SEI S SN2, |

ROBHE (c.1)~(c.3). EPRBEEST - 94GWd/t TR IR G 7038600 - 560C) D ¥}
(K ENo.DOW,EQOD 5 bD—EHDIRETH 5, BHE.DIZRONE EBY ., A
FARIIE AR TRBRLRIZR - T0 b &30 &5 3 AT O BIS ) A HHR D T2 5
HThhHIEERELTWAS, (c.2ECEIHDHFEIIEHITHAG@PlEAELTED,
THIEEBREEOKXFCRE LA MAIN L) LM TH 5, SO F Y T
D& A BB ENE, REAEICVbWwA [) LMK AATE TV L0 TH
%o PABE(bI)DTIADHIZITHEIM 2L DX TV D,

X512, BHE (d.1)~(d4)id, BREEE62GWA/T ik I8 5930 - 820T)D A EHGER
FINo.GO)YDIREETH B, ZDFHT A DDOFEIZA S NS L 912, HRREICHKIE
L. BRHEERGERR T 22, AZHER 2> TEY, L) SR L 55
TR LD EZ NS, TORFHIIE GHECE3) IR LA L) LMKALHE
FLHEHONAVWL, Y AHEED TETW RV, BN 2R FEMBTIL AL TBE L
BE (@A) T, M)y 7200552 b I A S caBitaR oD, ThE
EPMA T L 724 R 2 (d IR L7z, R, AEitiiyid €& FPO Mo, Te, Ru,
Rh, PA THLZ EDH o720 TDOS5TLEDEBFPOY ARy MRIHE L7264 w) Z
Yk, BEHRESE P -2 2 FRLTBY,, #5003 —1250M L T /-dik
DR B EBORXE OB A (BED),C) & I TH 5, F5i2, #90GWd/itd D
EPRBERE O FINo. DO, EQWOTIE, 2% ) DEBFPOERS H HIETTHHIZH
b ST, BEHEEAT00CLLFTIE, v~ Y v 7 ARIZH—IHFEELTWT, A
Ry MROFIIZEDL v,

MgiRInuo, K O BIER (Fig. 3.9 &) .

5%Mg-UO, DA B AR OMBRIHOBIZIE., (22 0RO THE~N, €D
BT % Fig. 2312 L 720 A OEHE U0, ~DMgD FEIHEE AT < (. 2.5% R Mgk
THMgODH L T4, Fig. 3.9(a.1)~(a.3)i&. 5%Mg-UO,DEABERLS3IGWd/t (600 -
650°C)D AEGAHNo FO)DMITHEEZDFER TH 5. AWHERIIEG RO IT LA LR
RN, BE @3) RO A L) MgOM ML L7 F TS H T 0 Bbrss
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Vo 7272 L @2)DSEMBIERIZR M5 & ) IZ5RIED 2 IAS SR oMk b Ase & T
W5, [ L 5%Mg-UO, DRI T & HIZHRBERE A E A 72 91GWd/t (650 - 600° C)m&ﬂ
(A No.EB)D B % Fig. 3.9(b.1)~(bINIR T o TEOG.DD & ) IZHEHKIIE, BT

ERIROBH & > THIE L2, BEOD.2)IE, EDHH D) L, é;f’Jlmm 0)&\4*4
DE L FIOWEH DT TH 5, £WIZY LAHBIFA DK Z@ATE  PLERIC
ﬁ*i?’afﬁ‘%% LT EHIIKRERZGAZTER L TS, ORI % EPMA'CEE"”ET% &
b.HD & I, KELLAEOHIIFERMOMIALA R 5H, U M) v 7 A&HIIMg
@ﬁﬁ%ﬁéa’gf &b, ZZTIE, Mgldy—IZ L T A A, DS TIdMgO &
LTAERY PRIZHIEL TV, T/, STEOEBEFPIX, ¥ M) v 7 AN
TH5IERLH G LTV, HTEEIZEKT %)

2.5%Mgii MO R OHAEELIZ, BRMIZERNMUO,EH T 1 b 5§, 5%Mgii
mo BT OB SR TS 5D T, fkcv\ 15%Mg-UO, B OB &Iz DV T #
24 5, Fig3.10(a.1) & (a.2) \RBHAB O v 7 7k L SEMBISE O RE R L.
(b.1)~ (b.3)DIABEIE 61 GWd/t(640-550°C) D FHEHE K No. A®)D SEM (2 & 5 BIEHH &
LB L7, BEROFREHE, BRBEIEL R, A Y 7RI %AV/IV(E
2O MESER) BRET, SRBEEIIBVTLRERBE 2 /R L7, FEOB.D X
AT ZBERIOBETTH ) VEE (b.2) & (b.3)I21X EPMA 2 X 2 WHEBRT I O T- £ UO,
7 R 7 AhOMgD G EAREE R L7z, BEHZORILFIZES S, BT & [k
IZMgO 25 ARy MRICHIL L2 ETH 5, ) 2MBIEE LRI TRV,
IO IEE R OMEALS LW OPBEEINz, 2. 200K 5 LEOERE
FPIZ < FY v 7 AT 2 2 2, B2 M L Twiz, (OB E 34
L72)o

