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for UO2

aver = 0.5448+7.85795% 10 °T-2.682x10 “T*+9.6918x10 “T°+4.9892x10 *

for PuO-
apuor = 0.5381+4.452x10 °T+0.7184x10 *T*+0.199x10 T+ 3.7x107°

U028t PuO:o] ol a3t Rl th53h Fo] 33,

for UO,
dL/Lo, % = ~0.3574+0.0012T-2.8949x10 "T°+1.2994x10 °T°+0.0761

for PuO-
dL/Ly, % = —0.2094+6.1586x10 *T+3.5083x10 "T°~4.9195x10 ' T°+0.0192

U029t PuO20l EEWste vhadt o] FH 3

for UO,
pr = 11.0909-4.6967x10 *T+1.5922x10 "T°-5.4906x10 "' T°+ 1.4047x10 "

for PuO-
pr = 11.7642-2.9143%10 "T-4.3242x10 *T°+8.1347%10 *T°+7.7603x 10 °



Abstract

Published experimental data relating to the thermal expansion of
UO; UO2:x and mixed (U, Pu) oxides 1is reviewed and
recommendation put forward for the lattice parameter and the thermal
expansion of these materials. The theoretical density at room
temperature is calculated using the lattice parameter. The density
variation calculated using the thermal expansion model is
recommended.

We recommend the lattice parameters of UO; and PuO,; as a

function of temperature as follow:

for UO,
aver = 0.5448+7.85795% 10 °T-2.682x10 “T*+9.6918x10 “T°+4.9892x10 *

for PuO-
apuor = 0.5381+4.452x10 5T +0.7184x10 “T°+0.199x10 T+ 3.7x107°

We recommend the thermal expansions of UO; and PuO: as a

function of temperature as follow:

for UO9
dL/Lo, % = —0.3574+0.0012T-2.8949x10 "T°+1.2994x10 " T°+0.0761

for PuO,
dL/Lo, % = —0.2094+6.1586x10 *T+3.5083x10 "T°~4.9195x10 ' T°+0.0192

We recommend the density variations of UO; and PuO:; as a

function of temperature as follow:

for UO,
pr = 11.0909-4.6967%10 1T+1.5922x10 "T°-5.4906x10 "' T°+ 1.4047x10 "

for PuO-
pr = 11.7642-2.9143%10 "T-4.3242x10 *T°+8.1347x10 *1°+7.7603x 10 °
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Table 1 Thermal Properties of Various Materials

. G, a k L
Material (J/kg-K)1*  [(C)'x10°] (W/m-K)* [&-W/AKFx107]
Metals
Aluminum 900 23.6 247 2.24
Copper 386 16.5 398 2.27
Gold 130 13.8 315 2.52
Iron 448 11.8 80.4 2.66
Nickel 443 13.3 89.9 2.10
Silver 235 19.0 428 2.32
Tungsten 142 45 178 3.21
1025 Steel 486 125 51.9 -
316 Stainless steel 502 16.0 16.3¢ -
Brass (70Cu-30Zn) 375 20.0 120 -
Ceramics
Alumina (AlO3) 775 8.8 30.1 -
Beryllia (BeO) 1050° 9.0 220° -
Magnesia (MgO) 940 135 37.7° -
Spinel (MgAl,0,) 790 76° 15.0° -
Fused silica (Si02) 740 0.5 2.0° -
Soda-Lime glass 840 9.0 1.7 -
Polymers

Polyethylene 2100 60-220 0.38 -
Polypropylene 1880 80-100 0.12 -
Polystyrene 1360 50-85 0.13 -
tolytetrafluoroethylene o5 135-150 0.25 -
e :
Nylon 6,6 1670 89-90 0.24 -
Polyisoprene - 220 0.14 -

* To convert to cal/g-K, multiply by 2.39x10% to convert to Btu/Ibm-°F, multiply
by 2.39x10

> To convert to(°F) !, multiply by 0.56

¢ To convert to cal/s—cm-K, multiply by 2.39x10° ; to convert to Btu/ft-h-°F,
multiply by 0.578

4 Value measured at 100C

¢ Mean value taken over the temperature range 0-1000T
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Table 2. List of reviewed data

TolAM HEI ARES THEHE 53 2k o71A ast a= U020 AAE
i

Researcher | Material Method | Temp. K Remark
L.P. of UO; diminish with
increasing oxygen content up to
Gronvold[3] | UO2~U30s XRD 293~1219 |the composion U5
a = 054704 nm (293 K)
a = 10.8x10° K' (20~946 )
Burdick[4] UO, 300~1533
Lambertson[5] UO: 291 ~1223
Conway|[6] U0, Micrometer | 1273~ 2523
Fergusonl[7] UO2.235 XRD ~1300
UO203, UO224
Roth[8&] PuO., XRD ~1473
(U, PU)OZ,
Uo = 0.54704 nm (296 K)
Baldock[9] UOI'%I’ XRD | 293~2573 |a = 10.8x10° K! (20~2300 C)
Hos = 10.4x10° K' (20~900 C)
Tokar[10] PuO, Bulk 298 ~1693
(U,Pu)O1.939
Lorenzelli[11] | (U,Pu)O1.9s4 Bulk 298~1573
(U,Pu)O1.992
Albinati[12] U0, Neutron | g3 1733 |a = 05471 nm (293 K)
Diffraction
Hutchings[13] | UOs, ThOs | "™ | 9939930 |a = 05470 nm (293 K)
Diffraction




Table 2. List of reviewed data(continued)

Researcher Material Method | Temp. K |Remark
Recommened eq. for UO; may
UO,, U2« be employed to describe the
Martin[14] (U,Pu)Os, Review | 273~3120 |thermal expansion in UQOs:y and
(U,Pu)02+x (U,Pu)Oz
a=10.38%(1+3.98x)
UO,, UO2:x L.P. of UO2 054704 nm at 273 K
Harding[15] | (UPwO., | Review | 273~3120 [pof UO:: 10.963 Mg/m® at 273 K
(U,Pu)O2:x a of UOq2«: 0.54691-0.0112 x
(UO2+F.P.) = decrease the L.P.
(UO2+Ln203) = increase the C.T.E
= reduce bonding E
.P. (UO2+Ln203+Zr02+MO)
Momin[16] | COF XRD | 201~1293 | 2 eoster
(U, Th)O2+F.P. = decrease the C.T.E
= increase bonding E
a = 0.5469 nm (293 K)
a = 10.8x10° K'(25~1327 C)
The C.T.E of actinide dioxides
are in inverse relation to their
Yamashita ThO,, UOy, XRD 1300 melting point . o
[17] NpO2, PuO-, TE. of UO; is similar to that
of PuO2
a = 0.54699 nm (293 K)
Yamashita[18] | NpyU;-yUOz XRD ~1273
. . Recommend eq. by Slagle in 1981
Fink[19] U0, Rewgew 1473 Recommend eq. by Martin in 1981
Anth
[23] O U Th U0, | XRD ~1973
. ThO.,
Tyaggil21] ThOy-296U0, XRD 1473
Popovl22] U0, MOX | Review Recommend eq. by Martin
UOQ, U02+x
Carbajol23] (U,Pu)Os, Review Recommend eq. by Martin
(U,Pu)02+x
uos, - 054719 (293 K)
Kang[24]  |Simulated ~ |[Neutron [203~1273 |° 270 1=
a = 10.47x10° K (298~1273 K)
Spent Fuel




