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i Bu/ W+Pud=1+ (dPu/(U+Py)=0.95;

(3) Pu/ (U-I—Pu% =0.80% (4) Pu/ (U+Pu) =0.58

(ref?)i (5VPu/(U+Pu)=0.583 (6) Pu/ (U

+Pu)=0.42, ref *).
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J. Nucl. Mater. 35 (1970) 267 : A study of the ternary system U O, -PuO0,-Pu,0,: C. Sari,
U. Benedict, and H, Blank.

* J. Inorg. Nucl. Chem. 29 (1967) 22665. T.L. Markin and R.S. S treet.
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(1) GEAP-5433 : Sodium -Cooled Reactors Fast Ceramic Reactor Development Program Twenty~First
Quarterly Report November 1966~ January 1967, p.5~21.

(2) GEAP-4878 :W.L. Lyon and W, E, Baily

(3} W.E, Baily, E.A. Aitken, R.R, Asamoto and C.N. Craig, Proceedings of the 1967 Nuclear
Metallurgy, International Symposium on Plutonium Fuels Techmology, Soottsdale, Arizona,
1967. (p.293) s
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Melting Point

Table 3.2 Melting Point Behavior of Urania-Plutonia Solid Solutions®

Gxygen Oxyzen
Mole Fraction Heat To~Metal To-Putanium  Solidus-Liquidus
Pu0O,_, Treatment™ Ratio( 0, /M) Ratio( O/Pu) Range (C)
10 A 2.00 2.00 2445~ 2445
B 1.84 1.84 2445 - 2470
Bt 1.78 1.78 2467 - 2472
C 1.73 1.73 2470 - 2470
D 1.61 1.61 2300- %
06 A 2.00 2.00 2580 - 2627
B 1.91 1.85 2562 — 2640
D 1.84 1.73 2605 ~ 2652
D 1.76 1.60 2512 - 2597
04 A 2.00 2.00 2685 — 2745
B 1.96 1.90 2737 -2772
C 1.91 1.78 2570- 2782
D 1.84 1.60 2730 - 2765
0.2 A 2.00 2.00 2787 — 285
E 1.98 1.90 2783 — 2848
B 1.96 : 1.80 2780 - 2845
D 1.4 1.70 2715 — 2825
D 1.92 1.60 2727 — 2848

* Aitken,k, A. and Evans,S .K., ” A Thermodynamic Data Program Involving Plutonia and Urania at

High T emperatures (Quarterly Report No.3),”May 1968, ( GEAP-5634) .
=+ The types of heat treatments are identified as follows:
A. Sinter in dry H, for 4h at 1500C: oxidize in air at 900TC: reduce in H, at 900C
B. Sinter in dry H, for 4h at 1500C
C.Sinter in dry H, for 4h at 1500C: reduce in H, for 50 to 70h at 1500C with Zr-Ti getter
D. Sinter in dry H, for 4h at 1500C: add Pu and UJ nietal to adjust OM ratio
E.Sinter in dry H, for 4h at 1500C: oxidize in air at 900C: reduce in H, at 900C: add Pu and U]
metal to adjust oM ratio _
+ Sample heated for an additional 4 h
I By visual observation only

S35 I

(a) GEAP-4878 | W.L. Lyon and W.E. Baity
(b) GEAP-5634 . E.A, Aitken and S K. Bvas
AR IUROHM GEAP -13515



Melting Point
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(8) CHRISTENSEN, J.A., “IRRADIATICN EFFECTS ON URANIUM DIGXIDE
-MELTING,” MARCH 1962, (H#-65234}.

(b) CHRISTENSEN, J.A,, “MELTING POINT OF IRRADIATED URANIUM

DIOXIDE,” TRANSACTIONS OF THE AMERICAN NUSLEAR SOCIETY, -

VOL, 7, NOVEMBER 1984, P, 290,
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Thermal Expansion
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Thermal Expansion
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Fig. Thermal oxpansion coefficient of simulated

sample vs burnup.

OB 20%Pu0: —U0: MAKRICEMIKFPTTE % 1058 KML, 5 10, 15 FMWD/T % #4
B Lo RV MIEHEEIHRBIERKBTE, 1600C 2k Ne—5% He &6, Mo
7tnr (He) HT22000C 2h sk, %B 95% M4, O/M 1.98 #i%,

# & . Dilatometer, R.T.~1000C O#ilH THITE. MEERZEm P 5> 2, H{IEPt—
13%PtRh#h®XSo 7TXx1 07 mn Hg Bz, ¥4 + 3%

¥ R Fig. #O second runo HREEE O R &\,

aA¥bPIFirst run & second run PEE, PuaiiBcIis o T, Ry b ABRD
BIPE 28 second run DR LEL B,

8. Kashima. M. Sato et al ;| Melting Point and Thermal Expansion Measurements of Simulated

Fuel to Irradiated PuQ,- UO, at High Bum up. JAPANAJ.S . Research Newslettér (1970).
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Thermal Expansion

‘Thermal Expansion (PNC-T )
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A RES, 1100CLER 26 XEESIKC I 5, EEIE I ThO. Wi,
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Thermal Expansicn

A B! Stoichiometric (Puozo Uose) Oz

T 20~960COMERFMTHIE L., HEHFESIZ 0 COH0 & FHIc>2 Ar-8%
H: Ko

B F120~960C OFHBWER 102%x10"%in/in.C

R.P. Nelson : BNWL-473 (1967)



Thermal Expansion

-
A

LATYICE PARAMETER,
w
w
o

T

5.45 ! | L
500 1000 1500 °

TEMPERATURE, *C

Lattice Expansion of (UprsPuo.zs)Os.00

A # 1 (Uoas Poss) Ozoo (M)
FOBECEBBXBESEICLY, BE~1600CORMICO N THE,

wE HRBICEAE Le Mo RO FEHMEM I v bh 2,

fE RIEE~1600CIKHITHEHHMIZER 08x1 0VC

P.G. Pallmer : Lattice Expansion of UQ,-Pu0, .
BNWL-1349-1, p.2.27 (1970)



Thermal Conductivity 3—31—42

. ' . ' : : 010
N FUEL MELT 1 009
(Pugz Ugg)O 29 -
80 |- (- 86.0watts,/om ) 7 008 =
7 4 007 -
>
o 4 006 —
FUEL MELT 3)
f\é 50 | (Pugz Ugg)Oy9s 005 é 2)
2 © (88.5watts/om) 7 004 8 E
g - - 003 g N
= j by
2 20 002 E
0 L ! I 1 1 000
0 509 1000 1500 2000 2500 3000

TEMPBRATURE (T)

Thermal conductivity and integral conductivity of
initialle 95% T.D. (Puoz2Uos)O2tx after:
microstruciural changes have occurred

Sample (Puo.z Ues)Oztn, UO:

1.
2. OQOut of Pile
3. Temperature range 0~2800C
4. Density range 82~95% T.D.
5. Stoichiometry 1.93~2.05
6. Thermal conductivity

K=0.0130+ ! (w/em.'C)  for UQ:

(0.4848 —0.4465.D.T
K=0.0110+ ! (w/em.'C)  for (UUQp.2-Uos)02

(04848—-0.4465.D).T

(T="C)
Z#EL, 1900C MEOBETHEEXKILFk=0.023w/mCL LAFRINnEL
TWwhb,

a Paper Prepared for Nuclear Metallurgy Symposium American Institute of Mining Metal lurgical
and Petroleum Engineers :
October 4-6 1967
Camelback Inn, Phoenix, Arizona ]
Thermal Conductivity of Uranium=Plutonium Oxide Fuels
By W.E. Baily, E.A. Aitken

R.R. .A.Samot0| C.N. Craig



Gap Conductance 3—-21-11

Fast Flux Irradiations-Fuel Pin and Operating Parameters

Gap

Fuel Diametral Gap Diameter of Conduc tance

Density Powrer Inches Heat Flux i.d. Burnup  Structure Changes (Btu”h-f£°F)

Pin  (#) O/M (W/ft) Pre- Post— [Btu/h-{eF(x1075] MW B) ECO CGG Void EGG GGG

g F1A 941 198 161 0.0041 0.0030 953 1,750 0.18400.1311 0.0169 982 1360

S F1B 955 2000 164 0.0012 0.0028 9.70 1,615 0.17050.0968 0.0032 1626
F1C 961 2026 168  0.0040 0.0013 9.94 1,619 0.18390.1345 0.0178 1016 1330
&F1D g7 1078 162  0.0018 0.0008 959 1,596 0.1656 - - 1412 -
oF1E g¢51 198 148  0.0042 0.0030 9.76 1,615 -0.1271 0.0308 -~ 1224
OFIF 83 198 16.4 - 0.0010 9.71 1,711  0.17690.1481 0.0438 2002

F2A o7 199 161 0.0022 0 952 56,200 0.16460.1196 0.0110 1530 1566
F2B 98 1998 164 0.0022 o 9.71 57,100 0.16420.1259 0.0055 1445 1376
F2E 967 1975 167 00028 o 9.87 58,100 0.16990.1332 0.0059 1320 1306
ocF2N 973 2000 166 00052 0 981 37,700 0.17730.1319 0.0306 1020 1203
ngP 9.7 1999 99 0.0032 0 5.86 34,600 0.1220 - 713 -
&FZ Q 94 2000 17 00012 ¢ 9.89 58,100 -0.1261 0.0105 2072 1531
aF28 982 200 175 0.0008 0 10.37 61,000 0.16770.1470 0.0108 1656 1139
sF2U 897 1986 163 00038 0 9.65 56,700 0.17930.1433 0.0470 1273 1227
F2Z 902 1983 151 00041 9.53 56,100 0.18170.1411 0.0459 1098 1211
F2W 838 1.9 14.1 - 0 8.38 49200 0.18590.1503 0.0471 911 731
F2Y g39 1993 138 - 0 818 48,200 0.18280.148 0.0521 918 702

~ GROUP F1 FUEL PINS ~
= 8 " (LOW BURNUP) & © GROUP F1 FUEL PI NS
- . (LOW BURNUP)
& GROUP F2 FUEL PINS & o GROUP F2 FUFL PINS
5 ® (50,000MVDr BURNUP) | Eaook 1° ¢ 50, 000°WD 4 BURNUP)
: 2000 |- X
L} N\ N
2
g 1600 ’ E *%\e
8 { o ' 2 }\. .
e <
' E Q § AN
S ot 3 2~ ]
2 N L E“m - e
% 1000 £
1%
% - LOW POWER FUEL PIN
© V1PAC POWDER ° VIPAC POWDER FUEL
FUEL
0 L 1 L L i L ] L L d A L L
o 2 4 6 8 10 12 " 0 2 4 6 8 10 12 14
DIAMETRAL GAP(mils) DIAMETRAL GAP(mils)

Fast Flux Irradiations. Gap Conduc- Fast Flux Irradiations. Gap Conduc-
tance Versus Diametral Gap For tance versus Diametral Gap For
Columnar Grain Crowth Equiaxed Gr_ain G;oyvth

1 Sample ; 20 % PuQ, — UG,
In pile data
Comment : BHERICHE BHERXR TOL HEARENLL CRABHNBE
AKEREL X v 73 g 282 ROTNVE, BEF
A4 THBRBEYT LAV EEPHEFRTBAELAT —2LL
TEUTF — 208 v EREBEHICEE T 5 TND,

Fuel Form 2 0%?1102 -UO0:2

GEA P -5748

Heat Transfer Coefficients between Fuel and Cladding in Oxide Fuel Rods
C.N. Craig, G.,R. Hull, W,E. Baily



Gap Cdnductance

Summary of Capsule EF1B Data

T
Fuel Surface ¢

r kd 6 ,
Gap Power Temperaure 500 Gap Conductance

Fuel Pin Time (mils) (KW/ft) () W.em (Btu/h—ftz <)
EGG CGG LBGG GG
E1B~2 Start of Life 2.2 18.0 1104 976 55.2 1140 1520
End of Life 1.2 20.1 993 866 57.7 1643 2000
E1B-3 Start of Life 10.1 17.8 1652. 1213 67.9 524" 611
End of Life 45 196 1652 1452 686 596* 741
E1B—4 Start of Life 42 17.1 1348 1130 55.5 750 a59
End of Life 1.8 18.8 1267 1066 571 875 1910

* Since equiaxed grain growth was observed to occur at the surface of the fuel in pin E1B3-3, the fuel
sur face temperature was set at 1650°C (3004°F ). Since the fuel surface temperature could have been
greater then 1650 C. the gap conductances calculated for the E1B-3 pin should be taken as maximum

values.