15%MgiR T & S IBRBEE O & A o 7508 & BGHRE A @D » 23 0Y & 2 K
I2%1F B, Fig3.10(c.1) & (c.2) 121d, SEM & EPMA CEI%E L 7 R ERGHERL O Wi i O fk
FEMgDIRREZ R L72o Mgld SpmBlFOKE EDOMgO& L TR Ky MKICHHr
HWLTWhA, FRIIE LT, (d.1)&(d.2)id BEHZIZBRBERL 2% 91GWd/t(650-600°C) T
Ho 12 ABGENo. F @) DBERERTH L, DOVBIEEICASNSL L) I, R
MiovEhEzE LR ZEA Ergﬁdﬂi ‘:ﬁ}iu CHHR L 720 (d2)DEPMADFER
TiE, ) A EESAEOEEN 2 MRFIAORE & BEHT & FIOMgONFED R
bhd, Fo, BRI wat{ﬁJmMg# BRBEFEIZBVWTUO,Y MY v 7 A
HIZE DL 72D A2 B 9 L7oBIANE AR T W) USSRt Mo
KEHZD A SNz, BEMIE, b)) v 7 AFDOKEZFIBOETDSEMIZ L 5
Y LMD B R T, MBI L) AHEASROND, Thbb REREREF DR
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ER R kESRLOMKALE B 70  OEBOMKF@DER; FETHL, 29 L
= H B DOFP(Xe,Cs, Ce) DIBULAEN IZ DWW TIL, KRETTHETY %,

15%Mgifs N C BB G B AT A L2 55 0 o 72 3RHGUENo. T Q0AD) D 1 % *R @ Fig.3.10
(e.1) &(e2) \ZHT Tz, PREEEEAT63-64GWd/t T BBGHRAE A% 930-820C Tk, EHIK
AMAZHEIR L 720 SEMIC & 0 BEREF I - 72 HFE 120~ 180pmD A X 2RI DO
DEBSETLE BERE ()DL IICRHERIEH T VEDS BRSNS o T MERAL
ROV, HIARKIEIZE 2/ILFEOWMD v, HE(e2)DEPMAIZL 57 b
)y 7 ADOMBESHTTIE, REBEFEEIZH - 7oMgODHT I 2 < 2 ) | Mglddimk L
TRRICERLCKETH ) (BEEMgKa), 72, 5 LEDEEFPIE, Mo-La 2R 5
NDEDICEVHIHEEDOREIZL 5 ARy MRICABITHES E LTHELET 5. Mo
LD Ru, Te, Rh, Pd DE 1L, HBEL72)0

Mg-NbiRIIUO, U O Bi%E(Fig. 3.112 M) !

5%Mg - 5%Nb RIMUO, Uk O BB G2 ORI ER 213 . PABERLSSGWd/t (600-560T) D
axtﬂ» (FHENo. FO) 1 DA TH 5, KGR ORI 1228 U OReE] & Fig.

ZEL72EBY . MgENbAUO,~ M1 v 7 AHZEAEE L, K5 I12U04

M'? ML TWA, MgDADEIDEED X 5 \EEERINIC AR v MR T
L 7%\, Fig. 3.1 DIZKIBE B OSEM IO R Z /R L. (b.1) DEEHZD SEM
SR L B L7z, BMPEZROFEOAKIZ, EHRRIC 78R L Twiz, m{L
LEHREFBVOIE, ABOFRSMIZL - TSN T TIZTE TV 2L O THREH
5L0TIIR L, RBRHERO DL WEREEI /R L TWb, B (b.2) \ﬁ@W
IR L THHELZDH DT, 20 ~ 30 miEE DAL & Ok s A O K E 2SR AL
LoohsEFERAZENTES, $72, 5H (b.3)IX, EPMA 12X 2 EWSHD
ERTH D, kR FIIMgENDDHEE L T B DU RIBERE &£ 5 % (Fig. 2.5
ZE)DS, FMGHAICOHFET LI EVBETE S, T, ABOBEEE L b1
SR L CBEEIB L Twi b EZ5Nb, 7. £EFP(Mo, Tc,Ru, Rh,
PADFHTIX, <~ D v 7 AZH =2 L THEET A I LRI N, ZOR
FHZ DWW T b KEN T FP(Xe,Cs, Ce) DI B 2 D5k & elitEt 4 5,

TiZRINUO, B D B (Fig. 3.12 1) .