32 AR5
7. V0,8l AR

UO»9l AAAa4E= Gronvold [3], Baldoock [9], Albinati [12], Hutchings [13],
Momin [16], Yamashita [17] ¥ Kang [24] 5ol 2la) A=A} 293 KollA 2=
Fv oY AFAHRE Fiste 054703 nmE AUt 7} oﬂ—?ou =A AT} HiF
el Hdl AAE oF 0.02% A= £ HArw # A o] o]Fo] X A
2 Yepwth wpEba] 293 Ko XA AxPdrE o } ol 8 4

O
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o JlN
o T
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_&N' 0_1_4

Lattice Parameter of UO2 at 293 @ 0.54703 nm (6)

Aolth °F 1700 K 7HA&= o7 4
ol 4= Hutchings [13]¢] ©lo] €<}
Gronvold [3]¢] Hlo]E7} zjo] & o YRt o] Ml AF2edl Al AL fAL
g ARE BHoy a9 oA Folds e E A2 pyrometerg ©] &3 &

ZAo 343 uiroz AztdAct 7t AFES] dHolHE FEEY fittingd A3}
25d g AxALSe] WEeE g o FHE & 9l

a9 2k exel mE AXgse WEE U
o

TR kA dehke a

I-['I

avoz = 0.54476 + 7.85795x10°°T - 2.682x107°T° + 9.6918x107°T°
+4,9892x10™* (7)

}. UOza®) AR

UO2+8 AR5 Gronvold [3], Ferguson [7] 2 Roth [8] ol <&} A5
ATk 19 32 2o wE U0 A WstE vekdl A olth Gronvold [3]€]
AFABRAA O/U HI7F S71E 5 AAdTE 2ot A2= YEE oY, Roth
(91¢] Azl o3tH UOom® UOgee tole A9 fle Ao= yEy:
Gronvold [3]7} 243 U029 Fergusond} Street [7]7F 243 UOsoZS A Y3 o
T UOen® A= U029k vlulsiA gk 2HAl vebytth. 293 Kol A U029
Az darE o 2ol Harding 5 [15]19] A& ol &3t F3E & Ut

ojf

auoz+x = 0.54691 - 0.0112 x, nm, x<0.25 (8)

o] 714 xi stoichiometric#2] #}o]E el
UO205~UO229 %o wE Azd Wsls oy o] shuel Ae FHE -
pi=g



Quozx = 0.54528 + 5.0442x10°°T

+ 3.799x107107% - 3.24184x107°T°

+3.105%x10™* 9)
T T T T T T T T T T
0.575 O  Gronvold Lattice Parameter of UO, I
O Baldock
0.570- Albinati
VvV Hutchings
E < Momin
ol 0.565 1 ¥ Yamashita
kol Kang
g 0.560-f —— Recommendation 4
8
< 0.555-] .
9
3 0550 4
0.545 g

T T
500 1000

T T T
1500 2000 2500 3000

Temperature, K

Fig. 2. Lattice parameters of UO2 as a function of

temperature.
' UIO 'b é \ IdI y | 7
0 y Gronvol
| 2.00 d

0.358 O UO,, by Gronvold

A UO,, by Gronvold 1
05554 V UO,, by Gronvold i

<& UO,,,, by Ferguson

uo,,, by Roth

05524 ¥ UQO, . byRoth _

2.08

Te-e- Uo,,, Recomm

Lattice Parameter, nm

— UO, Recommendation ; -
endatien
o

0.549 + ) o 4
v
e o ¥ y :
0546~ o 1
< .
: oY Lattice Parameter of UO,, I ]
0.543 T T T T T T T T T T T T T

200 400 600 800 1000 1200 1400 1600

Temperature, K

Fig. 3. Lattice parameters of UO2.x as a function of

temperature.
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sto] 19l Aotk PuOe U0l A Welel AA-A] A u&FH Vegard HE S
4 was Aow vyt Pud v me EFdRe] Adse g Ao
2 F3% 5 A9

a = 0.54662 - 7.469x107° ¢ + 1.75414 %10 nm (10)
71 ci= Pufl wt%, vhA ) &L FEHAE eI
29 55 eEo e PuOyel AARFE tEdl Aotk Pudyel LRl me Az
44+ Yamashita 5 [17]0] & 2& FHste] thg Aoz vebd 5 9tk

a = 05381 + 4.452x107°T + 0.7184x107°T% + 0.199x107°T°

+ 3.7x107° (11)

0.546

0.544

0.542

Lattice Parameter, nm

0.540

0.538

0 20 40 60 80 100
Composition, wt% PuO,

Fig. 4. Lattice parameters of PuO: as a function of

contents of Pu
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T T T T T T T T T T T T T T T
B Roth prepared by oxalate
0.548 4 ® Roth prepared by hydroxide 4
Yamashita
IS
c
8
9]
£ 0.544 1 4
o
©
o
[
§el
®
=
0.540 1 4

—7r r T r r 1 1 1 r 1 °r T 7
0 200 400 600 800 1000 1200 1400 1600 1800
Temperature, K

Fig. 5. Lattice parameters of PuO; as a function of

temperature

% 29 AgFAARY AP

Kang 5 [24]2 S4A3]dS& o] &3dte] RO A&FAARe AARYTE A5
ATH ¥ 62 A2olA dakdd wE ARG ®WstE dUEhd Aot AE7F F
8% 923, Une [25153 Cobo [26159 #Ame shielz waeid ko),
Lucuta [27] 59 A &% Stoichiometry Z7o] WA & o] 9l
Lucuta 59 A=E o]§ste] Aihkd wE AxGs WstsE

.

a = 0.54706 - 1.08482x107'B + 3.56457x10°B° + 1.0356x10° (12)

o714 BE dAE(at%)S YET

29 7€ Kang 59 7% £50] e A4k 20 avee] w9 AALFAARL] A
A5 MEE UEd Rolth exo] WE Axgse Y# ARst ¥ Eske] Kang 5
of AN e B AToA 2@,

a = 0.5457 + 2.4573x10°°T + 3.9616x10°°T° - 1.3411x10 %1%  (13)
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0.5472 T T T T T T T T T T T
) ® Lucuta
® Une
A Cobo
= 0.5468+ - Average T
< Recommendation
ol
|5} A
€ 0.5464 . B
o
® ~
o ‘\‘\
8 A
& 0.5460- A
- \\.
P N
0.5456 T T T T T T T T T T T
0 2 4 6 8 10