3000
& EQUIAXED GRAIN GROWTH T T T T T T
START-OF -L1FE preeg N @ EOUIAXED GRAIN GROWTH p
' < COLUMNAR GRAIN GROWTH START-OF-LIFE.
- START-OF -LIFE B COLUMNAR GRAIN GROWTH
o ~ A EQUIAXED GRAIN GROWTH START -OF -L1FE
C o END-OF -LI FE °
- GROWTH | & @ EQUIAXED GRAIN GROWIH
¥ 2w - & A [ SRAIN A END-OF -LIFE
5 @MOLTEN BOUNDARY & 3000 ® COLUMNAR GRAIN GROWTH -
END-OF -LIFE § END-OF -L1FE
-] a @ MOLTEN BOUNDARY
o @ END-OF-LIFE
% 9 COLUMNAR GRAIN GROWTH(END
g ool -é OF -LIFE JAND ECUIAXED GRAIN]
v E E 2000 GROWTH (START -OF -L1FE)
Q 5] .‘
E 3 COLUMNAR GRA I N GROWTH
N \
0 2 4 e 8 10 12 u |
COLD DIAMETRAL GAP (mils) b o _~~MOLTEN BOUNDARY 7.
\\. ~—a
0 i . 1 i 1 1
' 4 6 8 10 12 14

DIAMETRAL GAP(mils)

Gap Conductance Versus Cold

} : 1 (3 B B
Diametral Gap Gap Conductance versus

Diametral Gap
1 Sample : 20 % PuG, —UQ,
.2 In pile data
Comment : RHERICHE BEEXR TOLBAREILL: ORBNERE
ABERELX v 73 H 2 4 22EROTNE

Fue! Form 2 0%PuO2—U0Q:2

GEAP-5748
Heat Transfer Coefficients between Fuel and Cladding in Oxide Fuel Rods
C-Nn Craig, G.R. Hull. W.E. Baily



Gas Release

Thermal Flux & Fast Flux O ICc 2 Fission Gas Release % HiF L %,

REERLHIRIEI @ Fission gas release X & LT, burnup & densitylt X A2 L8 D
N %o '

Burnup @ 3n & 8T CGas releaseF3M L, ¥ D densily O&IA L+ A,

HREBR YD Gas release 177500 0MWAd/Te 2 TR T 59X 5 Th By (16KkW 1)

% Gas Release = Cy+C2B+Caf +p( O+ CsB )+Cec

B

Burnup (MWD./Te)
= density (%)
€ = Linear Power (kW./ ft)
Ci= 2045, C2=0.713, Ca=—0.0042, C4=-2.18, C5s=0.0029, Ce=0.26

Ceramic Nuclear Fuels pp 195-210
Effect of Temperature And Burnup on Fission Gas Release in Mixed Oxide Fuel.
Baily. W.E.: Spalaris, C.N. ! Sandusky, D .W.: Zebroski, B.L,
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TABLE Il

THERNAL FLUX IRRADIATIONS e ax Pesk

Linear Clad Burnup Max Max S Fission
o FUL FUSL  FAB O.0. WAL  FUEL CLAD FUEL DEN-  PELLET Power  Temp fu/je 0 L Gas
2in P02 o/m FORN LENGTW MDOE TWPE  in.| Mils _GAP, Nils SITY,Sreared SENSITY ku/ft _OF x 103 ils 5 Aelease
€ 20 198 s 125 cp U7 .20 1S ‘. 92.5 95.9 19 975 1.0 05 HA NA
€2 | 250 1 9.2 w2 | a5 [ s
EB83 1 .258 10 85.0 96.1 l 950 57.2
a1 1} .252 4 92.5 %2 | 975 l N 13,5
Bcz 2.00 .80 .250 2.1 96.1 97.4 3 170 o9 13 j
€l 1.98 i 08 2.0 9.5 9.8 43 1350 099 13 ?
E102 2.00 . { 308 1.9 9.8 96.9 44 1350 .108 13 v
EIE l 1.9 uy 3.6 94,5 94.7 ~20 650 a7.1 <5 3.8 83
EIr 1.9 a7 3.0 9.8 "94.6 20/28 50 76.8 «5 3.5 89
eicl L 1.97 -1 304 2.9 90.9 934 3¢ 1025  .079 .05 NA 13,5
ElG2 1.97 -8 304 2.3 85.4 87.2 3% 1025 .079 .05 NA  13.5
B0 25 2.00 5,0 £ 3.2 82.2 8.5  20.6 1060 120 5 61 83
ez | I E a7 9.4 93.3  20.4 1060 120 8s 83
€201 [ 6 .180 2.4 81.5 9.0 17 jos0 127 T 7.7
£202 1.96 { 316 180 .0 88.3 9.6 17 1050 124 M8l
E2€ 243 2.00 3.00 04 .56 28 5 95.4 98.5 1.6 785 15¢ NA
::Z 1 2.9 I -250 ! 96.5 96.9 9.4 655 240 a3
o o ;g i ::-6 97.9 7.9 se0 215 82
. 9.6 11.6 785 330 87
2125 1 5.0 e 15 -2 89.5 9.4 22 1100 125 %
€252 198 # 50 36 i 2 88.5 6.0 22 i 125 80
£5A1 2.00 s 4.9 347 3.3 85.3 8.8 26 | 1 a5
E5A2 w i y . ! . 9
€S8l » | 1 l | 8.1 8.1 2 1y .05 9
€582 l boow g | l 25 18 l z': ::? 0 v % 3.2 & 9%
. 20 100 43 1.6 285 8
TABDLE 11t
THERMAL SLUX [RRADIATIONS o ex Fest
Linear Clad Burnup Max Max 2 Fission
o Full s B8 G0 MALL  FUEL CLAD FURL OEN-  PRLLET Fower  Tero !hD/fe D i Ges
2a 772 H STH  MI0E _T¥RE_ dn. Mals _GAP, %ils SiTY.Stearad ZEINSITY _ow/ft _CF  x 189 tils % Ralesse
KUEC
17.26 20 1.98 S 1.513 ¢ 36 .23 19 1.2 94.1 9.0 9.6 - 197 . . 4.1
11-32 2.00 1.507 8 .23 1.2 87.0 9.0 10 R 7R I 58.2
17-29 1.98 1.510 3 .23 1.1 9.7 9.7 10 - a7 . . n.e
18-27 1.98 s e NETRN W 91.8 9.6 - T - . 7.4
18-19 2.00 215 M8 “28 ~ 1.2 85.6 R - s . . 100
18-23 1.98 M5 M8 TR v 12 9.7 9.5 - - 5452 . . .
19-18 19.6 1.98 151 ¢p .20 3 95 9 9 - 100 3.3 1.8 B0
19-18 19.7  2.00 148 b8 | 8 89 l - 231 0n
19-20 19.7 1.98 1.50 P8 | 92 95 - ‘ 20 .4 43
19-21 19.6 J" I 1 95 98 - l s s &
19-22 19.6 °8 92 95 - 1.5 1.2 100
R " 2.00/2.01 - MB  308;316 .221 .7.9-17.7 10.6 - 86.5 14 T 9.4 - 2.5
7 ] 1.99/2.00 | .219 I 9.5 . 8 W7 - & 17 - 28
8 . 1.38 .220 8.7 9% 9.2 - 25 1.3 - 3.3
30 2.00 al.37 ~.220 13.8 - . 60
3 l 6.6 - . N
3% : [ N 17,3
v
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TABLE 1V
"
FAST FLUX IRRADIATIONS vax  Hax  Peak
J Linear Clad 3urryp mg .‘ut 4 Fission
Al ; 3 £A3 0.0, AL FUEL CLAD FULEL DENe PELLET Power  Temp !WD/Te D = Gas
sia M0 o FOR L_Eb;..%i WZE T gn. s _Gi, il SITV.Srearsd BENSITY ii/fe _9¢ o) wils % Relesse
F1A 20,2 2.00 SP 1428 (P W 250 .05 3.9 92.8 94,9 16,1 1086 1.9 «1.0 -03 1.1
FIB 200 200 | vaa 47 : 2.5 94.7 96.1  16.4 10§} i |02 5.
FIC 201 - 2.03 ‘ 14,38 | 1-800 1 2.2 93.8 95,4 16,8 1097 | i e008 6.7
0 203 1.8 | .17 l 1-800 I : 3.0 93.2 95.5 16.2 10E8 ! I -.02 7.9
FIE 20.0 1.98 Sp 1423 | 36 | \ 3.0 86.8 89.1  38.8 1065 | | -.05 2.0
FIF 20,0 _1.99 v 1417 P 1.800 .250 .05 1A, 85.3 w164 1091 1.9 1.0 -.037  27.6
T .
's‘li'i-s 20,0 »2.00 P 1LS MM 4 296 .02 A, 83.4 N.A. 0 17.2 1049 26.0 degligible - ee-
gg‘i:s 20.0 »2.00 __vP_ 115 MM 304 .296 .02) fA. 83.4 N.A. 184 1076 21.8 . .38
FA 197 2.00 SP 4% (P 47 250 .015 2.5 4.0 95.6 16.1 1140 6.2 1.4 MA 29,0
F8 201 1.9 | 14.25 36 | A 2.6 9.6 95.2 16.4 154 57,1 N7 i 48.0
FE 202 198 | 14.19 N6 i | 22 94.4 95.3 16,7 1181 8.1 2.1 1.4,
F2F19.9  2.00 _SP  14.23 P [-800 .250 .05 3.0 94.8 96.)__ 6.8 1156 586 63.0° MA__ 50.0
FN 19,2 2.00 S 1423 CP 17,250 .00 3.4 92.6 $6.2 16.6 1160 7.7 2.2 NA  50.0
2 19.8 i ! 14,22 I | .08 3.0 34,8 95.6 9.9 975 M6 13 32.0
FQ 20.2 i I 14.28 Po.ms 1.2 94,9 $.2 167 M6 LY 25 4.0
F2s 197 2.0 14.20 ! !0 1.2 96.1 §7.t  17.8 1es 6L 44 55,0
FU 20,0 1.98 S 1421 1 ‘ 015 3.4 7.2 89.5 163 msc s6.7 1.0 | 63,0
Fau 1.99 v 1822 uy ; ! NA 82.8 na 12,0 092 (49,2 .Y ! 3.0
F2y 1.99 w1448 N6 i b A 23.9 WA 138 t084 82 1.2 | s6.0
F22__20.0 __1.99 SP_ 14.21 P 36 .250 01§ 2.9 87.2 89.2 16,1 1140 561 1.9 NA 8.0
FaD 20.0 2.00 SP 14,21 CP  [-BOO .250 .05 1.8-4.5 8€.8 89.2 .2 #.0 1.0 WA 520
FaR__30.0  2.00 S _13.20 CP  1-800 250 .01S 2.1-4.3 86.3 £9.3 17,3 .2 1.0 WA §10
F2C 20,0 2.00 S 14.24 TP 1-800, .250 .05 K3 .5 538 16.5 7 0 .66 €3.0
£2d 1.98 j 14.27 36 | i . 93.9 $6.2  17.2 74 87 .44 8§75
FaR 2.00 1933 347 i . 1.4 3.3 95.5  16.5 N 1.02 .52 £0.8
F2Y 20.0 2.00 SP 14,25 (P 37 .250 .015 2.2 54.2 6.0 1703 7 1.0 .53 53.2
100
ot
o]
Ldao- li:]n g o]
7] o] o]
& 70} BEI
o
xeo o x o
TR
3 (o] F © o 8
- o o
S 50} o] @O
7 B 8 [©] ¥
gaa_ % x
w | B & LEGEND
x ©
*re Q Rt 21 pellnt
o Ref (1) Powder
20 H3 O Ref (18) rowder
B Ref (16) Powder
1wk X Ref (16) Peliet
x
1 1 1 L ] 1 L A
0 10 20 30 10 50 60 70 80
Burnup Mid/Te x 10™
FIGURE 1 FISSION GAS RELEASE AS A FUNCTION OF BURNUP - FAST FLUX
100 [0}
90 a v
a &,
Hso (o) Y v
=L
w70 o]
3 [0}
w1
g B o
& 50
9 [0} LEGEND
< a0 o ©° n .
- A Kigh Density pef 12
L O0° ¢ Low Density  pef 13
00
20 ) O High Density Table
0o 1) © Low Density Tihle
m
10
I 'l (] I £ s | ]
[ 20 [1] 60 80 100 120 140 160
Burnup IWd/Te x 10°3 )
FIGURE 2  FISS10M GAS RELEASE AS A FUNCTION OF BURNUP - THERMAL FLUX

7-5"



COLUMIAR GRAIN GROWTH RADIUS (mils)

100

2 FISSION GAS RELEASE

g}
w
2
w
-
&
[ ]
84 88 90 92 94 9%
Density (% T.D.)
FIGIRE 3 EFFECT OF DENSITY ON FISSION GAS RELEASE
6o
1o b
% (17.3)
140 |- 06.7) @1.2)
o iy
130 |- (.'ﬁ-“ ponues
ey 7
120 |- —Xx (16.6)
- (16.7)
no 1 -
-
16.4 —
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& le ( ) denotes Yinear power
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Burnup (Mdd/Te)