TR MUO, DA BEAF OHER L. Fig. 2.61T7R L7z, TIdRIMUO,AFHE FREH£IC
HBATHPEIRICHIR L 72A%, & 2 Tl BRIEIR & fli o IREE cyowf.%«ﬁﬁ”éh‘pﬁfiw
HE e SIRBEEORE £ 1 HEAEE L, Fig3.12 (@) &@2)id. BREEE 66GWd/it,
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(930-820 C)D HAGAENo. HO~DD ) LD~ TdH b, BHE (a.)IZH 5N 58
DABA WKL THETLE, BH @) DL ) IIEHROBYE #2175 & B FP
(Mo,Tc, Ru, Rh, Pd) SHEHT W & 2o TR NS, %@M@*Wﬁﬁﬂwﬁ%km
B LT, HSHEORE ORI T IBD A5 H 5 MK & 2 i3 852

%\,

RO BRBERE 84GWd/t (640-570CYDHFHBB~1D D 9 1 D —FR) 122> T Fig. 3.12
(b.1) ~ DR T o HE b.DIZHEOBIIREL R Lz, S OREHT A o SRR
B RE L DIREIER . BREEIL XA D IEm vy, # LT, B OIKIE, B
RTKEHOBR > Twh, HE (b2)L (b.3)DSEMIZ & 2L KBIEETIX, Y A
HMAROMKAIEAT—HIZTE, 30-40,mD S HIZKELZFIAONEEDBI)IZIE, #
@%&mﬁw@mmﬁ%%na ROFGE (b.E, ) AMEESTE TV DEE SRR
DERTTD EPMA 2 X B BT ORERTH 5o R FITHTI L2Tild, Yo
ﬁ?ngQ&ﬁiD#b%&w#\Mﬁ~M%ELtké&ﬁ@ﬁ%%ﬂ%oit\
)& FP(Mo,Tc, Ru, Rh, Pd) IZ ¥ M) v &7 A I 120 L TW T, ARy MEIC
AT L Tz,

3.6 FPIUZEH)

FPZEFHI DWW T, KR OMM, BB L UHGREEL /ST X —-F 12 LT, K
OB DXe,Ce B L U CsD 534  EPMALZ & 5 500 T~ 720 REOSHTTE
F. S ImmO R 2 E L BRSO T, MEHE D KEapF e LT
BERAZEDOTWI-ABE2 &0 T, FPIEEIX, EHERH 25~ 2.6mm OREOHNEDS
Hul E T250pm BOMEIZBIT A5 y FTOUDEME X isE 2 3L LT, FOUI
x4 % Xe,CedB & UCsDENENDFHE X #REFE DM ILFP/UY TE L 720 it T,
FPOMBEDREDZ XM A LIETL2ZE2HME L TBY, B X > THE
WMLZZFPAY N v 7 ANGKRHENSE I L £E8HFAELTL, Ml 100%
2B DI Tid R v, REHELD EPMAIZ L A3 EOEKIZ, AFEy FEET
F5~6pmiLTH b, B, HHEIRL -XEBOFPHH D 2 ST &7 - 7295, i
EIXFETET, ABE~ M) v 7 AFDOTEOMEL LT OO T — ¥ L
L7z Fig 3.131%, ERMUOAEGEINo. D@)D H BIER(ALE 2> 5 750pm DAL ) D
DHEEROF ¥ — FMBHTH S, U.Xe.CeB L VCsOFEMEXMEE X, kI 7%
=2 bthoTHb, MOSHFr— PO KREKFELL) R0 LTHELR
726
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F §°.51-62GWd/t DERBERE DFLFH 12 DWW TEIRMUO,HE & 3 A b U0, 3A#D
FP4-Aii % i L TFig. 3.14(a)~(c) L Fig. 3.1512 F L & 72, Fig. 3.14 121&, B O 547
TOIREE L SEHOSHBA- EE) AR L7, MhORBEROEED KL, HlE
BOHMEEL TS, BH(a) ld, BREEESIGWd/t DAKIR ST I (600-560T)D
R INUO, DA EHFNo.DD) T, HEEZELDBILE (Fig. 3.8(b.1) £ (b 2)IZ/RLIZL 9
2. FIRBEE D 7 ¢ . HIRALRIEAS T E TV A LS B L b o 72 B Th
bo FONMAERFFig 315270y MKER) L7co FPE L THER L 2Celd,
B.UO, T M) v 2 AHiZho TRBAIT L avh b, RN —ThHNIIL Ceiz
B bY—I12% b, TORHOEE. Ca/UMMBEIIL 42~51%DHDOEE & -
TWb, —H. Xe&Csld, MEHREE CHB L MARAILIC X o THESAIN D SRR IZHE
FLID MY v 7 ADSKEEINA) LT, BRESMHIIELT S, L2L., Xe/U
Y Cs/UDFXTIEEELL DA 1L, FHEFN 42~55 %L 42~51% T AL/ NS v,
PRIBEIE S | GWd/t FEFE DB A D XeE iR 120 A FFEXAR IS 12 X 5 Xe/UAHN IR FE I
I FRERADIC # 55% & HESE S 4L, Xe/UMAT iR BE Ha2 ~55%13 . AEiXe D76 ~100 %%H°
TRy y ARICHEEL TWBE I IR D,

Fig. 3.140D B E (b) 1& 5%Mg-UO,z K T, #iiik > B MU0, 3B GLUENo. D@) &

A X U BRE S D BRBERE S3IGW AL, (650 - 600°C)D B GENo FOYD I & f&;%o

OB D MG OBEFiIg3.9a. )~ @3l & |, B OIKEIIERINUO,»

EHEHINES LD -72bDTHb, ZDFPOSAi % Fig. 315 TR S & Xe
DEEEDS, ERMUO,DEB LV DIEETH B LI AL S, LA L, AREHD
SNJE A £250 e m)y CHL(FI750 2 m) B & TEF (11250 1 m)D37~39%D K E Wl &