Burnup, at%

Fig. 6. Lattice parameters of SIMFUEL as a function
of burnup

0.554 T T T T T T T T T T

= UQ,
©® Simulated Spent Fuel

0.552

0.550

0.548 -

Lattice Parameter, nm

0.546 - i

¥ T T T T T y T T T T
200 400 600 800 1000 1200 1400
Temperature, K

Fig. 7. Lattice parameters of SIMFUEL as a function
of temperature
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33 E€3%
7F. U029 €33
UO»9 E3dFd #3 4= Gronvold [3], Burdick [4], Lambertson [5],

Conway [6], Baldock [9], Albinati [12], Hutchings [13], Yamashita [17], Kang [24]
S g3 FHHATG. 1Y 82 U09 €3S el ZHolth, Martin [14]2 7|&

°of AsE& AES HA A& A 2= 923 K olske] W ool 1 9
ol 2EWAE o] dRFAS AT BE AAETFE ol &t 7 <&
Bt doluists AT DA Aole] lo] Hi= Schottky defects®] @&

2 2523 KM A& FAE 4 v st} Harding [15], Popov [22], Fink [19] %
Carbajo [23] 5% 98] dEA4S AEI HuAMGTS 53] Martine] Z2S FH3A
T 2R E WA oL shube] Aom Il #d Rds v

dL/Lo, % = —-0.35735 + 0.00123T - 2.89486x107"T? + 1.29937x1071°T°
+ 0.07611 (14)

IGronvold I
Burdick
Baldock
Albinati
Hutching
Momin
Yamashita
Conway (bulk)
Lambertson (bulk)

- - --Martin

recomnmendation

X%dvAOQP>OoO

Thermal Expansion, %
N
1

T T T T T 5 T T T T T
500 1000 1500 2000 2500 3000
Temperature, K

Fig. 8. Thermal expansion of UO:2 as a function of
temperature
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. UO2x® €%

U029 3o A3 A4+ Gronvold [3], Ferguson [7] 2 Roth [8] Sl ¢

g A7 FAE AT Martin [14]2 U020l dlo]EH7F U022l a2k W QFell 317]

ool UO9l €33 ZdAs 1520 K 7449 =+=dwddA x7F 0.0~013 2 0.23
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= U5 go] 2

for UO,
pr = 11.0909 - 4.6967x107*T + 1.5922x107"T° - 5.4906x10™1T°
+ 1.40474x107* (20)
for UQOg:«
pr = 11.0611 - 3.0697x107*T - 1.7444x107"T° + 9.7400x1071°
+1.0213x1077 (21)
for PuO,
pr = 11.7642 - 2.9143x107'T - 4.3242x107%T% + 8.1347x107T°
+7.7603%107° (22)
O9 145 B AFfoA FHe g3 wdS o]&sle] F3 2o mE UEWsE
bW Aot 203 KollAlel Wxo thst FAd =& veRd Aot oF 2200 K7HA|
T U029 Pu0:9] At 2% W3yt fAe Al YEst oy 1o]de] ZoA &= U0,
o 4w @i 7b AA debdth mel AgFadRst b 2 2egas e g

for UO-
pr = 1.009 - 3.2437x107°T + 5.3506x107°T° - 2.8472x107*T®
+ 1.4900x10™* (23)
for PuO,
pr =1.0065 - 1.9272x107°T - 9.6774x107°T% + 1.5294 x107?T°
+ 2.2515x107° (24)

for Simulated fuel
pr =1.0101 - 2.9131x10°T - 7.5948x107°T? + 1.56373x107%T°
+ 2.1078%x107* (25)
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11.6x10°¢] ¢ I3 A3 AFS Jephch

O ALle]l FA4% Axf s o]&ete] ko wE Azt Ao ¥stE v
2ol YeER ST

UOz.00°

ar = 0.54704[1 + 10.8x1075(t - 20)] + 0.00004 nm (A-2-1)
UOz0s5°

ar = 0.54900[1 + 10.8x1075(t - 460)] + 0.00005 nm (A-2-2)
UOz.10°

ar = 0.54902[1 + 10.8x1075(t - 550)] = 0.00004 nm (A-2-3)
i ory

a: = 0.54410[1 + 11.6x107%t - 100)] = 0,00007 nm (A-2-4)
A7A t= =% (T)E YeERHY, v &2 33 HAE e
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AAS 2dz GAES UJeR L Q. 2Xo wE Az i Fo] 33 mdAS
oS3k o] AAE 4= Q)

UOz.00°

%, Al/l2g3 = -0.31814 + 0.00108 T + 0.01208, 293 < T(K) < 1219 (A-3-1)
UOz.1p°
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_24_



A.2 Burdick and Parker [4]
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Fig. A-4. Thermal expansion of UO; as a function of temperature.
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A.3 Lambertson and Handwerk [5]
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Fig. A-5. Thermal expansion of UO; as a function of temperature.
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A.4 ].B. Conway et al. [6]

i
o

Conway 52 1000 ColA 2250 C9 2% WA filar micrometer telescope

£33l dAFS =AsG. ¥ A-6& Conwayd Z3¢ Marting AA] R4S

2ol EAIE Foltk. Gronvolde] dHlolE ¢} o] Martin®] A|Al &I FAFSE &

Holil 9lo} Gronvold7b AAIgE %ol dial] A4 da3Fye= g8 254 IH
A

5 T T T T T
4 Martin -
B Conway
R ® Gronvold
c
k) i
[7]
C
®©
o
X
Lu =
©
E
[}
c
}_ =
0

T T T T T T T T T T
500 1000 1500 2000 2500 3000

Temperature, K

Fig. A-6. Thermal expansion of UO: as a function of temperature.
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A5 Ferguson and Street [7]
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Fig. A-7. Lattice parameters of UO2 and UO25 as a function of temperature.
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Fig. A-8 Thermal expansions of UO; and UQO22 as a function of temperature with

the results by Ferguson and Martin to compare.

A.6 Roth and Halteman [8]

Roth¢} Halteman - i< XRDE o|&3te] d W99 Pu %o @& (U, PwO,
o AAYret A Aol #e AFE Tt 2= WwE AA A Wsh, AR
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Fig. A-11. Thermal expansions of (U, Pu)O. as

recommended value of UO; by Martin.

a function of temperature with the

Table A-1. Polynomial expansions giving lattice parameter as a function of

temperature in C to 1200 C

O/M Ratio in

Composition Uranium Fraction Polynomial Expansion
ThO; (standard) - 55958 + 4.8145 x 10t + 50372 x 10’
ThO: (experimental) - 55958 + 50134 x 10t + 45957 x 10t
U0y 2.24 54651 + 6.0904 x 10°t + 0.0569 x 10’
U0, 2.08 54661 + 53013 x 10t + 25967 x 10’
5 w/o PUO, 2.11 54631 + 4.0530 x 10°t + 159977 x 10°t*
125 w/o PUO, 2.13 54559 + 49199 x 10°t + 7.3535 x 10t
20 w/o PUO, 2.10 54501 + 4.1068 x 10t + 284300 x 10°°t*
35 w/o PUO, 2.09 54431 + 42010 x 107t + 132990 x 10’
50 w/o PUO: 2.01 54310 + 43324 x 10°t + 129394 x 10t
80 w/o PUO, - 54045 + 41710 x 107t + 21.6916 x 10°t*
100 w/o PUO, - 54023 + 36527 x 107t + 59283 x 10’
100 w/o PUO, - 53914 + 36147 x 10°t + 26.6257 x 10°t°