FICURL ¢ RELATIONSIEP DETUEEN COLUMAMAR GRAIN G2UTH FADIT & RUANUR TN FAST
FLUX OXIDL PINS

7_5'”

70

60

F 3
o

£ GAS RELEASE
g

]
=

(Linear Power - 14.8 to 16.8 kW/ft
Smeared Density - 92 to 94.9%)

L 56,000 to
4 g 61,000 Md/Te
L [ ]
L ® @ 1,900 Mid/Te
L AL L J
1.98 2.0 2.02 2.04

STOICHIOMETRY (0/M)
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Gas Release
UQO2 —PuO2 dioxide (stoichi(mmtric)

Irradiation 550C—1550%C

Burn-up 12.3% heary metal atoms.
specimen heat rating 580w/ g

IO AR IE BB & KB O FHRE2IC X

-
o

B K O S e T A T o, S MK
EXelcBIL T, 800C~1550°C) i mst it 5,

D*MKr= 26x10"" exp (—=1.62/KkT)crl soc
D'**Xe = 9.2x10™° exp (~1.89/kT ) cr¥ sec

specimen @ heat rating lCid4 v EfE L %\,

Table 2 KHWTR/BR, (R I EHFOFEN, B 4454 0L Yot

Jour. of Nucl. Mat. 35 (1970) 24~ 34

The Emission of Fission Products from Uranium=P lutonium Dioxide During Irradiation To
High Burn-up,



TanLe 1

Composition and cheractoriatics of tho apecimons

il Surfacs - DIinpuritics (ppm)
Spest Comy W : ':1,'!1& (s'&nlve lf’v;’ wren | Stoichinmetry Dc"‘"? X-ray
1Y . mesh) (emi/e) h (efem?) A) .
(V] Yo Al Cu Others
Al 25.49%, Pu nma —10 73 2.00 10.64 - 0.04 | Bingl: phase <50 850 150 130 <100
1409 U +18 solid sclution =
ay=5,4522
B 25,49, Pa 10.1 —30 210 2.00 10,64 :4: 0,04 | Ninglo phuso <50 850 350 130 100
74,69, +100 rolid solutivn <
ag=206,4522
A2 1499 Pu 22,2 —12 40 2,00 10,04 ap==5.4411 - 250 45 - 140
86.19% U + 22 4-0.0006
[y} 159, Pu 7.2 Single - 2,00 - do=5.457 40 31 13 -
85‘;2: v picee o=5.4% ] 30 300
TapLe 2
Fission product omission R/B from specimen R
Specimen heat rating 255 watt/gm
'1'“’“{’;’({;‘“'“’ 550 800 g 550 1000 Cosse T om0 b 00 P a0 1550 550
§ H i . ]
Jrrudintion 30 20 7 u o ioq ! 0 | 6 7 e n 20
timo (dayn) H ! ! ; z ! °
67, Burn-up 09 ! 1.5 1.7 2.0 Posa 2.5 X 8.2 T 3.8 4.4
Retiase regine | Bquilib, | Bquilib, {Burst | Bquilib, * Equilib, [Buest | Equitih, | Bquilib, Burst | Bquilib, | Pquilib, Buras | Bquitib, | Equilib. {Burst | Bquilib,
| oie 12x 10911 x xo-=% X1 B5X10- BX10% X1 65XI0-45x10, = |5.5x 1048.2x10°% x2 3.0 087X 108 X2 {27107
te t N ' . ' ! . !
i e LT X 10"!2.7)( 10-3 x1 |1L8x lO"ELﬂx 10"“% x1 :11x l(l";!'.ﬂ)( 103 - fl X103 1.7 X 107} x 2,6 26.0)( 103 L7x 10} x3 !8.5x10-2
i85a{r{1,9 € 10-3 2.8)(10"" X1 IO 10-53x10-9 x1 [1.2x10-81,4x - - : .‘Jxlo"il.()xlo". %2 iﬂ.’zx 10-31,6% 10~} %3 18.6%x10-?
Rﬂ;’ﬁ"’ X0 | L4X 10 LEX 103 X1 {LAX10720X10-0 X1 8.7x10-4 58 100 x22 I8.7x 10410 1071 x 4.3]3.6x10-38.5x lo-’l x4 |Lax10-
1Xe | 7x10-9,7.8% 10": X1°.50x10-91.5x% lO"‘f %4 ;3.22 10-3 7.6% 10"; x34 138 10'3i7.0x 107 <14 ll.!) x 10-10.8 % 10"" X3 [94x10-3
i : i ! 2 i ! I :
R o ewnulutive releass from all tompoeratares
!l,”('s' i ul totnl tormed durinee irrdiztion =0.54
Tance 8
Fission product emiwsion R/B fro.s speeimens Al, A2 and C
Specinen Al Specimen A2 Specimen €
Tc:r‘llpr:m- heat rating 2535 watt/g heat rating 135 wattfs heat rating 578 watt/e
c) %) N Burn-up wie i 10ae | BUER-UD a5t 1 1210q®
]3“'"-"') LS (€] 12X 1MCy» (“,{, LLE (€ 12X 127Ca (%) MUK Xo Cs
6i0 0.9 0Yx10-¢ | 5.4x10-¢ 0.1 43X 10 | 4.5:<10-¢ - 5.8 2.7x10- | 3.9x10-?
800 1.6 4.9%10°¢ | 6 x10-¢ ) - - - - 7.3 3.1x10-8 | 6.2x10-?
1000 | 20 | Lix10- | 20xi0- [(TIX107 | - - - 85 | o2xi0 | aexie (o
1200 - - - - 0.3 6.0x10-3 } 2.6x10-% | 6.4x10-¢ 0.5 34x10- | 29x10- |[
1400 2.7 14x10-t | 1.2x10~ 0,36 - - - - 11.0 17.2%x10-% | 2.4 10
1550 - - - - 0.7 1.68x10-t | 2.8x10-1 0.62 12,3 12510~ | 3.1x10-1
* Emission of 1Cs is ex; !as atoms releascd at temperature

total formalion nt quoted Lntriup '



THE EMISSION OF FISSION PEODUCTS

TasLe 4
Effect of spieimon heat tating on fission product gns release
Equilibriaia relewo B8
Termpernture | Snecime
Specimen e Specimen )
pecimen ey . euting WKr »®Kre L2t
: {watt/y)
550 8 42100 1 974100 | 84100
255 4.0x10- | 3.6 104 +9x10-3
Al
130 5 1331073 | 4.9:¢10-3 | 6.1 10
2535 7A4x10% | 10x102 | LoxlO?
550 40X10-1 | 6.0 104 } 65004
253 8.5510°% | 1L0jor | L2103
B
1ns0 8 AR 1070 | 1230
253 "Iy | 88100
Tante §

Chango of surfies arca during ircadiation

Calenleted surfice areas Constant
Initial surface RIE (330 °C)
Specimen|  area BET post 800 °C | post 1000 °Cl poat 1200 °Cj post 1400 °C | post 1550 °C —-/—_-r—(-'-' —_-‘-’
(eng) (m¥n) | (em¥Yg) | (em¥y | (emif) {emsfg) | Buvuco area
(g/em®)
Al 73 4l 55 - 337 - 6.5:<10-¢
A2 40 - - 61 - 246 L1x10-3
B 210 210 135 132 603 301 9.0x10-¢
[+ 303 259 132 163 s 349 8.8x10-¢
(Calculat »d) {mean valae)
R IR ;
12 g 3 § 5 .‘5" s 3 g &
) o T [ . T
sreein :': g i'srfmum a I
.. » o 4 4 X a8
NEN '3 b SR
SOLID §10480LY INDICATE \
™ e N B e 5
AN oA \ @ LEAst scuancs mif
..*5.&" \\i\ { e \‘ AN
H ) ) \\
a o \
5 ‘\\\U 3 N
Yo \ AN ¥ o8 M\
glo Y Yo
» s N
¥ N\ 8 \
v \ \ el \‘
gno"' \ g ) N\ \‘
£ N o H A\\N
N B 2
¢ A\
©o'1? ] N : .
o % 4 5 W M " . ¥ t 0 ) . 0 0
RECHRSEAL TEMP LKATUAL (-"?:) RECHASCAL 'mpuuu“;(%_)
Fig. 3. The cuission of 8 MK, Fig. 4. The emicsion of 199Xu,
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Gas Release

& # /P ! Oak Ridge Research Reactor
FSHRE ¢ 1700C

ES BH2a .- Nat UO.
1=+ Single Crystal UQ.

1= - Fine grain specimen.

Fission gas-release (3 fission density, temperature burnup, graim=
growth, cracking K& In5b,

UO: #® fission-created defects I 1000°C~1100CPERE Tclusterk™ -
B,

fission gas BT Dcluster Ctrapah,1100C LR MEORLIBFEDOMO gas
releaseld, TDcluster DRI A KEZEEL2RIT T, FWhburnup O¥RED cluster
ORI trap SNBEHZEREL %5,

RO AMIC, fission gas release |3 HEEEAYICH RS & 5o e Tf Hipkiy
WD gas release rate BE—Th b BEIEN fission density GHCH,
fissin created trapld natural defect iraps @#~1T gas release Tt <A
Ed& Lz ng

B\Wfission density KX % fission gas release D43 10 fissions/ (cr
sec) i THbLbHhDL,

Nuclear Science and Enginereering . 38, 14-155 (1969)

Fission Density, Burnup, and T emperature Effects on Fission—=Gas Release From uo,
R.M. Carroll, J.G. Morgan, R.B.Perez, and O. Sisman

Oak Ridge National Laboratory, P.O. BoxX. Qak Ridge, Tenn.
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TABLE |
UO; Specimen Propertiet

C1-19 C1-20 C1-21
Geometry Cylinder Cylinder Sphere
Structure Single Fine Fused Crystal
Crystal Grain
Enrichment Natural | Natural | 48.66% **'v
(0.7% **u) | (0.7 *°v)
Origin Arc Melt, | Pressed Grown by float-
annealed and ing zore method,
Sintered annealed
o.d. (cm) 0.599 0.597 0.0997
i.d. (em) 0.266 0.330 Solid
Length (cm) 3.04 2.86 0.259 (array
height)
Weight (g) 7.47 5.85 0.2056 (total)
Surface area 8.72 8,75 1.13
(peometric) (em®)
Surface condition Rough Rough Polished
o/uU 2.000 2.050 2,000, =
2.001 2.001 2.001"
Deusity, % T.D. 1007 98.4% ~100%
(s:1) 12.7 16.2 60.2
Surfuce-to-volume
ratio {em™")
(geometric)
Number of 1 1 36
specimens
8
O T T p—
R | SR S} -
e : .
- H e . R
5 Ll b st : - :
! ' {
— i ! S g
' AFTER 8x10 fissions/cm o
2 T S - ,_..L..,......,: - 4 Y P
- !
§ !
P 7
§ 10 SR (S
] o
- =
% ,‘/ .
W 5 o
w
-4
Al .
3
3 ‘ i
2 R T e A o and®
) NEUTRON FLUX
/0 H X i | [ 5"013
‘05 AT START OF IRRADIATION | a4 ', N [ SN SRR RO
R R VTS B S -~ L | SRS SRS S
5“05 ...... wfera o -a = { t [ !
700 800 900 1000 400 1200 1300 1400 1500 1600 (700 (80O

SPECIMEN TEMPERATURE (°C)

Fig. 4. %%Kr release rate from single-crystal cylinder as a function of temperature,
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] i : ' ; i
JINCREASE OF RELEASE ] !
{RATE OVER 5-doy PERIOD
WHILE AT CONSTANT
(IRRADIATION CONDITIONS - .~
5 o BEFORE SPECIMEN CRACKED
- -—-} & AFTER SPECIMEN CRACKED
. ® AFTER 1700°C IRRADIATION
' '

RELEASE RATE OF *®Kr (otoms/sec)

700 800 900 1000 1100 1200 1300 4400 1500 1600 1700
SPECIMEN TEMPERATURE {°C)

Fig. 5. *Kr release from fice-grain VO, C1-20,

RANGE OF MEZASUREMENTS
OVER 5-DAY PERIOD- .