BT 5L, BEEDEDGH HIZBIT HIENMMgDOAEE DIRFEDS, #RBIIZ XeD A
RIZHBEBLTWAIERENEZLNL, WTIIZL THEREMUO, DT —% LK
I hwEEZONS,

Fig. 3.14DFE ()i, BRBERESSGWA/t ,(600-560°C)D5%Mg-5%Nbifs ITUO, & HHELE
No. FOYD LK L FPigEDRIEN B AR L TWwh,, FEHE, BEHRIC ZoENTsE L
TW2 b DT, HMZELOBEMERIE, FIEOFig 3.11Tl~<7z, G2 5 5E D
FLLERE D DIVEE O HITKE B 5ian S Wilk# Th - 72, Fig 3.14DFP A (HIE
B)E, Xe .CsB L UCedblT & A LERMUO, DT —% L H D &) HIRET, H#
BEILETH-72b D IZIE, FPEENIIN L THL L) iR L dT %o T,

PLED 3 HONKT— & 123 LT, BEEE62GWAL T & il 5T 518(930-820°C) D
R INUO, BB No.GO) D 73T % 4T - Trelisat L7zo T kA, Fig. 3.8(d.1)
~@HDOHMMBIRIIR L2 L) ICHIEL TV 2bDTH S, L, Ihb
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DWH DEED2r i % BAT, S ORI | MOGRIEZEDLGHFOE L L T2
HEfo7Ty b Lze BBEEDSIGWAADHE L D b B L Z10GWdt & HIZEV 20
12, Ce/UDMXHERE L $49% L 56% TEHEVE S BHREE 2> Twbd, LHL, Csk
XeDFERIZFNFENMEICZ > TBY, ZHIE 2 M) v 72 260K EW
TEERRBELTWDS, BREEE2560GWd/t FEJE D6 D Xe A BLE D Xe/U AT iR B I
13 #965% EHEE SN, HOXe/UMATIREILAT10~12%Tdh 5 &\ ) T LIid K Xe
D15~18% (=10/65 ~12/65)\ ML T %,

RKIZ, 84-94GWAAD BEIRBERE D356 O FFLOFP i 12D\ TFig. 3.14(d)~(f) L Fig.
3.164275F o Fig. 3.14(d)~ D2, HEOSHTE DOIKEE & ST ALIE (A- EXLD 5 7 )
2R L72o BE (d) 1. BRBEE87-94GWdt iR HE 41335 (600-560°C)D A HIUO,D
B EEN0.DO,W, E®, WD ) 5D —F)yTh b, ThbHid, Fig 3.8(c.1)~(c.3)DH
WEALDOBIZE TR L L H1C, @HEPHRENZ Y L[ E > T EHBTH 5,
FP/r#rid. 20 B 2l (Fig3.14@)DHBEROELIZFEH L2 T & TOFE) (12
DNTHF o720 RE I OMARADOKE X E5MIE, BORB L ILEPERET, K
BRI HOBEOREEOMKRIBIIH LT, FRILIIOAFDIIHIIZEHITKER
SN AH LTS, AT OFIE, AE» SR E TSumL TOKE S 0-—Fk
2 EIANE A L2 @E D) LG EER L TWwb, 20 2 2O DFPGHT
D#EFR%Fig. 3161270y FMOKEM) L7z CskCeDffiid, BT, I LBIFLAL
MU Thor:7-02, FBIOF—v0HxTay FL, XE T OHERIKT2LH
B L7z Ce/UNMIXTIEREIIE 62~74% TR 51-62GWd/t DEREDIGE & D PREE
FEDSE NG CeDER D VDS, U0, ¥ M) v 7 ARIZBB L £¥—LRIgETHfm
LTw5h, CsOEE D FARIC BEYE 2 S ilb iz o TERIBIED v, £
L TXeld . Xe/UDAHXF IR FE AT~ 44%DFH I H o TEILIE K E v JE T DL
DS HJ40% TH L DI LT, WO L H KREWKIADERIT I 20%FI R TH L, T 72,
KETIZH—0) LHOEE T, HEDOHNED20%EETH 5 DI LT, Hul
AT IR EIBIED T T2 o Ta4%IZET S ABT L T T, (33 CHEPAAN Tt
D E R L TV 5, REEEIOGWA/t A2 HE D5 & D Xe MR D Xe/UMM IR,
#90% & HEE S, Xe/UMAHEREH17~44%1%, HEXeD19~49 %H~ b1 v 7 X
HIZHEET DI Lk b,

ERBERE DR INUO, BAEHIA LT, BBEEE91GWd/t (600 - 650°C) @ 5%Mg iR
UO,RBHFAFNo.E®YD A DK L FPiR L DM E L& % Fig. 3.14 THE(e)IZ/R T o &
FHI, BENC X > TEHOBHICh o7z, TOHMBEILOBIZEHERIX, Fig. 3.9(b.1)
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~(1.3) Tz MghS%imME Nz TE Y, ) LM ESHICAER L TWAE T
2, ABEPLICERELZXAEOEROEEL TWE L) B TH S, Fig.3.16
DFPA(HEA)IE, CsB L Ce& b HIRMUO, ALFH & IZIZHM LIEETH Y, Xe/UM
RO TTIE 18~28% T, HERIUO, AR DML IR IE & 12X LR (RI20% i %) T
Hb,