The Vegard’s Law plot of lattice parameter at 0C as a function of composition
gives a straight line for which the standard deviation of the measured values is *
0.0017A
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Table A-2. Polynomial Expansions giving the coefficient of thermal expansion as a

function of temperature in C to 1200 C

O/M Ratio in

Composition Uranium Fraction Polynomial Expansion
ThO; (standard) - 86038 x 10° (1 + 2.0925 x 10't)/C
ThO: (experimental) —- 89592 x 10° (1 + 1.8334 x 10*)/C
U0y 2.24 11.1442 = 10° (1 + 0.0187 x 10t)/C
U0, 2.08 96985 x 10° (1 + 09796 x 10't)/C
5 w/o PUO, 2.11 74189 x 10° (1 + 7.8943 x 10 't)/C
125 w/o PUO, 2.13 9.0176 x 10° (1 + 29893 x 10"t)/C
20 w/o PUO, 2.10 75353 x 10° (1 + 13.8453 x 10*)/C
35 w/o PUO, 2.09 7.7180 x 10° (1 + 6.3313 x 10 't)/C
50 w/o PUO: 2.01 79772 x 10° (1 + 59733 x 10)/C
80 w/o PUO, -- 7.7176 x 10° (1 + 104012 x 10™*)/C
100 w/o PUO, -- 6.7614 x 10° (1 + 3.2460 x 10*t)/C
100 w/o PUO, - 6.7046 x 10° (1 + 14.7319 x 10't)/C

Table A-3. Polynomial expansions giving the coefficient of thermal expansion as a

function of composition ¢ in wt%

Temperature(TC) Polynomial Expansion

0 (95307 x 10° - 43094 x 10 °c + 1.7763 =10 °%c*)/C
100 (9.6641 x 10° - 3.4894 x 10 % + 1.8000 =10 '°c*)/C
200 (9.7950 x 10° - 26605 x 10°c + 1.8167 x10'%?)/C
300 (99260 x 10° - 1.8300 x 10 + 1.8318 x10'%?)/C
400 (10.0569 x 10° - 1.0024 x 10 % + 1.8501 x10 "c?/C
500 (101879 x 10° - 0.1735 x 10 % + 1.8668 x10 "°c*)/C
600 (10.3189 x 10° + 0.6557 x 10 % + 1.8834 x10 %c%)/C
700 (10.4498 x 10° + 1.4846 x 10 % + 1.9002 x10 %c%)/C
800 (105808 x 10° + 2.3137 x 10 % + 1.9168 x10 %c%)/C
900 (107117 = 10° + 3.1427 x 10 + 1.9337 x10 °c?)/C
1000 (10.8427 x 107° + 3.9718 x 10 + 1.9503 x10'°%c*)/C
1100 (11.9736 x 107° + 4.8007 x 10 + 1.9671 x10'"°c*)/C
1200 (111218 x 10° + 55709 x 10 + 2.0272 x10 %c*)/C

The above expansions show that there is no simple relationship between
temperature, thermal expansion coefficient, and composition.
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A.7 P.J. Baldock et al. [9]

Baldock &2 20~2300 Te 2% WA XRDE ©]&3t9 UOign¥ UO; g9l
B ATE FParArh 400 T~2300 Co SxoA WL Lxo ) A3
o2 F7bskRd. 20 T~2300 T =% HYolA Ao E9AF A
(10.8+0.1)x10® T~ o]™, 20 T~900 T2 2= W9l (10.4+0.2)x107° T e}
o RS 900 CT7HA] XRDE o] 43 Al 2760 CT7HA12] bulk method © <]
3 Ayl FAbsitha HRE T Y A-122 %o wE A ¢ WIS yekd
olt}, 1 Z Gronvolde] HlolE &} o] TAISII T A2l FHo A LA
o2 By}
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Fig. A-12. Lattice parameters of (U, Pu)O. as a function of temperature with the

results for UO; by Gronvold and Baldock to compare.
Baldock 5°] A3 A=} A4 dHolHE o|&ste] &&d wE A g WstE o
so Moz UEd 5 o
a = 054539 + 541x10° T + 2.1551x 107 T? + 2.1259x10™* (A-10)
a9 A-13% =X mE Az g5 WstE o] &ste] E9EESE UEeRd

1600 K¢ 2=7}%+= Conway, Martin ¥ Burdicke] ZA3}o} 2 dXsle=
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Fig. A-13. Thermal expansion of UOjg99 and UO;gs as a function of temperature

with the results of UO: by Gronvold, Conway, Burdick and Baldock to

compare.

bk 2ol vehd % 9l

rlo

Aol $a w4

% A/lp = -0.2725 + 9.8925x107* T + 3.9407x10°° T? + 0.03887 (A-11)

A.8 M.Tokar et al. [10]

PuOze] 4ol €% (bulk expansmn)a 25~1420 C9 2= YA At Ht
AduF AFAFE 11.16x10° €' gt wxegen, o go] duF vds 2
Eo] 4= A A

%, Al/lp = -1.2232x107% + 7.5866x10°°T + 5.6948x107°T% - 5.9768x107 %1% +
4.4092x107°T* - 1.2897x1078T° + 3.8156x107° (A-12)

q7I T 2%, CE UEdh

5L 1000~1400 Co 2=+ Conway S5°] =43 UO2l g3 do]H
b fratetthar SRtk 29 A-14e 2% wE d3FS vEkd Zolth Brett
¢} Russello] 743 dlojH et vluLsto] fFAFsHA YEFS T Brett ¢+ Russell®] &%
AL oo Ao Yeslth
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%, A/ly = -2.6285%10™" + 6.7199x10°°T + 9.7148x107°T% - 1.4371x107%T° +

1.3031x1074T* - 4.2383%x1078T1°. (A-13)
1.6+ m  Tokar 7]
® Brett

o\‘i 1.2 -
5
§ 0.8 .
o
©
€ 044 |
(0]
<

0.0+ i

T T T T T T T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800
Temperature, K

Fig. A-14. Thermal expansion of PuO: as a function of temperature with the
results of UO: by Brett and Russell.