-
~ e
C1~20 (BROKEN)

»

°,

89y, RELEASE RATE (atoms/sec)
w

. . L
100 1200 4300 1400 500 600 {700 4800
TEMPERATURE {*C)

Fig. 6. Compuirison of high-temperature reluase
from single-crystal (C1-19) and fine-grain (C1-20) speeis
meas of Oy,

Al ! 1 ! oLt S
R A TR R S
: v R P
. b . } i [T SRR
B Xe BORN FROM 1'® pEcay 4§
R ; RN Frrr 13 '
o Pt Xe BORN FROM 1'% pecyy ‘
1P | L e
: i { . -
b i e . B .- e be
g  [ligees : N P S Rt
SR S ' - O
\gsh_K,esm._. E. . i H ;- - ——
-} ; Kr8? i H - f H \' - I -
H - v Lo -4
lO’ LT
, -
'Y Sy S LT } :
~TEMPERATURE TEMPERATURE 200°C : -
-+ 985°C - - . : S A o } [ - 1 -
; | ; : '
2 JUSPUER- SRV S SO _—
a T [ ~ |
! ; |
IO‘ it Il J .

O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
TIME {min)

Fig. 7. In-Pile fission-gas release from fused-crystal UOy during reactor scram, Cl=7 expuriment,
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!
-i [ AN
d SOULHIER, SINGLF CRTSTAL SFALRES
& CARROLL, FINE GRAIN, DISK C1-12
& CARHILL, SINGLE CRYSTAL, CYitHDER C1-19
9 @ CARROLL, F:NE GRAIN, CYLINDER C1- 20
1071 o CARRGLL, FUSED CRYSTAL, SPHERES, C1- 21

.‘

RELEASE RATE OF ®™xr [atoms /{sec cm™))

10¢
'!0" ?

0t 2 s 10?2 5 10" 2
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Fig. 12, Fractional release of SR [rom high-density stoichiowetric U0y duing Lreadiation at 1400 °C,
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Gas Release

o U TTTIm U PTITOn T T T

P © SOULHIER, SINGLE~CRYSTAL SPHERES

% 2| ACARROLL, FINE GRAIN, DISK Ci-12

€ 107" E= A CARROLL, SINGLE CRYSTAL, CYLINDER CI~19 =
g = O CARROLL, FINE GRAIN, CYLINDER C1-20  —]
w [~ © CARROLL, SINGLE CRYSTAL, SPHERES C1-21 -1
R I LR -
[ 4 ~

- ~4

'3 |°-3 — )‘\ -
o = 4 =
o - Y }&
@« -y (=7 9 -
; - S -~ |
=

§|0_4 N R NI

€ " 10'2 10'3 10"

FISSION DENSITY [tissions/(cm3)(sec)]

Fig.1 Fractional release of ""Kr from high-
density stoichiometric UQ» during
irradiation at 1400C

Fission Density O %3 :
Fissioning it bubble ks fission-gas release K¥# 35 defect,

ERAET R, H10 fissions/ (en®)(sec) % T fuel HiC fission gas
HREIN, 10 fissions/ (¢ (sec) 726 gas releaseld @+ 5%,

Nuclear Safety vol. 10 No. 3 (1969)

Fission-Gas Behavior in Fuels. by R.M. Carroll
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Gas Release

UO,; K%, SiloeFTHMHL T, »2BMTO f. p/20 R4E, R, BHANGO
fop #RXOFEHME ( local concention ) 2R FET %,

XBEERHEA Table IO TH 5,

e LT, f.p #AOREXE N, 7 2ORET 5 BEKRFR, 1600C~ 2000C
ORHOBERLANWTH. #kEKEETH 5, REOERERARRTLEESBTLERE
WEEILLZ LT S,



TABLE ¥

3 H H H : H :
H 1 usu H Fuel : Fuel H : Puel : Average
: FY ¢+ 3) : Diameter : Density : OfU H Length : burn-up
: : :  (em) : s : (o) : owd/t)
: s s ] i . :
: Cyrano IX : 4,01 : 11 ¢ 10.58 ; 2.001 M 100 : 940
iGramonrlsol ! n Po1o.s8 2000 100 P 6340
: Cyrano IV : 4,01 : 13 : 1040 ‘200 100 : 542
icramov (401 ] 1 P 1.05  :200 100 P 1066
tCyrano VI : 4,01 : 13 : 1020 ‘2,001 100 : 1070
iormovizl 4ol ! b P00 2000 100 P 1282
: H : : : : :
TABLE 1I
Isctope 83“ Ml(t 85, ¢ “Kr . 131,(g ' 132)(e 13on° : ‘136xe f
Fission yield : H H : H H
: 7). : 0.5 =1.02 :0.293 :2.02 :2.93 : 4.38 8.06 :(11.5)
Prueduced ot time : H : H : H H : :
: of sampling £ 0.895 : 1.691 : 0.4B6 : 3.351 : 1.895 : 4.8] : 13.41 :(19.11) :
: (10!8 atoms) : : : te : : : : :
Present in the ' ' : : .
' sample . 0.05% 0,106 . 0.030 @ 0.206 @6 0.133 ' 0.391 ° 0.827 ® 1.09
P 018 atoms) G : : : ; : : :
- 1607 627 1612 lels ‘0 lar lels s
¢ = &mount present in the sample
amount ptoduced at time of sampling
TABLE 1II
Normaliczed rutio $*
H : H H H H
H ¢ Sampling : 13 : 132 s 13 3
: H radius ¢ lx’ H Xe H Srese 1)
s H () H H H )
: P2 : 0.83 ; 0.90 : 1.06 :
N S P 0.84 : 0.93 : 1.08 ;
: Poosas : 1.02 ¢ 1.05 : 1.08 :
i 3 : : : i
: B s : : :
H 2 2.2 4 0.70 H 0.70 ] 1.1¢ H
102 1 2.5 s 0,74 H 0.745 H 1.10 t
H H 4.6 [3 1.03 1 1.045 H 1.0 [}
: : s : : 3

*  uncertainty + 8 %
#4+  cotal fission yleld assumed as 11,5 %
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‘, Releare & Safety

%ﬁ'ﬁ’cm%*@é?h’bB?&*ofﬁﬂ%qﬂﬁ-?@%un#ﬁb'cﬁw { (~107sec )R IGEAR
 ﬁKEmﬁiDO%ﬁmﬁ®%$#htD5%ot@:ﬁ&Ct#B%MO#éﬁK%Té%
&@5BPower transxent CELAEREDOD %,

ﬂé@f*&%ﬁzuzt Lt TREAT‘F zFIALTy b, R TR, BHRIC L b % 9%
OB, 7)YV LALDRIG, SVAERECDNTORBRYT — 2 OBMH &34 b, MEHEO
=FrML, ARGUS, SASIABOMYTT — N OBRET T 0TV oK 2 KK T — 2 OF
ROBWTH 20 7 5 ¥ ATt CABRINF, YETH IGR # & TEBR A% o Tind
#f—ﬂ%ﬁﬁéhTm&ho

BFOT - 2 XERRHE L LT b 5RE ORI % b 2% K0 Power Transientlc L5
ERMEROUEN 82T do 2 ABHIADEBICONTHFAEROELIC, KD B b ERE
EYeRERBREY LI 5 24— %2 ETR 2 BT 5 EBAED bh T\ b,

BETTORRA IR T -2 BHOBBTEDL 2, DED LS ARWLA I Twnd,
(1) #BE O BERD Power Trarisient,o P ETOBREHIED 1 DO Threshold & % %,
() REEOCTTUKONERINLIFP AR WBEOBPIEM & & & ICHED Threshold

BETE 20

(@) FRBEOWHEEN TO BB TRBHBEICKE 2 #EE 4 D,



’Fuel: Meat Releare & Safety

Rig Rock Puint Reactor Water Activity with a Certain Type of
Fuel Failure Predominant During the Operating Cycle

Reacror Water Fissian
Product Activity, uCi/ liter
Half-Life Orcle2 Oyele 4 Cycle §
PO\BN Lavel
t
Fuel Failure Experience at the Big Rock Point Nuclear Pl ant B:I;p‘;: f/‘aw&' ) 7122”/(#..') :)/I‘:L(‘:)
" “!ll\/m
Off-Gas Act Fuel Failures at Quality of pe
v Corrosian ternal Accelerated
Power (uCl/vec) Ead of Cycle u to Isorope Cracking iding Corroston
Cycle | Time Produced Rods | Rode | Reactor Water — [N 6h
Number | Inteval | MWh (e)g |Average | Peak |Dundies| Brown | Est Est @10 580 s 66
”
8 x -
1 12/82~4/66 662,287 | 6000 {50000 [ 4 ® -] 04 "gy :;: :r;.g - g
I 5486-9/66 161,844 | 40,000 | 75000 n 3 1 3-6 gy 14h 00 - 53
4 1086 -5/67 20906 | 12000 | 20000 | 1 1 4 0 t°Ba 128day 2 5 1
¥ 687-2/68 30,851 | 10,000 | 15000 22 43 110 o o 21 <
v IB8-6/68 | 124606 | 400 | 60w | 9 16 kY 0 inCs 13y d o <001
) | 768-5/89 404427 | 26000 | 40000 ® e ] o1 . ,,g: gg year 2 <01 <om
B | sm-270| 3427 | 600 | oo | 20 | s0 | e o1 '“ 120 - -
Teaal - 2,349268 | - = [ % T1s | so8 35-55 *'Np 24 day 0 - 8
e o
Note: A normal core losding consists of 84 fuel bundles, ontaining ~11,000. fuel rods, :“} siﬁm"' "3‘1’3 15‘: 1%
Through 370, a total of 258 fuel hundles, containing 29066 ruds, have heen irradiated in the 1::{ 28‘;: 390 7 50
Big Rock Point resctor, g 81dsy £ % %
Total Fission Praduct
Activity, uCi/titer 4508 206 492
Maxximum Total
Activity 4Ci /liter 18,000 1,700 120

S

cUO02—304 27 > vEBmME

UOz2—Zricalloy 2 #E%mH

- Big Rock Point THTO 19634 L) 1970E % TOMEMRERE L & IC, BH

HBBY DLTAHREBE69% T, 19% OEFUBBHICHEBLT WA, ZOW
BOBER%EE Lk,

R 3TEOFEENRE L bhk,

1Y A —-—=594 MERWHEE ORRE MU & 4 £ 5 RvdE
(2 U0 MEKEET LS4 -2 WBEOKEL
® Yrhed OEMAFERTREI RS,

CHLOFERE TN SBHELMBELTUO, MBO R 2% 305 & 5 LUO:
DEREFOBEREL T L 2Ll tMECT2RERE % bE b ok,

Gerald J,Walke, Roger W. Sinderman, Charles E Axtell, The Effects of Failed I'uel on The

Operations of a Commercial BWR Plant, Trans Amer, Nucl. 13(1) 165-166 (June 1970)

&
I
[



Fuel Meat Releare & Safety

, Res‘ults of Power Burst Tests on Fuel Rods with About 3000

MWd /T Burnup

(Ae-in,-0-d. Zircalloy-Clad UOz)

Test Nurber I )| 1! N

- Total energy deposition (cal /g) 150 200 260 340
Failure No Yes Yes Yes
Energy dopostion at time of
failure (cal/g) - 147 225 300
Appearanco of fuel rod Discolored | Slightly warped, | Several small | Sever small

intact one ruptured bulges, one bulges, one blister
blister rupturod blister | with melted hole

Maximum water columu
velocity (fps) 0 3 91 165
Fraction of miclear energy
converted to kinetic form (25) 0 0 0.8 0.07
Maximum pressure in capsule
(psi) 0 165 350 2350

K OB IUOmvet (7% U™, 94% T.D)

Zircolloy--2 #E% (%1€ 0.D. 0.020" Wail Thickness)
57 (916" 0.D. 0.032" Wall Thickness)

ML= 2 v 2K

"ETRT13.9kW/ft & 151KkW/ft ©3000-3300MWD _/m# vis L, Water

Logging Capsule & LTSPERT N4 ® Capsule Driver Core 4T Power

Transint

7o

TP ILHET B,

PREHBRBCOWCHMORBET 2 oML L, D¥0 2 LW oMK Zo

(1) BEEEFTLENWZ AV F~ (Threshold Energy)it 150~200cal/g Tk

FH BB I DB
(2 BHEBOE N SV AP RBHEEABIDIE N,
(3 BWHOBMIBBEOMUBERNLON RCL AWM IALELL LN S,

R‘.W.l\t.illér; Effects of Burnup on the Reactivity Accident Tests of Fuel Rods With low Burmp,
Trans. Amer. Nucl. Soc. 12(2) 862-863 (Nov. 1969)
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 Fu¢l,Mgat Releare & Safety

Sunmary of Series 5 Experiment Parameters

GETR Test Data”
C5A C5B
Average Power (kW/ft) 9.7 94
Peak Power ( KW/ ft) 119 11.7
Average Burmup (MWd/Te) } 17 800 17300
Peak Burnup (MW d./ Te ) l 22000 ‘ 21 400
#Physics Calcllatians
TRE AT Test Data
Reactor Parameters
Period (sec) 0.131 0.1%
Reactivity (25 1.37 135
Integrated Power ( MW sec) 309 310
Peak Power ( MW ) - 520 505
Fuel Pin Parameters
Peak Specimen Power ( kW/ft) 160 155
Total Specimen Power ( cal/g) 338 330
% of Fuel Melted ~35 ~ 35