E 512, MghS15%RIN & L 72UO0, A BHGR B N0 FA3) D A BESL91GWd/t , (650-600°C)
DI % Fig. 3.14OW/R L7z BURHE ., BEGHRIZ ZaEllnda L Tz, 72 M
ZALOBIEHEFIL, Fig 3.10(d.1)~(d.3) TREMNI B~ 7z, @il A/#&IZ %> T
WA RET, FFICFPAATODEGUEAE A 5 1000 e mOALE ), MR L L 7o4S Sk
ZD b ODOEPT THEKEV, N5 DOFPA(HIZER) % Fig. 3.16127Rk L 72, Ce/UAHXT
RS BB E(A L) T 67% HFUMFIL(ER) T59% TH b, THIDREDN S D%
By LT AHY, ERMUO, L KAEL CRABHIIC IO L Tnwas LEZI LN
%o CsDEEEGA BMMOTRE & MXTIIIZEDS v, F 72, Xe/UNIREE O JiZ 11
~19% T ERIMUO, KE DV BE L Z N L ) S ZAVEIZ R > T b, T,
PRBEFEQOGWd/t DA D Xe W ED DT 012~21 % Th b LTINS, MKl
L 7-45 5k E(DR)DOXelE L, ERED12% & HEE S, OB ORE L Z 5T,
ABHIIZIZE 2O/ HWIEHH) LTwa EEZ L5,

UEo 380587 — 126 LT, BEEE84GWd/t , (640-570°C)D TiilsMUO, &0k
(HENoBO~WD ) b D—EYD 53 %47 - TIHEIRE L7z, T D#KHI, Fig 3.12
b.D)~bHDMMBE TR LX) IR L, 2o, MOXERFRICAm
) LM TETVWZLDTH L, ML, SRODERDIEED 1 5RO
KT, REONEBE DD e D IEETE LV, ORI Fig. 3.160
MOEHIALEDFFHOZEE LTT Iy b L7z, TiRMERE O BEREERE DCe & CsD
UMSHRBEIIE, NN 74% L 67% T, OB R L B L TIZ & A LR CHEOfE
Thb, TLMORB LD SERBEEIVO LD YIZIE, Xe DIBFEIZOWTHEL
WHLEZ AL T vy, bbb, BRNUO, DT —F L AEIRVE V)
BTHo72,

WP A D UO,DFPIEEI %2 F L w0 b & [ LB LMMIREEE, BEHRES)T
(. 0OGWA/t 1Z:E T A EHREERL 3 T, ERMUO, L BHE RV WV E v ) #ERIC
ol IRMPOH B, MgiRIMUO,IZR L T b Sawbridge 59D & 9 ZFPH A K
WALNDOZBIIR S Nz vy,

WM O/ 6T, BIFHREOEZUO,~ M) v 7 AHh 5 DCs& Xelt
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RICKECRBL, T4bb, ARMAHIBI(930 - 800°C) & KR B4 #HIH(650 - 550
T)Tld, SiEBEHEBORE DA Cs& Xetii IR & v, Thid, BEE Dy
Axx v EREE 0O OFPH AR EDOHREL D —HL Twb, SHiRBHHEIKT
2, ZLOREPBIR L2 L, BREDBEVLIAFPHT AL BIRESNLZ L4
EIRELEREELONRD,

IIRFEIR O WS OB T RBERE AT 60GWd/t F2JE Tld Cs. Xedk UO, v+ 1) v &7 X
B & CRFF SN T, BRIV DS, BRBEREASE 5 1285V 90GWd/t AiTf& L2
hl, ClIHFVEL WD, XeDHMIBEIIE b, T, SEBEREICBT
5 AREEOERIZEB2DHTHS I,
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Table 3.1 Appearances of the doped UO, specimens after irradiation .

Capsule Upper Section Middle Section Lower Section ™
Burnup | 20 %eU 84 - 87 85 -94 60 - 66 °
(GWdn) | sarmer | 32-34, 60- 62 34.35, 51-55 19-21, 32-34 ;
Temperature ( °C ) 640 - 550 650 - 560 930 - 800 1
Specimen ™\ Fuel Pin A B C D E F G H I

20%eU | 35%Ti |@*x @A |@x |@x |@x |@*x [@x |Ox |D* |34
®@* [®* [®*x |Gx |@®* |®*x [®*x |®x |@=*
B |B* [BGx |Bx |G |BA |G [Bx |[O*

@ * @* @x | @x
B* B*
@*
suM-s%Nd | @A @A | @A | BA @A 5
15%Mg @A | DA (EJAN D * 6
@* @x*
5%Mg (YN @* B * 6
®A @* @x*
2.5%Mg | @* B* B* 6
@* @A @*