A9 Lorenzelli and Ell Sayed Ali [11]

Lorenzelli®} Ell Sayed Aliv (U, Pu)Os 8 3% EA- v X+ x9 9SS A3
7] 938t Dilatometers ©]&3lo] 25~1300 C¢ &Yoo Zo] WIS =A3}
Atk 25 O/M 7} 1.939, 1.954 2 1.992 <1 (UpsPuo2)Osx ] I3 3L &9 2
240 2 LERY QAT

O/M = 1.939

Al/lss = -8.69x107* + 1.20x10°T + 8.46x10°1T? (A-14-1)
O/M = 1.954

Al = -5.74x107% + 1.15x107°T + 8.82x107°T* (A-14-2)
O/M = 1.992

A lss = -2.77x107% + 0.99x10°T + 12.5x107 17 (A-14-3)
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T3 252 O/M Hlo wE A9 HAE A4S O/MA 9 SR te-3 o] yE
R

a=[(6930 + 0.3) -29 (O/M)] x10°%, T (A-15-1)
a=[(11.30 + 0.3) -29 x] x10°% T (A-15-2)

o714 x shetgael 209ke] AolE ehdr),

a=[(1259 -57.3 (O/M)] x10°%, C* (A-15-3)
a= (1130 + 57.3 x] x10°%, €™ (A-15-4)

¥ A-15, A-162 =% Wsle uE 3 O/Mulo uE H G Ay
E YeEd Aolth PuOrgd €332 UOigol ™3 Baldockel ZA
Elutth O/M HI7F A &5 93-S o A YERTh

2.0 T T T T ! T T T T T z T 4 T
= O/M=1.939
169 | @ 0O/M=1.954 7
0/M=1.992
Vv Brett
129 | & Baldock ]
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Fig. A-15. Thermal expansion of (UPu)O:« as a function of temperature with the
results of UO; by Brett and Baldock.
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Fig. A-16. Thermal expansion coefficient of (U Pu)O.«x as a function of O/M.

A.10 Albinati et al. [12]

Albinati 5& F4A3]HE o] &3t 293~1733 Ko 2E=HANA U002 A 44

AS =A%t 293 KolA AA A4E 054710 nmP o, 259 =4 HolHE
olgste] thd e Xl uhE AR 5o madAg AN

a = 0.54576 + 4.326x10° T + 8477x 107 T (A-16)
o714 T 2%, KE Ugdo

ago]l T LA ©E AR 44E ol8dd "N e Ax dBFe 7Y &
S1=3

% Al/lp = -0.2447 + 7.8710x10°* T + 1.5755x1077 T? + 0.0054 (A-17)

99 A-17& £Eel nhE A9F2 ekl slolth Gronvolde] Avmrh: ofzh v
A dehout Awsoz eue vl e Ae @ & vk
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Fig. A-17. Thermal expansion of UO; as a function of temperature with the

results by Gronvold.

A.11 Hutchings [13]

Hutchings= U029} ThO29] oxygen sublatticedl ] As= thermally activated
Frenkel defect disorderE &<l3s}7] ¢ste] 293-2930 Ko LW SoA FAAA 34
S o] &3ty ATE 33Ut Diffraction® coherent diffuse neutron scattering=
F3lA 2000 K o]/l A4 oxygen lattice disorder’} &% oW, o]= hilide fluoride
oA ¥ Framkel FEfeti FxFTE 250] 73 2o WE AAALST dolH
£ ol&3td gy 2o ndAs 13 4 Q)

= 0.5445+9.5195%105T-3.6418x107°T?+1.1270x1072T° +4.7616x107* (A-18)
% Al/ly = -2.099+0.0038T-1.5515%10"T°+3.2906x1071°T° +0.0953 (A-19)
a4 A-1
S ZAIE Aol ¢F 200
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Fig. A-18. Lattice parameter of UO; as a function of temperature with the results
by Gronvold and Albinati.
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Fig. A-19. Thermal expansion of UO; as a function of temperature with the

results by Gronvold and Albinati.
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A.12 D.G. Martin [14]

Martine UOs, UQqz.y, (U, Pu)O: % (U, Pu)0o 8 G Ao e dxd dHolHES
T3 BT e dHolHES A4S =d AHES AV 1F U0 4w
AEsE U071 st A Ags oA AlAe] Az d3fdd

e of

L

A7 FAA MED AREE AP JARY = G

KeX o= ]
at7] feto] & dlolElgt & AolE Kol HolH= AT Bl
o}

| B = 1000 K o] XA the dFdo] wast =

RO F S UEa A 2=l ko wE I 7L/ AA YER
B A 2SS AAG w AJAFH . EgE Christensen? Halden

ol A & dHelHEdN Z AolE Holr] wiol Akt
Baldock &©¢] ¥ist A5+ 1871 K o] 9] 2%oA v dolH9f Ao]& Hol7|
el 1ol k9] dlolE R Al AA T Hoch ¢ dlolg 9A] 1118~2000 K
o] Z2EgAoA vE dlolgel Aoldhs Hol A AT EI = AAF FA
Hell ©]g Conway &9 HolEl9t AP F78] € g Hutchings® A=7F frAkgh
#s el e AS B3 2523 K 9 =74+ Schottky defects®] 9SS FA| S

hu

v

&
r
&
o
lo
1e
o
A
)
Au)
=
rr
1
o
Ny
o
rlo
b
1
)
o
fu
1

w3l ta3 o] AlA|
273K < T < 923 K
L = L2350.99734 + 9.802x10°° T - 2.705x107° T? + 4.391x107"* T°) (A-20-1)

273 K < T < 3120 K
L = L230.99672 + 1.179x10° T — 2.429x107° T? + 1.291x107" T%) (A-20-2)

7] LI} Loz & 2% T 273 Kol Ao Aol vehilr,

(

Tk 1

rr

AW AA5E e Hor AN

O

3K < T < 923 K
a = 9.828x10° - 6.390x107° T + 1.330x10°% T° - 1.757x10°" T°  (A-21-1)

273 K < T < 3120 K
a = 1.1833x107° - 5013x10° T + 3.756x107% T° - 6.125x107"" 1° (A-21-2)
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71+ Hyperstoichiometric U022l &3 F o] #3t dHolHE #4434 Stoichiometric
UOz°] @333 fAbstohal 338kt 5, Stoichiometric U029l €% X2 3
Hyperstoichiometric U02¢] dHlo|EE2] Z}o]7} Stoichiometric U022l 2% W 9] <ol
7] el A EEAS 1520 K 7hA 9 2=r9elA x7F 0.0~0.13 % 0.235~
025 Mo UOz o @il A& & dvkar Tt
T3 Puel FX7F 25%71A19] &3 ddsdn 2 glo] 2300 K 7hA 2] <] A
Aed 2}1:}3 TR

1% Hypostoichiometric &3 A5 4§ 293~1273 K9 2% WHLA T2
2l A A8

a=1038 (1 + 3.98 x) (A-22)

o] 714 xi stoichiometric¥2] z}o]& vrelWlT),

Researcher Method Remark
Bell et al. MLC omit: high value above 1200 C and high slope
Lambertson et al. MLC
Leblanc et al. MLC
Burdick et al. MLC
Brett et al. MLC
Murray et al. MLC
Christensen MLC omitted, not agree with results from other workers
Halden et al. MLC omitted, not agree with results from other workers
Conway et al. MLC good
Gronvold LPM
Kempton et al. LPM
Baldock et al. LPM omitted above 1871 T
Albinati et al. LPM
Hoch et al. LPM be omitted at 1118 ~2000 K
- good at high temp. above 2000 K
Hutchings LPM - agree well the the results of Conway up to 2523
K and Hoch