UO:=Vvyw b (12%U*%, 94 200, 95% T.D.)
316 X7 >V AuHEE (Y)Y 0.D. 0.015 Wall Thickness)
Wit 229 7824 T2O L Blanket #E & LTEMUOEH NI 425 Of

T CHI%3 % Solid Pellet (C5A) £ 0.070°L.D. oR»E~_vw b (C5B) %
i?(o

GETR T\ ©20000 MWD/p 2 cumige X a, s FLas sk 2 Wikfiie -
TREATH TTransintilE 252 WEBRURE O 2 2884 5,

(0 Blanket UOz 2% Solid Pellet (C5A) Do KEXBE L L BRI
BaBE STy Y OB R BER M 3BE L T, WEEEY & BIAER
BT L Chni,

@ RILERV o b (COB)THBMEMB RS, FE CHREARE R, BB/ 73
Yo rOBERLPOLROFEE S TI0"RELA LT,

() F.P. A2BREOBEEY 2B ET 5,

77y MRRBRICRILE R vy b EBATAC LICE VIRBIBEBEER CT &
T% %o

" T.HiKido, J.H. Field, Molten Fuel Movement in Transient Over Power Tests of Irradiated Oxide Fuel,
GEAP 13543 (Sept 1969)
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Fuel Meat Releare & Safety

— 1000
4.0 — 3200 — 800
Sourn tempe
at top of fuel section ]
essurc pulse data
30~ 2400 L i — 600 p
.B- 1, (piston locked) I 5="540psi s
'é I, =450 psi-"j& ;=410 T ?,
§ ZO-E 1500 1 - 400 L
b} B 3 14=140 psi E
g 3 _
R :
§ -4 800 L, Vo L — 200 %
- 2 le— 4 %10 *gec
& o Ty=140 pai |
oo 0 1 i i ‘ 1 | 1 I ] I[ 1 0
0 01 0.2 0.3 04 0.5 0.6 0.7 08 09

Time after Peak power, sec

Linear motion, presure response, and sodium tempearture for fuel
failure test.

H OB U0V b (10% U®%) kmH
25y VvAHEHE (0.29°0.D. 12Long, 15mil Walll Thickness)

iR 5 ROKKE €Y (5 3V ROBKES, tOLME He M) L4 FD L~ (15
psia®HeLP )T/ 7 22 —%fd, VIV v adbAhEHETEEA - 2 v -
T L TTREATI T Power Transint #% T H+ b ) vaidly, EH
2, A ER b OEEE, BEHZ AV -OWEETE 9,

B R 5 AOBBEYyEBHEITACLEEL ALY~ L 669MWsec (~460cal/g
UOz) Td oo
(9 ENWETES O A XERFMEI N, BRE €Y OWBPICHIE L 4o
(B BIIALF-—DOCEX b yBEOBMICT v ¥ —-ZRBEEX10PBTH ok,
W £I-C€rPAEEOUO &M LaEuti L 2o

J.J. Barghusen, D.R, Armstrong; J.1I- Boland, R.W, Mouring, J.C . Hesson, Fuel Failure Beharior

During Transient Meltc_lown in a Sodium. Filled Piston Auto Clave, Trans, Amer. Nucl, Soc, 12(2)
863~864 ( Nov 1969)



Fuel Meat Releare & Safety

A B IUO~Nve b (13% U**®, 90% Smear Density)
304 XF v v¥EE (0737°0.D.%0.63571.D.)
BB 22928 295m

F OBEIBBYEYZEOERDOF I LI TR E—FH D, B AR—HF =L LT
0.14cm HED Steel WireT# 2 DIT, Mark I TREAT ~— 7T 400%.
4 M gec OF MY U 2DHHND T Power Transiens &'Ffr 7,
TEBEBCEABRE R 29 270 LEIC1.5m EOWHUOV » b, 0 Ficihs
MORHEEELEL T508m EXD Steel mw FEEX, Z AW Thresho-
Id ZFT 55 E 555 Lk,

A ORI 1780 Jonle/gyp, P A ¥ —AWCRMEL 20 ~% o

@ 1900 Jonle/gyg, O r¥— AW CHIE T+ T Lo

® 259005 yo, (WIBRETLI00C 2 LEMICLCLEREZ L% -0 2
ECHB )DL AL —ARAE[EN0.24sec BMIN 72,

) BMEPEHOLEF ) v 20oHOMT 20 atm ODENSn 201Gk, W 0.4
sec LTHEOEN S+ 208G Ih AR CES 34atm ThH o,

() BIALMY-OBHZ AL X —OFMEF 2X 10 GLIT Th ok, %S 4
M/ ect BRI 6T/ o AL Lo

6 BEED 2 VA ICEEZ bR b o, BRMRE LU O TBA 3T LA o o

C.h. Dickerman, L:E. Rebinson, J.F. Bolad, P. Purviance, K. Schnidt, First TREAT
Experinent on High Energy Fuel Féilure of on Unirradiated Oxide Fast Reactor Fuel pin in Flowing
Sodium. Trans, Amer. Nucl, Soc. 13 (1). 370-371 (June 1970)
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Fuel Meat Releare &-Safety

TREAT Irradiation Conditions®

) ~ Cslaslated Fuel
Pin Estimated Energy Calculated 8 urface Temp at
Referen Burnup Tput, MaxFuel Time of Max Fue!
Bample No. a/o i/ Temp, € Temp, T
1 1 0.56 ™1 231 1582
2 n 310 na 2mse® 2011-2220°
3 3 073 860 64 1809
4 ] 3.66 8 206" 16508
s 16 585 151 2180° 2060-2175°

*Low-power pxeliminary transients are omitted for clarity.
Fuel at melting point for sbout 0.4sec,
Fuel atmelting point for shaut 05 sec,

Sanple Temperature Date

Max Temp of Cladding
TREAT Sample Thermomuplas, T
Sample Pin TREAT Enesgy, Enery, ————————————

No. No. T rans ient MW-sec  J/g Lower Upper
12 1 1017 @ “8 815 750
1 3 0 8 57 1220 145
24 1 1009 54 k. b 815
2 n 100 155 114 b 1B
3 3 el 47 437 750 T80
3 3 @2 8 869 1320° 1340°
4* 9 1023 53 B1 830 B15
4 L] 3024 114 78 1300 13
5* 16 100 K] a9 889 uw‘
5 16 1072 207 1s1 1310° 1300

"Preliminary trmsient experiment, run @ 2 check @ caleulations.
er moocruple opened before transient,
Clalding melting ccawrred.

Summary of Transient-temperature Calculations on “Final” Transients

Bample Fuel Surface Outer Qladding Max Outer Fuel k
Pia TRBAT Energy Max Fuel Temp st Time Surfsce Tempat Cladding Surface in Calulatian,
Ns. Tramsient foput,dg Temp . T of mx, T Time of Max,C Temp, T Was-C

1 018 757 2131 1582 7 1832 0016
3 1022 860 %64 1809 "] u®% 0.015
9 02 728 2045 1508 854 1290 0017

1 1020 n4a 2%0* 20m-222° 1153-156>  (1790) mel ted oms

16 1072 151 27508 2060-2175¢ 985-15709  (1774) melted 0.m5

“he maximum extent of oxide at the melting point was a ralius of 0.10w,
Fuel was at the melting point for 0.4 sec.

“The maximum extent of oxide at the melting point -was a radive of D14cm

9 Fuel was at the melting point for 0.5 secy

<

A BIUOveyr (13%U,002019, 91.96%T.D.)
304 ATy VRHEE (0442mQ.D.%x0.396emI.D.)
BB 229 278 0381m$x1397emL, T r#HA

B BEIMTR THb# Ui 07%~6% % THIEI L TREATIF TT7009/4159,~1150
L@Um®1$»¥—ﬁ%%ﬁﬁoﬁowﬁﬁﬁﬁmmﬁﬁﬁowfﬁgoﬁw,m
WL EE Y S -BATHRE LT 5,

# B (1) Transient 1018B#BEOME A2 L
1020 BEBEBE 2, #BEEWE LBRBEBHR &% 50
1022 BRBEREE WA T0 50K HARE LB BER Rkl %
1024 HEEXWHLALBLIE R 2 9%,
1072 BB ZHER LS R AE LIREL 2o
2 BMEBRCI>THBRERELAF:P. 72BN OMMBRICELET D EEZ2 bh
EBREBRCEXTORBEBEIN b ok, T 2R LIL % T BEVRE O S1um-
ping RO bh % hwoik,

R.R. Stewatr, C.E. Dickerman, L.E. Robinson and W, B, Doe, Fast Reactor Fuel Elenent
Behavior Under Transient Heating to Failure I ANL 7552 (March 1969)
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Fuel Meat Releare & Safety

A MU0 (13% U™, 90% Smear Density) ks

pi]

&

®

340 ATy v AHHE (0737m 0.D.X0.635emI.D.)

BB 22w E 2179cm

7vra 114em

TREEYBEAROKL I ~E L~ X2 LA 014m EEROZTF LR Y

AXEBERN—F L Lk,

Mark TZ F YV 9 2ar—-7T400C, 38"/, Ok TTREAT: (/A LT B4
T 5o

PRSI EEROHED 0.27secT17320 4y, (413550 YDz s w-

FRM Lk ChdHEB 2B T ACLEANBA I AX -0 34% BRI CHLY,
SAS—TA code o TERFRLETIE O A2 LT A78—-80% AREBRIT—KL
ety BEHBEELLCOWTE —H L2 ~%o

(1) BPRREBOEMBRAOBLVEIE 2L bNFEBEEOMFMEHRARD bh %

- %o

@ BEPBPHOBBEELHOMEMLAR, AB L, BHEEZ2ED bh Zh ok,
@ FrYV Yy LOHOREIZ68C EHEL .o

@ WME, ENOREZEMNEIRBD O ZHh ok,

C.E. Dickerman, L.E. Hobinsan, A, K. Agrawal, J.¥, Boland, First TREAT Loop Experiment

on Oxide Fuel Meltdown, Trans. Amer, Nucl. Soc, 12 (2) 87-868 (Nov. 1969)
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A ¥ U0,
WHEE

FH OB CAREHUO: K% TREAT T Power Transient X&ERIO %6 %+ 5 ks,

F,uel Meat Releare & Safety

-

o

TREATH TORKB U BHOBMERT — 2

Spaces |1teEmaed E;:":l"p',:“’ Initial {Max, Recoskd
Test | ba | Clabting ™" | Reactor | o Reactor | Claddig
Wires | PoWer i;:."" Periad | Temperature| Remarks
(MW - sec) (cal,/g) | (msec) (c)
1 1 88 No 46 110 270 660
350 840 150 1590
2 88 No 46 110 270 895 No damage to fue! or claMing
3 88 No 71 170 270 1162 No damage to fuei of claddng
4 88 No 97 233 2170 1340 (‘!:myleu meltdown of cla-
ading
5 88 No 132 317 270 1625 Fuel condition altered
-0 1 B8 | Yes 44 106 270 746 Cladding Intact, samples
44 106 270 742 arped, some [ragmentation
44 106 270 790 of fuel
2 88 Yes 62 149 2170 970 Cladding Intact, samples
62 149 270 1017 |Warped, some frazmentation
62 149 270 1010 | of fuel
3 Ta No 91 206 270 1570 No damage to fuel or cladding
4 Ta No 124 280 270 1740 Cladding intact, fuel altered
B 1| g8 |Yes 72 144 150 1125 |Bample bally warped
2 BS Ko 132 264 150 1813 Total cladding failure
3 BS Na 176 350 150 1435 Total ciadding failure
void and fismire in fuel
4 Ta No 117 229 150 1480 Cladding wdamnged, fuel
117 ézg 150 1660 | unchanged
B 117 22 150 1660
3 5 Ta No 176 331 150 1660 |Cladding intact, mwmplete
fragmentation of fuel
sﬁl 1 Nb Mo 123 248 125 2140 |Sample slightly warped
-1 | 3
2 Nb o] 172 347 125 2310 |Small hole in cladding
3 Ta No 85 160 125 1160 Bulge in cladding, oxide
132 248 125 1780 | fragmented wpan removal
185 348 125 2330
225 423 125 2330
4 Ta | No 275 517 125 2690 |ClaMing destroyed, axide
fragmented )
Sxxxillf 3 Nb No 175 354 0o Bample warped, no clalding
N-T ! 2200 failuresoxide contains
2| Nb | No 200 404 100 2260 | voids admelted conters
3 Ta Ne 85 160 100 1140
- 142 267 100 1883
. 200 376 100 2400
4 ‘Ta No 85 160 100 1150 Cladding destroyed oxide fuel
142 267 100 1820 reduced to mass of fragments
275 517 100 2460

o fR 4T
R F v R
R AEN

=47

BRELBEHE O L % W (Threshold) # L b~ 2,

#® R0

TERLABEOREL 1 —H L %o

(2)