Undoped | @* |@* | @A |@A |@A |@A |O*x [@* |[@x |38
@A | @A | @A @A @A @A |@x |[©@x | O
@*x | @A x @A |©OA | @A | Ox @ % @ *

®* @a |[®a [®a |[®a | |@* |©*
@A @A (OF
10%eU | sumgswne [ DO | ®O O] ®A | O* 5
15%Mg | ®© [@O ®0 |0 ®© 6
®0
S%Mg ®A ®© ®O |6
OV @0 ()
2.5%Mg ®A ®0 ®© 6
®© ®0 ®a
Undoped | ®© ®0© @O 6
@0 ®© ®0
6%cU | s%Mgs%Ne | DO @O |®© @0 @x* 5
15%Mg @0 @0 (O] 6
®© @0 [©¢)
10%Mg @0 @0 @0 |6
0/¢) (0] 0©
2.5%Mg @0 @) @O 6
0/c) (0] O
Undoped | @© @0o @ 6
0C) OO (0]
Notes ; 1) Total numbers of specimens. @~ : Specimen’s No. .

Appearances of the specimens after irradiation :
© No failure, A A few fragments,

* A lot of fragments like powder.
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Table 3.2 Swelling rates of the doped U0, specimens .
by a method measured density
Unirradiated Irradiated
Composition - p - - Swelling Rate
of Specinens Density (g/cm’) Specimen No. | Burnup Temperature Density HAVN)
Weight / Pieces of ( Pieces of (GWd/t) (°c) (g/cm®)
Specimens Specimens )
Undoped U0, 10.542 (96.2%7D) ADD (2p.) 34 640 - 550 10. 5691 0.0
( 6% enriched U ) DD (2p.) | 34-35 600 -~ 560 10. 3649 1.7
0.0806g / 2 p. GD® (2p.) | 19-20 | 900 - 800 10. 4750 0.64
10%Mg - U0, 10. 340 cCO@ (2p.) 34 640 - 550 10.2008 1.36
( 6% enriched U ) FOX® ( 2 p.) 34 600 - 560 10.1014 2.36
0.0847g / 2 p. D@ (2p.) 119-20 | 900 - 800 10.2683 0.70
15%Mg - U0, 10. 380 BA® (2p.) | 33-34 | 640 - 550 10.2128 1.64
( 6% enriched U ) EQ® (2p.) 35 600 - 560 10.1325 2.44
0.0844g / 2 p. HA@ ( 2 p.) 21 900 - 800 10.1144 2.63
Undoped U0, 10.507 (95.9%TD) AD® (2p.) 60 640 - 550 10.3979 1.04
( 10% enriched U ) 0.1340g / 3 p-
2.5%Mg — 10%eUO, 10.520 B®® (2p.) | 60 - 61 640 - 550 10.1413 3.73
{ 10% enriched U ) 0.1546g / 3 p. E®® (2p.) 53 600 - 560 10.2582 2.55
5%Mg - U0, 10.490 F&® (2p.) | 53-54 | 600 - 560 10.0622 4.25
{ 10% enriched U ) 0.0456g / 1 p. I@® (2p.) | 32-33 | 900 - 800 10. 2282 2.56
Undoped U0, 10.322 (94.2%TD) DE@( 3p.) | 87 - 94 | 600 - 560 9.0227 14.40
( 20% enriched U ) E@®@@( 3p.)
0.1941g / 4 p. (Tot. 6p.)
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Table 3.3 Swelling rates of the doped UO, specimens by a method measured dimensions.

Specimens Diameter Thickness Weight Swelling
Burnup Temp. Change afier Rate
Composition No. (GWdh) (C) Unirrad. Irrad. | Unirrad. | lrrad. Imadiation | (AV/V%)
m) | em | mm) | @m ()
Undoped UO, AD 34 2.503 +16 0.800 +3 -0.1 1.66
A@ 60 640 -530 2.596 +17 0.908 + 3 +0.1 1.65
A® 2.587 +18 0.831 + 0 -0.1 1.40
DO® 34 600 - 560 2.495 +18 0.789 + 4 0.0 1.96
D@ 51 2.601 +27 0.920 +14 -0.1 3.64
GO 19 2.487 +13 0.861 + 4 +0.2 1.52
G@ 20 |700-800 2.488 +16 0.917 +3 +0.1 1.62
GO® 32 2.593 +13 0.929 +28 +0.1 4.05
2.5%Mg-U0, B® 34 640 - 550 2.495 +20 0.857 + 3 +0.2 1.97
E® 34 600 - 560 2514 + 2 0.829 + 2 +0.1 0.40
E® 2518 +1 0.831 + 2 +0.2 0.30
E® 53 2.586 +9 0.908 + 6 -0.1 1.36
HO 19 900 - 800 2513 + 4 0.839 + 4 0.0 0.80
H® 20 2.506 +11 0.869 +3 -0.1 1.22
5%Mg-UO, F® 53 600 - 560 2.527 +31 0.938 +9 +0.2 3.45
F® 54 2.519 +32 0.895 +19 +0.1 4.73
1@ 32 900 - 800 2.514 +22 0.959 + 7 0.0 2.50
10%Mg-U0, c® 34 640-550 | 2.504 +18 0.778 +4 +0.] 1.83
FO 34 600 - 560 2.490 +19 0.847 +19 0.0 3.81
F® 34 2.481 +16 0.882 +12 +0.1 2.67
10 19 900 - 800 2.481 +28 0.927 +24 +0.3 4.92
1@ 20 2.472 +35 0.864 +9 -04 3.92
15%Mg-UO, A® 61 640 - 550 2.501 +25 0.973 +3 -0.1 232
B® 33 2417 +22 0.849 + 4 -0.1 2.31
D® 54 2.495 +33 0.900 +9 0.0 3.69
E@ 35 600 - 560 2428 +13 0.851 +9 -0.1 2.14
E@® 2.428 +13 0.864 + 8 +0.1 2.01
ED 54 2.514 +15 0.933 +7 -0.1 1.96
G® 34 900 - 800 2.493 +31 0.9-1'9 + 7 -0.1 3.28
G® 2.504 +29 0.935 +11 +0.1 3.53
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Table 3.4 Thermal diffusivities and thermal conductivities calculated
from the diffusivities of the specimens .