MLC means macroscopic length changes and LPM means lattice parameter

measurement

A.13 J.H. Harding et al. [15]

Harding 5 719 HolHE #4138t &3 dEA S AA AT Gronvoldel
el & <Ql&3te] 293 KAl AR} 445 054704 nmekar APttt U0z &4
FS 27002772 7FASEt] HEE 10956 M /m3 o5 AAsR o, dAHS 19}



o] 273 KolA & 10963 Mg/m® ol2ta shdth UOsyo AA A4t vzt 2ol A
kst

ayoz+x = 0.54691 - 0.0112 x, nm, x<0.25 (A-23)
o] 7] xi= stoichiometric¥#}2] *}o] & LA

G 25 U0S 493 B 4%
shel Al skgich.

oy

b Ad® Aol A4S Martin®] A& Q18

A.14 A.C. Momin [16]

Momin 5 XRDE o]|&3t4 UO, ThO, ¥ EIAAHEo] H7IE (Up2Thog)022]
AATE oA 1600 Ko 2= olA SHs AT H7te AREAZES 3
EHFZ, Ln:O3 (Ln=La, Nd, Ce, Y, Sm, Gd and Eu), ZrO, ¥ <7}8]EZ MO(M=Sr
and Ba)elth. UO:¢} ThO:, & A +A WHlolA n&AE dAstes oz LA
ATk Eg 250l n#etal v AEE ALEY] A U0t 1&AE Py
ThO; ¥ (U, Th)O: ¢ A% LnOs5t L&A E FAsl= Aoz e

a5 BE b=l o8 AxpaTE o= As Felskith BEEE} 20 wt%<]
LnOs7b 37 2 A5 493 Ase S7hstgen, ot U0, Aol U dial Ln™
o] £o17} matrix We Aol FolE Ao A5ttt 12l LnwOs, ZrO: %
MO(M=Sr and Ba)7} #7b8 4%+ 43 A57F A48 15k ol Ln''d
A 7t mE MPTE A S0l AjUAES FUHAIZ Ao w F A et

[§[67) 0.5469
UO2-20 wt% Ln203 0.5441
UO2-11 wt% Ln03-6 wt2%6ZrO.-3 wt2% MO 0.5419
ThO: 0.5597
ThO2-20 wt% Ln203 0.5564
ThO2-11 wt% Lno03—6 wt%ZrOs:-3 wt% MO -

(Up2Thos)O2 0.5568
(Uo2Thos)O02-20 wt% Lna03 0.5531

(Ug2Thog)Oo-11 wt% Lno03—6 wt%ZrO.-3 wt% MO -

AAgee Apd 44l Aol e dass Ao veut,

_42_



g Lxel

it

For ThO>,-20wt% Ln»Os solid solution :
a 7=0.5564+4.791x 10 8 (T—298)+9.256x 10 " (7—298)

For (Up2Thog)O2 solid solution :
a 7=0.5568+3.398% 10 ~5(7—298) +4.220x 10 1 (7—298) 2

For (Up2Thog)O02-20wt% LnsOs solid solution :
a +=0.5531+0.317x 10 “8(7—298)+3.489% 10 "7 (7T—298) 2

For pure UO; :
a 7=0.5469+4.192x 10 " (7—298) +1.327x 10 ~* (7—298) 2

For UO;-20wt% Ln.Os solid solution
a 7=0.5441+3.103x 10 ~5(7—298) +3.603x 10 " (7—298) 2

For UO2-11wt% LnoOs—-6wt% ZrO.,—-3wt% MO solid solution :

a 7=0.5419+1.912x 10 ~*(7—298) +1.609x 10 ~* (7—298) 2

For Pure ThO, :
a,;=8.138x 10 ¢ +1.058x 10 ~*(T—29%)

For ThO:-20wt% Ln2Os solid solution :
a,;=8.611x 10 6+1.664x 10 ~*(T—29)

For (Up2Thgg)O- solid solution :
a;=6.103x 10 ~6+0.758x 10 ~*(T—298)

For (UpsThpg)Os-20wt% Ln20O3 solid solution :
a,;=0.572x 10 ~%+6.308x 10 ~?(T—298)

For Pure UO, :
a,;=17.665x 10 "6 +2.426x 10 ~°(T—298)
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For pure UO:-20wt% Ln2O3 solid solution :
a,=5.703% 10 %+6.622x 10 ~* (T—29%)

For UO2-11wt% Ln:Os-6wt% ZrO:—-3wt% MO solid solution :
a,=3.528x10 %42.969x 10 ¥ (T—29)

A7 ar= AAETE UYEH AoiH, a2 A 98-S UERd Aot

e AR adne exel 2gsE JeEhiw et 2k

For Pure ThO: :
% A/lp = -0.2315 + 7.4016%x107* T + 1.2362x1077 T? + 5.03x107%°

For ThO:-20wt% Ln2Os solid solution :
% A/lp = -0.2418 + 7.6192x107* T + 1.6636x1077 T? + 5.93x107%°

For (UpsThog)O2 solid solution :
% A/lp = -0.1751 + 5.6510x107* T + 7.56790x10°° T? + 6.06x107%°

For (UpsThog)O02—-20wt% Ln2Os solid solution :
% Al/lp = 0.0389 — 3.1865x10™* T + 6.3081x107" T? + 5.24x107%°

For Pure UO, :
% A/lp = -0.2068 + 6.2189x107* T + 2.4264x107" T? + 7.04x107%°

For pure UO2:-20wt% Ln20O3 solid solution :
% A/lp = -0.1111 + 1.7663x107* T + 6.6219x1077 T? + 5.39x107%°

For UOy-11wt% LnoO3-6wt% ZrO,-3wt% MO solid solution :
% A/lp = -0.0788 + 1.7687x107* T + 2.9692x1077 T? + 6.23x107%°
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Fig. A-20. Lattice parameters of UO,, ThO; and (UysThog)O: doped with fission

products as a function of temperature.
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Fig. A-21. Thermal expansions of UQ,, ThO; and (Up>Thog)O2 doped with fission

products as a function of temperature.
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A.15 Yamashita et al. [17]

112 XRDE o]g3to] A4 1300 K9 2% H$olA ThO, UOs; NpO: % PuO:
gl A2 =P 99 ASFE H=dy wn g d A S el ok
152 actinide dioxideE9 %o W AxA¢ W3E 229 33402 g3