ATY VAL E Y F R HBHOR S CHiEtre L, RELH

=X THEBRERERTCIWBLE I REZ2BETOLHERL £,
(3 2y 2rWBBRBEERTHEL106—-290em/ secd & B CIREIFLE % TRk X
& %o ‘

C.E. Dickerman and L., Robinson, Studies of Fast Reactor Fuel
Transient Heating to Failure 11,

ANL - 6845 (Jan 195)

Element
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¥ 1 -
g o ASSUMES SWELLING
] ASSUMES SWELLING NOT ACCOMMODATED
S 6} ACCOMIODAIED INORIGIHAL POROSITY
£ IN ORIGINAL POHOSITY —,
&L © -
¥ O
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Vo 100 v,
. £2€
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A e A 22
1 -
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FUEL BURNUP (FISSIONS/ec X1020)

®OH BABR{w

BHEEHE . opEFE (MTR) 0221~24.3%/0 PuOz =102
0o O/M=1.998~2.000 o 23X —E 93.5~96.6%T.D.

o %P 959~987% T.D.
o EEFAICHBAE N Z 20T, FIHO =2 ) v 27 %l

f& D oMTROGRBOBIRAL L, F.LEEEKFKEH1400, 1800, 2200CKHEDC
EAHRY, BEORB LML T L ICHEIL 2,
DO KB Y FARAT Y Y I ARNENTCL ot T 5 E
0.10 —0.1 4%4V/, 7/ 10*° fission/cc
O R B Y FARRTY I HBBNE RS LT D L
0.12 (0.2 S%AV/V/ 10*° fission/cc

24D GE OB COHGOERE TH b, WAL LTWLT ELLER T, B.U
A 80X10* fissions/cc U2 T & LINEETNE SO % n,

E.L. Zebroski et al
GEA P-10028—-34 (June 1970)
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loung’s Modulus 1-31-6

‘»‘?y'zb;t I L 2B O ALK (porosity), O/M , BEK

1 1) %?L%ﬁ (polrosuy) @ﬁ:

100 %§®*/fz&Eo.%%z%pfﬁb?&5%0%%$&%oaﬂ@%/
m;r.t

- B=Eo (1-a7)
E= Eo exp (—-BP )2)

AP 3)
B=Bo (1+ - (A+1)P 35
@K@%?h#fﬁﬁf%%o
1=i) UO2
’5)
ByEE T 24812, Forlano %@%%ﬁﬂ'ﬁ'@ RoXTEHETED, (FE)
E=223385(1-2277P) (Kbars) or

E=224356exp(—2512P) (Kbars)
1-1) Ues Puoz O:
BLEETE 2EE, Nutt” %@%&ﬁf mmﬁfiﬁfééo($ﬁ>
~ E=21027(1-203P)
2) O feokm
O/MHQ}:OE@:\EH UO022>WnTiE Forlano é—*? Uos Puoz O2 DWW TiT, Nutt
%klof,%l,Z&@ﬂ%ﬁ%#%&hfhéo

.v‘tu“‘ - -
10075 101.0 ~
© YOUNG'S MODULUS
| , § B SHEAR MODULUS

2 sl 95 % CONFIGENCE LEVEL Q6
wle
szls [+]
s s 100.0}— g

2 ele

b= -l

230 - sg 88
2

Y]

¥ I F1ES

Er gl 93.0f—

p bl

|

o L ] H]
) X NN seol | 1 | |
OXYGEN-TO-URANIUM RATIO 1960 1970 1980 1970 2000 20

STOICHMIOMETRY (O0/u + Py}
3) ¥ ¥ /YROBEKRES

- .. Al y )
 UOe » Uos Puos OsBHt & b — 5% (E=Fo—bT exp (~197 )0 Bt 2 % 1oy frii
TELH30LLT, PadelSORBME %5 3, 4HKRT o

OeOa . ZrO= ; Mo%OTi‘JWJ@%%’#, 7r<iasa,—, REWEO MK ORI (€D THE




1) Z2H.# (porosity) O¥#E

1—-i)

FICFRTo

Young’'s Modulus

UO:
4,5) n)
Forlano % OHfIEMUANIK, N. Claussen DHAITELTWb, EONLE %, 1
# o E, (KP /p2 ) b A 3R
E= E, (1—AP) 22780 22717 45
E=E, e °F 22880 2512 45
E = E, (1—AP) 23400 310 11

COMl, BIEORBORTEERE LA NEETE bR\ D0 OER T i
ETBLEEEOCLE A D,

ELASTIC MODULUS X 10"% (KILOBARS)

' I T I T T T I
=}
3 © LAMBERTSON AND HAMDWERK © BOWERS ot g_." !
[
O SCOTT gt gl
X Clamsserl SCOTT of b
20} a WACHTMAN ot @t
° o esLLe anp LusTman
K -bP & wnc'®
1S} RS E=E e
b ° N s./ © WACHTMAN ot o™
T~ (MEAN OF VOIGT AND
~eu REUSS AVERAGE)
‘ -
-
-y
0} -~
PPy Seaeo
- -~
sr E=EJI-AP)
° 1 | ) ] s | 1 1
0.03 0.0 0.8 0.20 0.28 030 0.3% 0.40

VOLUME FRACTION POROSITY
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1) PuO: ';UOz

Young's Modulus

,7
Nutt % OEEBRESS 6 MICRT,

OUNG'S MWODULUS {bllenprs)

2) 04 ok

© AS-FIRED, 1523°C HA 8% Ny, QW LI88
& EQUILIBRATED, $30°C DAY Hz, 0/ =982

/

€221027(1-2.03P) hiloders
#*13.9 kiladers

(A}
[ I I I
. 3 . %0 3¢ TS 0o

22
DENSITY g/cm3)

O L O¥BIKOVWTH, #B® Forlano %% I UNutt SLAOBER % o

3) BEKREH
3-i) UO:

L 14) 15)
AR O PadelFE O HIEMELANC, Bell % , Wachtman % OHi&nb s (B 7,

KR o )
3—ii) PuO2 -UO:

R 38 © 5 LA SRR 5 7 oo

MODULUS OF ELASTICITY, 10°mi

265
- Specimen No 2

260 7
255
250 7
245 1

N,

240 - Specimen Nol \

235 1

L N N \ n L N N 2
0 100 200 300 400 500 600 700 800 900
TEMPERTURE, T

BTM REOKELLTOY Y /%

20,000

N

B . \\

3

$ 180001

& N

] (2000 95%10,
1690% 200 400 €00 60 - 1000 1200

‘ Temperature () ——= <
8N hLEOBMELLTOY Y%
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Young's Modulus

4) *othoEE
4—-i)  R—@ WO B
7
Nutt %, PuO: L UO: BESBEE L 2 W E RGP COBBER LHE L, 2285
TREE Bk TORT 2m~*% U0 &, UQ: OWiHEOBL TH 2,

B2R FTH—MHOBBTHCrLETEE

um-95 U0, Young’s modulus® Shear modulus*
%10~ (kbars) (kbars) PuO, mesh size
38 1504 593 Ball-milled
sample

14.4 1348 539 200, +325
188 1402 528 -140, +170
191 1312 492 -80, +H0®
45.1 1141 440 60, +8{

Change of Young's modulus of —60,+80 mesh PuO, sample: 24.19
Change of shear modulus of -60,+80 mesh PuO, sample: 2582

*Values corrected for density: p= 9.39g/cn* .
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143, Creep 1-11-71

V0BT o RUEO 7 ~ S 4 ththib o 7 — 4 O KEAD % <, BEEIHSICHS L
bt nAZ L, Lo LEMA bFEINAL 5IC, FHATROAME b, FRTRD A
EOHEB1A-F T EoTWEDT, HROFENBEF - 2% F02 N oblTIciE v
&mt&ﬁﬁoébbﬁoﬁ%&k%@zmm%ﬁﬂ?©f~ﬂuiﬁmrmtmo
HESTCRFAD 2 ) - 7HKEOKXKELTREUTOXTHL 9T 5,
' € =A0exp (—Q:/RT )+B 6** exp (—Qz/RT)
REL € EEZ) - FFEE

o -5 LEJJ
R 1986 (cal/mole °K)
T:RBE (°K)
UOsgoolCH L TX
A= 9.7 28x10° B = 1.376x10™*
(—87.70+D)G -9050+D

Q1 =90,000 cal/mole Q:=132000 cal/mole
e L D l#EEE (%T.D.)
G HEAERE (2)
(20% Pu—U)Oyes B LTI
A =532x10* B =183x10"
‘Qu=100000 cal/mole Qz=140,000 cal/nole



Creep (#H)

1. 372 (20% Pu—U) Ouvses
2. k5 K EM, FH

3. 29— 7
€=A0 exp (—Qi/RT)+B ¢**exp (—Q2/RT)
ETEHWZYV—7HE (1/hr)
o LIt (psi)
A:l532x10*
B:183x107°
Q1: 100,000 cal’mole +10,000
Q2:140,000 cal/mole +10,000
R:1986 cal/mnle °K
EBE (CK)

—

4. BRI - 20EH
5 77:~1000 to 8000 psi
B BE11475C~1625C
B :93% T.D.
Om 195
fERAE 1922 ~25, (FMELEbh b, )

5. FAY Ml oRKEEEGE KEWTHETHTH Y, 4% Pu%O;, BE, HEKREO
T2 -EMVIAAKRT — 20 THhkBID LGEIN B,
p oﬁi‘?}}o/M 198 Lahrey ¥ 7k, 79— 7@lrikic Qq Aot L2 b Oy
~1.95 tAhoThik, FEAHECERMAD L0 T, 4#H0 LRI © &
S THRET2BEAD 5,

(R.E. Bohaboy, R.R. Asamoto and A.E. Conti) GE AP-10028-34 (June 1970)
Sodjum- cooled Reactors Fast Ceramic Reactor Development Program, 34 th Quarterly Report

Feb, 1970- Apr. 1970 p.39-41
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10!

w02

1073

-4

Steady-State Creep Rate (in/in/hour)

1075

Steady-State CreepRate (in/in/hour)

-3

104k .
@ 93% T.0. )
Grain Size: 22.20 mierons
et
1075 1 1 1 ] 1
"] 20 40 6N nn 10n

Weight Percent Plutonium

14—1'

¥ T Y T Y
(Pu 3V 07 95 o2
[ 1550°C r—
Grain Size: 20-25u
I 6000 psi -
\ b=
S
2
A 2 oL -
z - :
< N J
z J
=~ y A ]
‘ B -
- of
o 5
-“ -l
-
1400 psi x 1625
w 10‘4— .
ol s -
« - -4
pes B -
_ w
4 - -
> - o A
a 1550°C
8 - i DATA: E
-~ 5 CCMPOSITION = (PU , Ug)O, R
« DENSITY----= 9352 © +95
GRAIN SIZE -~ 22-25MICRONS
1475
| | L ] l lojillll' 1 L ra el 1 L1
88 90 92 94 96 500 1000 2000 4000 @000 10,000 20,000
STRESS (PS1)
Percent Theoretical Density
107!
J T T T
6000 psi
0 =1,78
/Pu
1072



Creep (fFR)
1. %7200,
2. K X HEHE, FR

3. 7Y -7

Fission Rate Nominal | Stress Steady—-State
(fissimns /m3sec) | Temp (CO) | (psi) Creep Rate (Vpy)
1.2X1013 1185 1500 48%x10" s

and 76x107s

11x10!3 1125 4000 275%1075
« out of pile 1100 4000 363%x107¢ )
11x10% 1125 1700 993%x10~5

4. T2 b I OUODIFENZ ) ~FF— 2L LTBTDIDTH A,
OFNDCT -2 1T, TEH61 0413 E KE 1,

O KAERH I PEVWOT, BELIEHO B ORICER T 5.0 k%
o

QUERHOFRMEARH LD T, EHEE T 4« HEK% g

J.8. Perrin, R.A. Robinson and S.T. Basham ( BM1I, Columbis )

6 th US,/JAPAN Ccramic Fuels Information Exchange Meeting: Oct, 12-15, 1970: Seattle
Washintn. USA.
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Creep (14 )

Y 7w U0z 00

2 % K L EHE, FA

3. 7Y —-7HE:
€=A0 exp(—90,000/RT)+B 0%%exp (—132,000 /RT)
zsT
A= 728x10°
(-87.70+D)G?
p=Ll276x1 0-*
-9050+D

BL, E i) —TEE (V)

6 L In (psi) R 1986 calories/mole °K
T 1 BE (°K)

D BREEE (% T.D.)