Specimen Undoped U0, (10% enriched U) 5%Mg-U0, (10% enrich.U) | 15%Mg-U0, (8% enrich.U)

[Specimen No. A-®)] No. 1-@)] [No. E-(3)]

Nominal Temp Unirrad. Irradiated (60GWd/t) Unirrad. Irradiated Unirrad. Irradiated

Measured st Run ond  Run (32GWd/t) (35GWd/t)
0.0334 0.0139 0.0168 0.0299 0.0166 0.0284 0.0145

20C ( 18C) ( 18C) ( 19C) ( 19C) ( 20C) (20C) ( 18C)
0.0816 0.0336 0. 0406 0.0817 0.0442 0.0745 0.0371

(291 K ( 291 K) (292 K) (292 K) (293 K) (293 K) (291 K)
0.0270 0.0117 0.0164 0.0236 0.0138 0.0263 0.0121

200C (179°C) ( 188TC) (177°C) (182C) (175C) (181C) (11727C)
0.0790 0.0340 0.0475 0.0767 0.0435 0.0820 0.0367

( 452 K) ( 461 K) ( 450 K) ( 455 K) ( 448 K) ( 454 K) ( 445 K)
0.0175 0.0092 0.0118 0.0166 0.0105 0.0187 0.0093

400C ( 401°C) (411°C) ( 400C) ( 401°C) (397°C) (399C) ( 397°C)
0.0547 0.0285 0.0365 0.0576 0.0355 0.0624 0.0306

( 674 K) ( 684 K) ( 673 K) ( 674 K) ( 670 K) (672 K) ( 670 K)
0.0138 0.0078 0.0097 0.0128 0.0088 0.0140 0.0080

600°C ( 5857C) ( 599C) ( 585C) ( 589°C) ( 587°C) ( 586C) ( 5917C)
0.0444 0. 0248 0.0309 0. 0455 0.0306 0.0480 0.0268

( 858 K) ( 872 K) ( 858 K) ( 862 K) ( 860 K) ( 859 K) ( 864 K)
0.0114 0.0073 0.0083 0.0107 0.0077 0.0116 0.0073

800°C ( 793C) ( 800C) ( 795C) (796C) (796C) (796°C) ( 797°C)
0.0373 0.0236 0.0269 0.0389 0.0273 0.0404 0.0248

(1066 K) (1073 ) (1068 K) (1069 K) (1069 X) (1069 K) (1070 K)
0.0096 0. 0065 0.0073 0.0093 0.0073 0.0100 0.0069

1000C ( 990C) ( 993C) (1993C) ( 993C) (1993C) (993C) (994C)
0.0319 0.0214 0.0240 0.0343 0.0262 0.0354 0.0238

(1263 K) (1266 K) (1266 K) (1266 K) (1266 K) (1266 K) (1267 K)
0.0083 0.0064 0.0068 0. 0081 0.0068 0.0087 0.0067

1200°C (1198°C) (1200C) (1201°C) (1202°C) (1199°C) (1201°C) (1200C)
0.0279 0.0213 0.0226 0.0302 0.0247 0.0311 0.0234

(1471 K) (1473 K) (1474 ) (1475 K) (1472 X) (1474 ) (1473 K)
0.0075 0. 0060 0.0063 0.0073 0.0062 0.0078 0.0062

1400°C (1382°C) (13847C) (1385C) (1384C) (1384°C) (1384C) (1385°C)
0.0255 0.0202 0.0212 0.0276 0.0228 0.0282 0.0219

(1655 K) (1657 K) (1658 K) (1657 K) (1657 K) (1657 K) (1658 K)

Density 10.51 10. 398 10.49 10.228 10.38 10.133
( 6,:g/cm’ )

[Notes] Upper: Measured Thermal Diffusivity oflcm’/sec).
Lower: Calculated Thermal Conductivity A(W/cm K).
("Cor(K) : Real temperatures measured thermal diffusivity .
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(al) Unirradiated UO, (b1) Unirradiated UO,
(6% enriched U ) ( 20% enriched U )

(a2) U0, (G D)
Irradiated at 19GWd/t

(a2) U0, (E ®)
Irradiated at 91GWd/t

Fig. 3.3 Typical aspects of the irradiated specimens compared with unirradiated ones.