2ol YER At

for ThOg,

a = 0.5583+4.628x1075T+0.4708x10 °T?+2.512x107°T°+6.3x10™° (A-27-1)

for UOo,

a = 0.5546+4.581x10°°T+1.0355%107°T?-2.736x 1073 T°+4.1x107° (A-27-2)

for NpOo,

a = 0.5420+4.276x10°°T+0.9075%x10°T%-1.362x 107 °T°+2.8x107° (A-27-3)

forPuOq,

a = 0.5381+4.452x1075T+0.7184*10°T?+0.199x 10" T°+3.7x10™° (A-27-4)

EF emo g AXgFe] WsE olgdte Ax dBFL v Zo| 2129 3

for ThOg,
% A/ly =—0.243+8.269% 107 T+8.419x 107 9T?+4.488x10 ' T°+6.56x107° (A-28-1)

for UOs,
% A/ly =—0.260+8.375%1071T+1.893x107"T?-5.002x10 ' T°+4.29x107° (A-28-2)

for NpOso,
% A/ly =—0.245+7.870%107"T+1.670x107"T?-2.507x10 ' T°+6.39x107° (A-28-3)

forPuOq,

% Al/ly =—0.252+8.252x10 *T+1.332x10 "T?+3.698x10 *T°+4.88x10%° (A-28-4)
OHA-22, A-23% 2%dd wE Az Ao Az dd3%FS e Aoty ad
A-23°4 U0zl duol 71 AA YeEtwt e, ThO.o E¥o] 7Hd A e
ek UOxsH PuO.el A3 3e Aol #AHe g vhebat,
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Fig A-24. The relation between thermal expansion coefficients of ThOs, UOs NpO:

and PuO: and melting temperature.

A.16 Yamashita [18]

32 XRDE o] &3to] AFolA 1273 Ko &% Yol NpUp,0.0 933 A=
FPstgich. 19 A-252 ko] wE Npo =
A-262 ZF 2=olA Npo| Fkol mE A9
A Npol Fkol wel A=

Ao %O%‘é‘iiotﬂ BE koA Xéilé] Vegard 35 Wtk 2% W3l
e Az WstE 229 3 o8 R W v

for UQOs,

= 0.5456 + 4.581x10°°T + 1.036x107°T% - 2.736x107°T° + 4.1x107° (A-29-1)
for Npo.1Uo9Oq,

= 0.5452 + 4.193x10°°T + 1.382x107°T% - 3.872x107°T° + 1.7x107° (A-29-2)
for Npo3Uo790s,
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a = 0.5444 + 3.878x107°°T + 1.615x107°T% - 4.365x107T° + 1.3x107° (A-29-3)

for NposUos0z,
a = 0.5439 + 3.468x10°°T + 2.111x107°T° - 6.028x10°°T° + 1.4x107° (A-29-4)

for Npo7Uo30z,
a = 0.5432 + 3.462x10°°T + 2.063x107°T° - 5.925x107°T° + 1.5x107° (A-29-5)

for NpOo,
a = 0.5420 + 4.276x10°°T + 0.908x107°T% - 1.362x107°T° + 2.8x107° (A-29-6)

9 A-27¢ exol 42 NpUp,0.o A% A3 e Aolth 1gdA A4
B v) 9 w2 Lhebet ot UOust NpOye]l @533 Atolel 9141840 Npel
7 Zobael wel A dmFo] Folmi Aoz el exd 02 Ax o
o mF@sW 9o 2o,

O
o

for UOz,
% A/ly =—0.266+8.375%1071T+1.894x109T?-5.002x10 ' T°+4.93x107° (A-30-1)

for Npo.1Up9O2,
% A/ly =—0.268+7.670%x107"T+2.528<107"T?-7.083x10 ! T°+5.85%107° (A-30-2)

for NposUo7Oz,
% Al/lp =—0.235+7.107%1074T+2.959%x 107" T~ 7.999x 1071 T3+4.12x107%° (A-30-3)

for NposUosO0z,
% A/ly =—0.221+6.362x107*T+3.873x107"T°-1.106x10°T°+7.02x107° (A-30-4)

for NpOso,
% A/ly =—0.245+7.869%107"T+1.670x107"T?-2.507x10 ' T°+6.39x107° (A-30-5)
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Fig. A-27. Thermal expansions of (Np, U)O: as a function of temperature.

A.17 Fink [19]

Finke 1981de] U0 o2l 7kAl dEA] sl 7|9 dele& o] &3le ®
S AAEAT 1 F D3 g+ Conway®l Christensen®] A=E ©]-8-3}o]
fitting &k Slagle®] 4215 AlA sttt

for 298.15 <T<3120 K
A/l =-1.930412x1073+5.723%x10°T+2.487x 107 9T +1.140x10™ T (A-31-1)

for 3120<T <3400 K
ALy = 7.87x107 + 3.775%x107°(T-3120) (A-31-2)

a2t Finke 2000l M=% dHolHES o] &35t
A AT 1+ Martino] A A REA 2 T o] %
Z3telo] A3 A3} Martino] AAE 2l 1% ool ztol7t Yy AL dolyl
. 1E U092 E3dd @3k 2de Martino] A3 Zdly} FA3 2dS A AS

ATt
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A.18 Anthonysamy [20]

Anthonysamy &< (Uy/Th; )02l €% AEE 298~1973 Ko &E=H oAl 1
XRDE o] &3&to] A3ttt U'el Th™'e o] & whA o] 27k 0.1, 0.105 nm= M55
a2 fluorite 725 ot lo] S¥F LEAE IA s, n&A AAGF=
Vegard W3¢ meErh 150 233 APl WekE gg Lo £xe 233

T2 et

for Upi3ThogOs,
a = 0.5569 + 3.9330x10°°T + 8.0665x107°T° + 84519x107° (A-32-1)

for UpssThoas0s,
a = 0.5520 + 3.3669x107°T + 1.1554x107°T° + 1.1375x107* (A-32-2)

for Uggi1ThooOs,
a = 0.5473 + 3.0095x10°°T + 1.4387x107°T° + 2.7604x107° (A-32-3)

9 Ag exs wre #4542 gehiw g 2ok
ary = [-0.002y° - 0.0103y + 0.5583]
+ [0.0455%107°° — 0.1657x107%y + 0.4141x107°]T

+ [-0.0555%x107%° — 0.8680%107%y + 0.6947x107°]T* (A-32-4)

71H ye U %%, T: 252 yehdg

e/

o] Axpol A7|WEE o] &5ty A dHAS FId U o] =9 232 o
2 x4 4 9t

for Uo.13Thog/Os,
% A/ly =—0.1747 + 6.4089x107*T + 1.6793x107°T° + 0.01487 (A-33-1)

for Uos5Thos50s,
% A/lp =—0.0834 + 4.5393x107*T + 2.6528x107"T° + 0.01981 (A-33-2)

for UpoiThoeeOs,
% Al/lp =—0.0737 + 3.9678x107T + 3.1768x107"T° + 0.05176 (A-33-3)
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9 g exd Fue gL tehyd e g,

% Al/ly = [-0.2442y° + 0.3835y - 0.2204]
+ [0.3671x107%° - 0.6948x107%y + 0.7250x107°]T
+ [-0.1106x107%7 + 0.3070x10% + 0.1299x10°¢]T?