G

CEERERE (u) (IR ETHLH, )

4. BN, BRE, BE, HENROHME !
I 77:1,000~15000 psi (0.7~11 Kg/mm?)
B E:1440C~1760C
% B 920~980 % T.D.
FEmb®E I 4~354

5. FIAY b loPlEMEIE ERICHL90% BHEETE32% DHBICA->TWw 5,
cHRETHHIEANET - 2ThH5b,
o5k D7) -THEOHNLT TH L,
o tl, MOMAEOEMH 7Y 7T -20+~+0ffiTd b,
o GEAP—10028 (1969wt HETFRE TV B,

R.E. Bohaboy, R.R. Asamoto and A.E. Conti GEAP-10054 (May 1969)
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Creep Rote,hr'

Creep

10

8

6

4

2
10"

8

6

4

2

0’
AN s / Il ~ 1535°C,
s / AT

4_/,| o P,lsoc

- /
/
2r yd - 1430°C
o LS 1 Ly T W |1LJ
I 2 4681 2 4 681 2 4 6810

Siress, 10° psi

Fig.1. Crrep rate versus stress

for stoichiometric UQ: tested in
compression. la. &I 182m, 97.5%

T.D-: [ 55 #m, 98.5% T.D:). 1b.[
©17-19 #m, 94.8% T.DD. O 12-14
#m, 97% T.DD- 1c. O 10 #m, 97.5%
T.D.D.

1. K ¥ UO;

2. X ERR LT, B

Deflection Rote, In./hr

()

1400°C

N

o o<

N NN

Stress, 10 psi
Fig.2 Deflection rate versus stre-
ss for stoichiometric UQz: tested in
bending). O 64m, 96% T.D. -: 13
am, 97.2% T.D. [ 40um, 98% T.D.
L 13.54m, 94.5% T.D.

3. & RIBHIRELD, BHOBNEHRTRIEH G L, 51 OB Wkl IEH O 45
EREBLT, 2V ~FTHERIE % B,

4. FAYPIGEOF -2 LEMA—KLTW 5,

M.S. Seltzer, A,H, Clauer and B, A, Wilcox ( BMI, Col.) J. Nucl. Materi. 34 (1970)

351-353
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Creep

NS

WEiGHT

TS~ LITHIUM HEAT
TRANSFER MED IUM

Nb CONTAINER
Nb COATED FUEL

HEATER

Neg 0CB4L54-C

PIQURE §,5. In-Reactor Lorizontal 4-Poiwnt Bending Creep Copesule for Iscthermal
Heagurenonts to 1400 °C :

= = (U, Pu)O,
KEZX 254X%X0.317%X0.157cm

Vil 73 3/, 4RXFEMTF2IY -7
HAB X Liquid—metal AR LhABOBELREIX1000TT100TCLIA,
Liquid—metal ORFE L BT 272 BB ENb Coating LTH 5,
Heat transfer medium— Hegaso

{# P44 — Hanford K— reactor

BB, I/, fission rate, burnup, stoichiometry density, grain size #% &
EHF L LTEF '
data @BV I N T E W,

BNWL — 971

UC—25, Metals, Ceramies and Materials Special Distribution, IN REACTOR
CREEP OF (U, Pu)O,, J A, Basmazian

N
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Creep

1 | | i 1 ]

UO2—-22% PuO2

A-3-5p,94% TD-2500 psi , 1175C-158xI0%hr! ]
B-3-5u,94% TD-1500 psi, 1210C-100xI0*hr! |
C-10-51,9C% TD-2500¢ °, 1210C-2.09x10%hr”
D-3-5 94%TD-1500 psi, 1 100C-12IxI0° hf! ]

p:]

Deformation , mils
N (4] H (¢ ] o0 - w ©0

7S

] I | | l |

20 40 60 80 00 20 140 160 IBIO zclao 210
Hours

I vo, — 22 Wo Puo, 1157560022i2i b f

w® K 94+1% TeD 90+1% T+D

%5 ALk 3~5 u 10~154¢

oO/M 1.98*+0.01 1.9530.01

E #8 Creep

A H 635m9P x1905m

HZEE 5x10°° torr

BE®MH 1100~1330°C

I 71 1100~3200 psi

Program conducted for the AEC Division of Reactor Development and Teclnology
and Argonne National Laboratory under Contract NO, W—7405 eng—92 .
M, D ,Houston, O L Kruger and W.M. Tardue, Battelle Memrorial Institute
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Creep

¥ uQ,
‘ "W BH (psi)
® In pile Creep 1100~1180C 100~4000
Out of pile Creep 1100~1360T 1500~3500

Fission rate 1.7X10%¥~1.2X10'® fission/om sec

52 Table 1.2, Fig 1
104
» In-pile Test 26
A Effective temperalure = 1160C
In-pile Test 3D
_COpsule BRR-2 Effective temperature = 1100C
Enhancement
- Copsule BRR-3  Test 2D
Enhancement A 180 C
In-pile Test 3C (Test 3D)
|o‘5 | Effective lempeAroture = {100 C /ﬁ 1160 C
. - -/
- =2\
tE [ __.—-"P—‘-‘—
s | Niisoc
o Caopsule BRR-3
Qn:. Enhancement
o (Test 3C) L —
o - 100 C_ . =7
G J -
- O /
7/
10¢|— /,
N /
Bl
- Q
/ A Actual test results } BRR- 2
. ,/ © Extrapolated results
¢ «—1160C A Actual test results } BRR-3
O Extrapolated results
» n Stress exponent
|o'7 ' ' J I l
1000 1500 2000 3000 4000 5000

Stress, psi

FICURE 1, COMPARISON OF OUT--OF-PILE AND IN-PILE CREEP TESTS
SHOWING CREEP ENHANCHMENT DUE TO FISSIONING

SIXTH UNITED STATES — JAPAN INFORMATION EXCHANGE MEETING ON
CERAMIC NUCLEAR FUELS ;;OCTOBER 12-15, 1970 SEATTLE, WASHINGTON,
J. B.Perrin, R. A.Robinson, and S, J, Basham Battelle Memorial Instute, Columbus, Ohio

\-'.«
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TABLE 1. SUMMARY OF CREEP EXPERIMENTS PERFORMED IN CREEP CAPSULE BRR-2

Nominal Indicated

Specimen (a) Steady-State Cumulative
Fission Rate, Temperature'"*, Stress, Creep Rate, Deformation,
Test fissions/(cmd) (sec) [ psi he™ oils
24 Out of capsule 1300 3500 6.79 x 1077 6.4
2 0 1360 3500  1.37 x 1073 46.6
2¢ 0 1110 3500 4.90 x 1076 47.0
2D 0 1180 350 1,71 x 1070 48.6
12
2E 1.7x10 1180 100 - 38.8
13
2F 1.2x 10 1180 200 - 4.2
% 1.2 % 10%3 1185 1500 4.8 x 1070 50.3
and 5
7.6 x 10™
2 0 1180 1500 1.05 x 1073 51.9
21 1.2 x 1043 1100 2500 - -
(a)

Temperature measured at axial midpoint of specimen outer wall,unless otherwise indicated.

TABLE 2, SUMMARY OF EXPERIMENTS PERFORMED IN CREEP CAPSULE BRR-3

Nominal Indicated
Specimen ¢ Steady-State Cumulative
Fission Rgte. Temperature a , Stress, Cree~ Rate, Deformation,
Test fissions/(cm”) (scc) C psi he-l mils
(b) . -5
KA Out of capsule 1300 3500 9.49 %.10 8.9
u 0 1190 w00 3.57 x 1070 9.8
3¢ L.l x 1('113 1128 1700 9.93 x 1(!-6 12,6
i 13 -5
30 1.1 x 10 1125 4000 2,75 x 10 15.8
2 0 1100 4000  3.63 x 107° 16,5
¥ 1.1 x 1013 1125 4300 - -

Srran. reEsLLamaEL e ot wrisn

(u) Temperature measured at axial midpoint of specimen outer wall, unless otherwise indicated.
(b) Direct measurement out of capsule.
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Creep

Table ] CAEEP CHARACTERISTICS 07 (vpu)o,

Plutont songty? | Do Gradn size (p) Arrhonius plot
utonium ngt nsity
No. Content hbz:::“" damcter | (% theo- | st Activation
(vt . ) ~ ratio | retical) | Initiel | Firel (‘..'):%’) Erer
i (kcaﬁ
UPy 10 HP 1.5 99 70 8 8.5 76
ur2 10 cp 1.0 99 %0 60 14 173
For O/N = 1,995:
h 137
ey 20 cP 1.0 99 20 20 0.7 102
For O/% = 4,975
147 17
UPS 30 cP 0.9 99 25 14,5 103
UP6 [X] cP 1.0 99 20 14.5 128
UGR 0 3¢ 0.9 96,5 1.5 127
ve? 2 4] 1.0 97.5 15 1h.5 104
upPs 5 LY 1.0 98 20 1.5 102
uP9 10 w0 0.9 98 14.5 108
UFL 15 3% 1.0 9% -3 -3 14.3 15
12 = Mochanically Hixed I m Hot Prossecd ¥P = Coprecipitated
TEMPERATURE {C}
<3 1500 1480 1400 l_!._SlO 1300 !3}0 1200 |_|;g_
[T S —— .-
LEGEND ® 1'5'7:\&\;;?;:‘\1[: %noi
10% 3. DENSITY( %0}
u-wvmr 4.GRAIN SIZE (p),
15% 2. 3 4
s R I L
114/99/30)
——Hz/H30~10/1
& “‘ng;’m ns aaeeHalH20 = 100/
T b
2
o
Iz
W
%
[ 4
a
- 4
¥ 6
v
o8
o Q67 ©e6 064 &N
VERSE_TEMPERATURE (°x" ") X 109
TH"‘ E"CREEP OF (U, fu)02
2 U 0, , ( U, Pu ) 0,
Table 1 &8
" FE # Creep
2 e=Ac"exp (= RT)
€=Creep rate, 0=stress, Q=activation energy, R=gas coust,

J. A.C. Marples and A.Hough
Atomie energy Research E stablishment Harwell, Didcot, Berkshire, England ,
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Creep

-z .
10 Smas .
C SANPLE MO. 1: ) 1569 °¢
T - TOA 15
. .
c” SAMPLE lo. 2: O 1435 °C
O 1810 ¢
1-0.3 -
w -
| 3
af .
-3
E -t
-
o =
i
L)
= -
E]
b
F
”)-4 —
R o
-
TS} I T R B R T ) N R R RN
' 2 - 5 (o) 2 50 100
FAXIMGY STRESS, 109 pog
v Marciows Straiﬁ Rate VYersuz Maximun Stroas
for Sarples 1 and 2. The arrow ifndicatas
the order §n »whul\ the data was takea, .
= UO, —20W% Pu0,
1725TC, 1410 THER
F o BEZ7YV—7 (1410°~15607T)

2270 psi~ 7500 psi [5EHE1

OB stress Exponent
1475° F 1.78
1560 ~» 1.53
1410 ~ 1.58
1495 ~» 1.6 0

BNWL — 1279

FAST REACTOR CERAMIC FUELS RBSEARCH HIGH TEMPERATURE CREEP
FOR UO, — 20wt %PuO, O.D.Slagle
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Creep

In —Pile Creep Test

S St ThO, + 2w./0 UO,
ThO, + 10w/ 0 UO,
Zr0O, — UO,
5O clad : Zircaloy : % ®129m
N £104m
Bh 5 M EAE
Fission rate : 2X10' fission./cm® sec
B OE:871°

J 71 : 7500pis

#® R 5210-’_('(21?101’)(10000)

X f&
Zr0, — UO, X=4.5
Uo, X= 6.0
ThO, — UO, X=1504

Comment
FeMAXts I v 27RBELETDO in —pile Creep data # FXICKRAT
ALEXOEZROBY CHoke X=499~4009

WAPD — TM — 583
E.Duncomble, J.E.Meyer, W.A.Coffman
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IN-PILE CREEP®
Sample : UO, Hfitkhzm~v v } .