JAERI-Research 2000-045

(c1) Unirradiated S%Mg-Udz (d1) Unirradiated 15%Mg-UQ,
(10% enriched U) (10% enriched U)

(€2) 5%Mg-U0, (F @) (d2) 15%Mg-U0, (A ©®)
Irradiated at S3GWd/t Irradiated at 6 1GWd/t

Fig. 3.3 (continued) Typical aspects of the irradiated specimens compared
with unirradiated ones.
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This Work:

Uo-2
2. 5YHg-U02
5%Mg-U02
10%Mg-U02
15%Mg-U02

DOAD &

Burnup (GWd/t)

Fig. 3.4 Swelling rates of the doped UO, specimens vs. burnup .
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(Left) The front side (Right) The back side

(a) Undoped UO, (Specimen A @)
Irradiated at 60GWd/t (640 - 550°C)

(b) 5%Mg-UO, (Specimen 1 @)

Irradiated at 32GWd/t (900 - 800°C)

(©) 15%Mg-UO, (Specimen E )
Irradiated at 35GWd/t (600 - 560°C)

Fig. 3.5 Appearances of the specimens measured thermal diffusivity .
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Fig. 3.6 Thermal diffusivities of the unirradiated and irradiated specimens .
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Unirrad. UO, (96%TD)

Irrad. UO,(60GWd/t):1st Run
* irrad. U0, : 2nd Run
Unirrad. Sig-Uo,

irrad. SiMg-U0, (32GWd/t)
Unirrad. 15%ug-U0,

Irrad. 15K¥g-U0, (35GWd/t)
WATPRO 95TD UO,

3 I3 1 1 ] 1 1 1 1 J 1 1 i1l 1 l J 1 1 ] 1 1 1 1

500 1000 1500 2000

Temperature (K)

Fig. 3.7 Thermal conductivities of the unirradiated and irradiated specimens .
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(d.4) EPMA of specimen G @ ,
Irradiated at 62GWd/t ,(930-820°C) .

Fig. 3.8 (continued) Ceramographs of the undoped UQ, specimens .
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(a.1) Ceramograph of unirradiated (a.2) SEM micrograph of unirradiated
specimen (Etched) . specimen .

(bh.1) Cera'mograp.h of"specifnen A ® ,
[rradiated at 61GWd/t ,(640-550°C) .

(b.3) EPMA of specimen A ©) .

Fig. 3.10 Ceramographs of the 15%Mg doped UO, specimens .
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(d.3) SEM of specimen IF 9,
irradiated at 91GWd/t ,(650-600°C) .

Fig. 3.10 (continued) Ceramographs of the 15%Mg doped U0, specimens .
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(c.1) SEM micrograph of specimens 1 (0,30
irradiated at 63-6:1GWd/t ,(930 -820C) .

e
SRR

SRR

Fig. 3.10 (continued) Ceramographs of the 15%Mg doped L O, specimens .
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(b.1) SEM micrograph of specimen F ® ,
irradiated at 55GWd/t ,(600-560C) .

(h.2) SEM micrograph of specimen IF @ .

Fig. 3.11 Ceramographs of the 5%Mg-35%N\b doped L0, specimens .
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L

(a.1) Ffagments of specimens H @,,®, ,
irradiated at 66GWd/t ,(930-820°C) .

(a.2) Higher magnifination at place A of ceramograph (a.1) .

Fig. 3.12 Ceramographs of the 3.0%Ti doped UQO, specimens .
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(b.1) Fragments of specimens B @,®,0 ,
irradiated at 84GWd/t ,(640-570°C) .

(b.2) SEM micrograph of specimens B @®,1,0 .

(h.3) SEM micrograph of specimens B @,),dD .

“ig. 3.12 (continued) Ceramographs of the 3.5% 1 doped UO,, specimens .



JAERI-Research 2000-045

(b.4) EPMA of specimens B @,0,@ |
irradiated at 84GWd/t ,(640-570C) .

Fig. 3.12 (continued) Ceramographs of the 3.5%Ti doped L (), specimens .
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(a) Undoped UO, (Specimen D @),
irradiated at 51GWd/t,(600-560°C) .

(b) 5%Mg doped UO, (Specimen F @),
irradiated at 53GWd/t,(600-560C) .

irradiated at 55GWd/t,(600-560°C) .

~e

ig. 3.14 Ceramographs and locations(A-1:) for FP concentration analysis

of the irradiated specimens .
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Fig. 3.15 Distribution of FP concentration for the irradiated specimens
among 51— 62 GWd/t of burnups.
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(e) 5%Mg doped UO, (Specimen E @),
irradiated at 91GWd/t,(650-600°C) .

(f) 15%Mg doped UO, (Specimen F @),
irradiated at 91GWd/t,(650-600°C) .

[Fig. 3.14 (continued) Ceramographs and locations(A~F) for 'P concentration

analysis of the irradiated specimens .
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