k1
il

U

o

e,

o714 y= U9 %, T =

70 99F AFASE Sde 4 R Fah

for Up13ThogOx,
a= 7.0471x107% + 2.8907x107°T

for UpssThoas0s,
a = 6.0885x107% + 4.1786x10°°T

for UpoiThoeeOs,
a = 54900x10°% + 52489x107°T
1

= 3

o

T 993 49 AFE v 2o

for Upi3Thog:Ox,
a = 74779x107° + 1.4454x107°T

for UpssThos0,
a=67111x10"° + 2.0893x107°T

for U1 ThooOq,
a= 6272110 + 2.6245x107°T

a9 A-29e 2ol }E Ax WAL vkl glolth o 1200 K744
Aglel M@ e vElot, 1 ogd £%
of ZA Yok AL & F AUk
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Fig. A-28. Lattice parameters of (U, Th)O: as a function of temperature.
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Fig. A-29. Thermal expansions of (U, Th)O: as a function of temperature.
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A.19 Tyagi [21]

Tyagi®} Mathewst™ ThO:9} ThO,-2 wt% UO.9] €33 AEE& 298~1473 Ko =
9914 1 XRDE ol §3tel ATHAh 15 A4 AWFL Lx9 4440
2 gt 2ol AASHATh

for ThO,
% A/ly = —0.2884 + 9.5641x107T + 9.7514x107T% - 1.8022x107°T°
+ 7.8220%1071T! (A-36-1)

for ThO.-2 wt% UO-
% Al/lp = -0.5288 + 0.0026T - 3.6002x10°°T° + 3.0690x107°T®
- 8.9028x10°T* (A-36-2)

1Y A-30, A-31E L% &
et Aol Ao ¥iste F ART 22 VL7 2 SUtste ALoE UEY
ot oF 873 K7kAl Aar ddFo] Hl=gt s YHEHou 1 ol 2EoAE
ThO2-2 wt% U029l @3 o]l v =LA yetyltt H I8 43 A= ThOqol 2
wt% <] UOy7t #7bg ol whe 958x10° Ko Al 974x10° K! o2 Z7tst4dtt.

0.568 T T T T Z T y T i T T T
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Fig. A-30. Lattice parameters of ThO2 and ThO: -2 wt% UO2 as a function of

temperature.
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Fig. A-31. Thermal expansions of ThO:; and ThO: -2 wt% UO, as a function of

temperature.

A.20 Popov [22]
Popov 5 MOX$9 UQ, ddge dEA4 5SS HAE, B435t9 dEA4
7HE AEe mdS AAsEA T UO9] "E+ MATPRO, Fink % Benedict9]
2 B4, Pu0e ¥WEE Benedict?] AEE EAEAu UOe &3
Martin, MATPRO % Finke A5, MOX % Pu0:9] %%+ Martin, Tokar
MATPRO®] #A&5E ¥43th PuO, (= MOX ddz)e U7zl UORT ¥
Aoz vepytth 273 Kol A U0:8F Pu029] W%+ z+7F 10970+70 kg/m*2F 11460+80
kg/m’oth. wekA MOX dldge] WwE Pu0,9 ¥wd wel Z7eta &%o what
asteE Ao g Yerutt) Stoichiometryol A HlojdE Wr =
Gt AAEE T A 9FE VA= AeR yHEygth A dakdas aEsled
Z7 ey 2 A AT E swellingol]l 98] W=7 A4S A
Wk UO,, PuO; ¥ MOX 5o A3 A= v 3o
> RdS FHAT B3 FYE dARd = o] EU RS 94-9%6%
o dAFE o] g3ty wFel 5-15 MWd/kg AAAl F 1-29% 1E 87t o] Fof x|,

o 2L K
Naorlo oot

MR A A Eo] FAEAHA 10 MWd/kg® 0.7-1.0% Av/ve] swellinge] dojdt}. 3
Ao UEE 515 GWA/MT A&Al Huojzb s 2 $5E dike nldg st 3+
23}
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A.21 Carbajo [23]

Carbajo & W=7 eAjole] A 7)o Ho
MOX @Az 2A HAE37]9319 V0.9 MOXS dEAAZE FA 5
Martin®} Tokar 59 A7 A5 AE3F] UO,;, PuO; ¥ MOX A5 o daf o]
Aol vzttt stglth 15S Martin® @98F A< FHEAT 273 K U<t
1= 7b2F 10970 2 11460 kg/m® oW, &3 A8 (U ,Puy)0.0] WEE T
o] 4

Is)

Pue]

&3 ol Ay WHg wer,
ps(273) = 10970 + 490y (kg/m°) (A-37)

4714 yi= Puf] %S YERITH
duidoz 48 dAdgs ol2Wm=e 94~96%°lH, 5~15MWd/kg 4" w of
1~2%¢°] 287} olFojxint. aey T dAYZo] JAHWUA 10 MWdkg &
0.7~1% AV/Ve] swellinge] deldth o ddne] dEE 5~15 GWI/MT <
& E g Hdrh He, 3 FRE AnE Sl HlEste] gt

B A
ofN

TN
o X 2 o 2 of

o
fu
o
X
ol
&
Auj
[

U0, 714 el g8 An5el o] &urde] 47 wFal 3
o AEFAAL B UOel o] uhe ARy

for UO9
a = 0.5461+2.7961x1075T+3.1864x10°T?-1.0085%x 107 °T°+1.81x10°  (A-38-1)

for simulated spent fuel
a = 0.5457+3.6125x10°5T+2.1249x107°T?-5.4495x 10" T°+1.78x10°  (A-38-2)
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29 A-35e mel AEFAARS SR BE AA4Ys WSHE o el AL
T8 oItk 500 K olael AL AL UOssh A9l %@ 4932 wolt &
S7b B4 4% we AsFadne G0 O 2A dedk o U0 ¥
29 U4Ew 8 Aol FolEUY] WEoz AzEn 2o AsFaeinol
Qgge e How el + gtk

for UO-

% AN/ly = —-0.200+5.11x10™1T+5.823x10""T?-1.843%1071°T>+0.0033 (A-39-1)

for simulated spent fuel
% AN/ly = —0.193+4.494x10™1T+7.245% 107 "T?-2.453x 107 °T°+0.0045  (A-39-2)
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Fig. A-32. Lattice parameters of UQO: as a function of temperature.
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Fig. A-33. Thermal expansions of UO: as a function of temperature.
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Fig. A-34. Lattice parameters of simulated fuel and UO; as a function of

temperature.

_59_



T T T T T T T T T T T
= UQO,
1.0 Simulated Spent Fuel |
R
= . .
kel
(2]
c
T 0.5 B
x
1L
T _
= rd
§ g
0.0 1 //%f// b

T T T T T T T T T T T
200 400 600 800 1000 1200 1400
Temperature, K

Fig. A-35. Thermal expansions of simulated fuel UO: as a function of
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