Vil #'. Fig.l.
E#HzYV-7.
Fission Rate @ 1.2x10' fissions/cc.sec.
: 4x10' fissions/cc.sec.
WBE :1025C~1185C
(BELEBOFLEE )
J&H 1 1500psi~4000psi
FEORE ' ABoPEHoMLEIK X b Hlix T 2,
) —-7HM I EE 170hr

% %: Flg-zv Flg-3, Flg-4) Tabce 1 éﬁg

Tabl e ] SUMMARY OF ouUT-OP-PILE AND IN-PILE CREEP EXPERIMENTS

Fission Rate, - Mensured(l) Effective(z) Stress, Creep Rate,
Test fissions/cc-see Tcmpcraturc,oc Tempcmture,oc psi he=1
2¢ 0 1110 1110 3500 4,90 x 107
2D 0 1180 1180 3500 1.71 x 107
26 1.5 4 10?3 1185 1160 1500 4,80 x 107
2¢™ 12 1012 1185 1160 1500 7.60 x 107
20 0 1180 1180 1500 1.05 x 107
3B 0 1100 1100 4000 3.57 x 107%
3c 1.2 x 1012 1125 1100 1700 9.93 x 1076
D 1.2 x 1013 1125 1100 4000 2,75 x 107
3E 0 1100 1100 4000 3.63 x 10”8
4D 4 x 1012 1100 1085 4000 5.10 x 1076
4E 1.2 x 108 1135 1110 4000 3.54 x 1077
47 1.2 x 101 1025 1000 4000 2.66 x 107

(1) Measured temperature is temperature of niddle thermocouple on specimen,

(2) Effective temperature is the temperature at which an isothermal specimen would have the same overall
measured creep rate, assuming no in-pile enhancement of creep rate,

(3) Before reactor scram.

(4) After reactor scram,

*) J.S. Perrin
Battelle Columbus Laboratories
Columbus, Ohio
October 20, 1970
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SPECIMEN
MOVEMENT
PROBES

SPECIMEN
ELECTRICAL HEATERS

F i g—1 PICTORIAL VIEW OF IN-PILE CREEP APPARATUS

.
S

stress

T ]
=
—

1

axial | position
—,—’

axial position

axial

! 1200C

\ /
1150C

N,

NCET !
1000C

2| platen — 200

radial position radial position strain rate

1a Temperature 15 Axial Stress 1¢'Axial Strain Rate

Fi g—z TYPICAL CALCULATED TEMPERATURE STRESS AND STRAIN RATE DISTRIBUTIONS FOR IN«PILE SPECIMENS
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Specimen Deformation, mils

4.8

44 =
4.0 p—
3.6 =
3.2 f—
2.8 p=
24—
20 —
16 f— o Stress 4000 psi
1.2 Od% ~ Temperature 1135¢ fissi
e _06500 Fission Rate 42 x10® ;:s_':::
08 |— 0 Test 4E
o ’
0. ;_OO
1.0 o .
049 | I : | l . | ] L ‘
0 20 40 60 80 100 120 140 160
Time, hr
TIGURE 3
-4
10 R
» . R
© In capsule 2{7/
B o in pile N
n Q7
.?: e
n . ,,’\/'
. o. ¥
4aF ,
- s os 4E
;’f /3D
" /7
/7
. /
? 7/
// /1
12G C
N // 0%
7 . g
- b, @ N\
L1007 7 o3cC 107 '
£ L, P> 4
g 7/
bl - e QI /
£V Y, 7/
3] A £4D p
b /, 10 4
e ~ V4 Q'/
© ’ 7
g L ’ /
@ ’ /
s /
» / 2C ,
7’ [s)
/ ,03E
it A 038
e L7 %0
4 /
4 /
4 /
2 /7
°2H/
,I
/
/s
’.
. ’ .
1 - L L ) [N
00 L
0 stress, psi
FIGURE &, SECONDARY CREEP OF U0. ., ALL DATA CO%

“IIQO C WITIL ACTIVATIOR ENEXGY OF EIVERRRE
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BB BB L WM L ORI D\ TOMBEA L LTROBMATIN T b,

1. Cladding & Na&:@#ﬁﬁ '

2 MSHCLBO0ladding DIBALIC L & % 5 HH L O i

3. BREZ LA LORMMEILSSUS Cladding #0 Cr WA &% % 5 Cladding
Oieh ez 0% To

4. SUS Cladding #® 04, Carbide D4MIC X % Cladding OiE1L

5. Cladding & Fuel L ORI

6. Cladding®& 4 B4 ORI B

A0, DLLOBEKREEFSANCPu L UDPmixed oxides WA LA OB & O

lompatibilityllDWTIEL £,



Interaction between Fuel & Cladding

(I> OUT PILE %=k

A B IUO02-25w% PuO:
WE 86~89% T.D.
U= 196~1.97
B 304 SUS
Na, He bond

O TEFES I TEE s
IR B
1. 650420CX5000hr
2. 1000+20Cx5000hr

N7
1>

Expansion
.g._ Plenum
:
% He
Z
- n N
= | y
Z é 2
2 7 g
Z 7 7z
% % Z
Ca‘r)us':le % Na 7 W //
i i
% el % %
| 1A1 Upellet ;7 7N
1 a
R ’ g Z
%
Z Weld
g Sealod
Z Secondary
- V SR M own
Na
I L o v

" Fig.1l. Stages of Capsule Loading-.

Stage I - Capsule units welded in a string,
sodium loading in progress

Stage I ~ Capsule unit cut out of string, seal
welded at bottom

Stage Il -~ Expansion plenun welded in place
forming a completed capsule

Stage NV - Completed capsule weld sealed in
secondary 304-stainless steel capsule
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Interaction between Fuel & Cladding

Table 1. Mixed Oxide Compatibility Tests

Identi fication T emperature

Time

Number T hr O/M Bond

H-1-2 650 1000 197 He

H-1-6 1000 1000 1.96 He
1-2 650 100 1.97 Na
3-6 650 100 1.96 Na
3-2 650 1000 1.97 Na
1-6 650 1000 1.96 Na
2-2 1000 100 1.97 Na
4-6 1000 100 1.96 Na
4 =2 1000 1000 1.97 Na
2 -6 1000 1000 1.96 Na

¥ B 1. He bond
650CX1000hr
1000Cx1000hr

WONOBEL XV o bHICZ 5 v 25 R bh s Cladding & Fuel

EOHEAERR &CELEDL 9%,

2. Na bond

Cladding O#iC, Na DEFBR LB LEELIL/INI WY Sv ZMNRRAL

hi7co L2L Cladding & Fuel

LOMEERE £ R bN & -,

3. WIOho¥Hied 304 SUS Cladding LMK LORBEABRAE R bh %

w’oko

4 Cladding® N2 bh OB I 0.4m O CTiERBKE (HEL TWhi,

BNWL-1101 1969

Compatibility of bath mixed Uranium—Plutonium Oxides and Nitrides with Sodium and

304 - stainless steel. by F.M. Smith



Interaction between Fuel & Cladding

@ x# #: ( Uos Puosz ) Ouer
B 78
1. V—Metal.
2. V-10% Cr alloy.
3. V=15 Cr—=5% Ti alloy.

F OB IRBEE 700Cx1000 ¢ r
800°Cx1000hr

M2 DOBHEEEA Cladding RARET E2E LW IOEIE CHIFE L 2
BEIREHE - DPH

In Fig. I.A.3 hardness changes at a given contacting temperature
are shown tn he similar for unalloyed vanadium {con taining

*20 ppm oxygen originally) and V—10%/ Cr. The as-received
vanadium
420 T T T T T T T T T T T T T T T T T T
380 kX

340

300

DPH

260

220

180

140
100 1 L 1

1 1 L 1 L 1 i 1 1 . 1 1 1 A 1
0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160 170 180 190
DISTANCE FROM INTERFACE, mils

Fig.I.A.3. Hardndss Profiles of Vanadium and V—-10%, Cr

after Cortact with (Uos Puoz) Q197 for 1000 hr
at 700 and 800°C

850

L DL L D D L |
750-C ]
7 J
V=15w6 Or-3%6 Ti 4
70:C 4 Fig.I1.A.4
500 17 Hardeness Profiles of V—-15%, Cr
. — e W H — W, 1\
£ 40 V-15wo Cr5wh Ti ] ‘5/0 Ti ?nd V=10, Cr after
A 350 800C  y-10w6 Cs 800C 4 Contact with(Uos Puo.z) Q187 for 1000
300, hr at 700 and 800C
250 V-10 w6 Cr, 80! .
fgcl) PR DU R B e I ' e e |

0 10 20 3 40 5 60 720 8 9
DISTANCE FROM INTERFACE(MILS)

B ORI in#dioma
V—Metal 136 DPH
V—-10%, Cr 205DPH
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Interaction between Fuel & Cladding

2. WohdDCladding 3
Fuel -Cladding 72530 mils LR TOMIF800CLH 700
COBEDFHHE N
3. TN bHLDCladding~OREDOHEEHIE00C X HT700C OBLOFHH
LY EL TS,
4., MO CladdingF~O I HIEMOIE
700C DFL

V—Metal HER»HH140mils

V—-10 Cr no 80

V-15%, Cr—=5%, Ti " 15mils
800°C

V—Metal ” 150mils

V—-10 Cr " 60

V—-15%, Cr—5%; Ti " 25mils

* Coment . BEMiWRDEBREER T L LBV ELEL LN B,

ANL -777
Reactor Developement Program Progress Report, 1969

Compatibility between Uranium-Plutonium Oxide and Cladding Alloys by T.W. Latimer
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Interaction between Fuel & Cladding

(M) IN PILE%E
# B U0z—20%, PuO.
Xy 304 SUS EX0021 inch

23

& 4 ! EBR-I
Max KW/ ft 26.1
Max Cladding temp. 630
Burn up 3.134 (U+Pu)
6.5 fiss/ccx107?

# H®!1. Shield microprobe HIEIC L% L, Fuel -Cl adding O ¥ R 4812

Continious Td %,

2. Fuel -Cladding ORI Cs DEEXLROEND - eg

3. Fuel O¥iiC Te, Cs ILE #, Fe, Si, Cr HDZWREBOMHNI bhte,

4. CladdingMfilT OBRBOFEHIC My 2% < AL T,

5. BB HICCry My, Niti D% (% o Cladding@ 44 EEFE I N BRF 4
b,

microprobefEHTIC L 5 &, CORNFONiIRIZ Cladding 24 0FED
bR Thoks 22, ThEEBER TS Fuel ~Clading 255 % b
MEhfcfrBEK IR bhiast, ThONi,Cr FFldbFrThdok,

ANL-17577
Reactor Developement Program Progress Report 1969

Fuel element Performande by L. A. Neimark
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17 Surface Te‘ns ion
2. BES MRl

(UOz@%@‘ﬁ‘*’ﬁ DUOTH ¢, Umetal ® layer WE>TW#E Wik
)

3. & B oREME 7=6001+50 dynesm at T00°C -rerrererree 1)

in Ar+0:
oHEME at 0°KT0o=642 dyne/em (+209%) ---+reer 2)
at Melting Point (BRI LAZUQg) -oeeeee-- 3)

6=545 dyne/m (x20%

4. IFr¥d BREOLTH, BIEEBET CORITEMEED, 700C KT s —ERL T TDH B,

0°K, ¥ XUM.P. TOHTEELZ2E6¥NIE, 600150 dynesen % FH3
SEOMNEYMEEbh 4,

© Review J.G. Eberhart, J.Nucl.Mater. 25 (1968) 103~105

1) D.H. Bradwrst & A.S. Buchanm, J.Phys, Chem. 63 (1959) 1486
2) D.T. Livey & P.Murray, Plaﬁsee Pr’oc'. 2nd Seminar (1955) 375
3) J.A. Christesen, BNWL -SA-584-A (1966)



Sur"fajce Tension
. & H Solid UO,
2. B BH &K R EH

3. & B2 0=16501+100 dyneem zt 700°C ---vovre-- 1)
in Hg

4. FAY b o BTEEHFTTE Solid UO, OEFiImetalic UK%E » T b LB bh b,
(") moleten U Metal @iﬁﬂ%ﬁé‘_z)ﬁﬂb solid Umetal @ surface
tension ZHET HEL 1650 dyne/ert % b, B —BT 5,

© keview J.G. Eberhart, J,Nucl.Mater. 25 (1968) 103~105
1) D.H. Bradmrst and A,S, Buchanan, J, Phys, Chem. 63 (1959) 1486
2) B. Spriet, Mem. Sci. Rev. Met. 60 (1963) 531
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Surface Tension

UO2 £ Na® =2 vt

Hefh ~ ~
.—L‘_;\‘

| X X X
- URANIUM DIOXIDE
4
=] 120 }
[+
2
Q -
-1
<} go [
Z
5 X HOT PRESSED
§ 40 L ® SINTERED
o)
Q

(] ] 1 i ).

. 200 300 400 500 600

‘ TEMPERATURE T
1. %8 B UOzis (98~99%T.D.)
Na -~ #iE 99.995%
A¥¥ O: 5~10 ppm
K: 20ppm, B: 40 ppm
HEREETHE,

2. H H K Ar
o
\@Da:%ﬁ
3. B X

vo, |

B00CLLTTCRUOEHZUO: & ST, 500CL ETIHE U0 DEE
A metalic UD layer Kh>Twna LtEbLhB,
f‘CfC"L«’ ﬁh‘%*lfc, Na FF‘@?%E%Z:M%# E@Eliti%’iftﬁx(/i*%

J W. Taylor and S.D. Ford, UK AEA Report A.E.R.E. M/R 1729
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